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Abstract: The aim of this study was to identify specific microRNAs (miRNAs) and their regulatory roles in the process 
of 1, 25-dihydroxyvitamin D3-induced (VD3-induced) osteogenic differentiation of human adipose-derived Mesen-
chymal stem cells (hAMSCs). The differentially expressed miRNAs in VD3-induced hAMSCs was examined. The 
putative target genes of these miRNAs were predicted. A total of 76 conserved miRNAs, including 18 miRNAs 
were significantly up-regulated and 58 miRNAs were significantly downregulated, and significantly differentially ex-
pressed between the two samples. The expression of 4 upregulated miRNAs (miR-1-3p, miR-1247-5p, miR-217, and 
miRNA-483) and 5 downregulated miRNAs (miR-1284, miR-218, miR-582-3p, miR-187-3p, and miRNA-122-5p) 
were verified. The highly enriched GOs and KEGG pathway showed target genes of these miRNAs were significantly 
involved in multiple biological processes (signal transduction, cell differentiation, cell adhesion and cell prolifera-
tion), and several osteogenic pathways (MAPK signaling pathway, TGF-β/BMP signaling pathway, and Wnt signal-
ing pathway). Finally, TGF-β/BMP signaling pathway was selected for target verification and function analysis. We 
observed that a number of osteo-genes in the TGF-β/BMP superfamily, such as BMPRI, BMPRII, TGFBRI, TGFBRII, 
BMP4, TGFβ, Smad2, 3, 8, were predicted to be target gene of the differentially expressed miRNAs. Among them, 
TGFB, BMP4, BMPRI, and Smad8, which are positive regulators in osteoblast differentiation, were confirmed to be 
significantly up-regulated in VD3-induced cells by qRT-PCR; while Smad6 and activinRI, which are negative regula-
tors of the TGF-β/BMP superfamily, were shown to be significantly down-regulated. These results will help to under-
stand the role of miRNA in the regulation of the osteogenic differentiation of hAMSCs.
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Introduction

Human adipose-derived Mesenchymal stem 
cells (hAMSCs) are multipotent cells present  
in the adipose tissue, which are capable of dif-
ferentiating into osteogenic, chondrogenic, and 
adipogenic lineages, when cultured in appropri-
ate in vitro conditions [1-3]. Previous studies 
tested the ability of hAMSCs to differentiation 
into multiple phenotypes of adipogenesis, os- 
teogenesis, chondrogenesis, and neurogenesis 
in vitro, and confirmed the hypothesis that 
hAMSCs were a type of multipotent adult stem 
cell and not solely a mixed population of unipo-
tent progenitor cells [1, 4, 5]. Compared with 

bone-marrow-derived MSCs (BMSCs), AMSCs 
are easier to obtain, have relatively lower donor 
site morbidity, a higher yield at harvest, and can 
expand more rapidly in vitro than BMSCs [6-8]. 
In addition, the proliferation and differentiation 
potential of AMSCs are independent of age [8, 
9]. Our and others’ previous studies had suc-
cessfully induced AMSCs into an osteogenic 
lineage in vitro and repaired bone defects using 
AMSCs as seed cells [10-13]. These advantag-
es suggest that AMSCs are a promising alter- 
native source of seed cells for bone tissue en- 
gineering and regeneration. The possibility of 
obtaining AMSCs from an autologous source 
and their ability to differentiate into bone tissue 
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makes them ideal candidates for bone defect 
treatment.

Elucidating key regulatory pathways and mole-
cules either involved in maintaining AMSCs in 
their undifferentiated state of during the pro-
cess of osteogenic differentiation allows for  
a better handle on expanding and culturing 
AMSCs in large scale for therapeutic applica-
tions. The previous work suggested that cell 
signaling pathways regulated the osteogenesis 
of MSCs [14]. NFkB inhibits osteogenesis of 
mesenchymal stem cells by promoting β-ca- 
tenin degradation [15]. TGF-β/BMP signaling 
pathway is of interest, as it has been reported 
to play a prominent role in promoting osteo-
blast differentiation and bone formation [16, 
17]. Our recent studies have demonstrated 
that the ERK and JNK cell signal pathway, which 
are two distinctly regulated groups of mito- 
gen-activated protein kinases (MAPKs), play  
an important role in the commitment to os- 
teogenic differentiation [18-20]. Activation of 
ERK and JNK is especially related to the se- 
quential expression of osteogenesis-related 
genes, while blockage of them can inhibit the 
osteogenic differentiation of AMSCs [18-20].  
In addition to cell signaling pathways, another 
important regulatory mechanism of cell func-
tion is the post-transcriptional modulation of 
gene expression by microRNAs (miRNAs).

MicroRNAs (miRNAs) are a class of endoge-
nous, small (with a length of 18-25 nucleo-
tides), single-stranded, noncoding RNA mole-
cules. The primary function of miRNAs is to 
downregulate the expression of specific pro-
teins at the posttranscriptional level by specifi-
cally binding to the 3’-untranslational region 
(3’-UTR) of target messenger RNAs (mRNAs) 
and subsequently preventing their translation 
and/or promoting their degradation [21]. An 
increasing body of evidence has demonstrat- 
ed that miRNAs play important roles in various 
biological processes, including cell prolifera-
tion, differentiation, programmed apoptosis 
and cell death. In addition, miRNAs are involv- 
ed in regulation some signal transduction pa- 
thways such as Wnt signaling pathway, NF-kb 
signaling pathway and MAPK signaling pathway 
[22-24]. The understanding of integrated gene 
expression and epigenetic miRNAs mecha-
nisms should be important for the osteogene-
sis of hAMSCs.

Over the past several years, growing eviden- 
ce has indicated that several miRNAs are in- 
volved in regulating osteogenic differentiation 
in hAMSCs and human mesenchymal stem 
cells (hMSCs). Lu zi et al. reported that miR- 
26a regulated the osteogenic differentiation  
of hADSCs via the bone morphogenetic prote- 
in (BMP) signal regulatory protein Smad1 dur-
ing osteoblast differentiation [25]. Wang et al. 
indicated that the overpression of miR-26a pro-
moted hAMSC osteogenesis via suppressing 
the expression of GSK3β protein, while GSK- 
3β influences Wnt signalling pathway by regu-
lating β-catenin, and subsequently altered the 
expression of its downstream target C/EBPα, 
which in turn transcriptionally regulated the 
expression of miR-26a by physically binding to 
the CTDSPL promoter region [26]. Interesting, 
Su et al. [27] reported that miR-26a functions 
oppositely in osteogenic differentiation of 
BMSCs and ADSCs. The distinct activation pat-
tern and role of signaling pathways determined 
that miR-26a majorly targeted on GSK3β to 
activate Wnt signaling for promoting osteogenic 
differentiation of BMSCs, whereas it inhibited 
Smad1 to suppress BMP signaling for interfer-
ing with the osteogenic differentiation of AD- 
SCs [27]. In addition, miR-154-5p negatively re- 
gulates ADSCs osteogenic differentiation th- 
rough theWnt/PCP pathway by directly target-
ingWnt11 [28]. Overexpression of miR-218 en- 
hanced Wnt/β-catenin signaling activity and 
osteogenic differentiation of hAMSCs via direct-
ly targeting SFRP2 and DKK2, which is a WNT 
signaling pathway antagonist [29]. The poten-
tial of adipogenesis and osteogenesis of ADSCs 
was also decreased by miR-34a overexpres-
sion, which was recovered by co-treatment with 
anti-miR-34a [30]. miR-17-5p, miR-106a, miR-
22 and miR-27a are involved in the balance 
between osteogenic and adipogenic differenti-
ation of AMSCs. Li et al. revealed that miR-17-
5p and miR-106a could promote adipogenesis 
and inhibit osteogenesis of hAMSCs by direc- 
tly targeting BMP2 [31]. Overexpression of miR-
22 promotes osteogenic differentiation and 
inhibits adipogenic differentiation of hAMSCs 
by repressing HDAC6 protein expression [32]. 
Low-expression of miR-27a promotes the shift 
of MSCs from osteogenic differentiation to adi- 
pogenic differentiation in osteoporosis by tar-
geting Mef2c [33]. miRNAs can target the tr-
anscription factors which can directly regula- 
te osteogenic differentiation of MSCs. miR204 
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has been shown to promote the adipogenesis 
and inhibit the osteogenesis of human MSCs 
through the direct suppression of Runx2 [34]. 
Many studies have pointed out the importance 
of miRNAs in regulation osteogenic differentia-
tion in hAMSCs and hMSCs, however, current 
studies on the regulatory roles of miRNA during 
osteogenic differentiation have focused largely 
on dexamethasone-induced osteogenesis. We 
therefore initiated this study to investigate the 
osteogenic differentiation of 1, 25-dihydroxyvi-
tamin D3-induced (VD3-induced) hAMSCs.

Apart from microarray analysis, Solexa sequ- 
encing is another common, high-throughput 
method used for differential miRNA expres-
sions screening between paired samples. The 
most merit is that Solexa sequencing can be 
used to explore and identify a new miRNA that 
can be further validated. Microarray analysis 
was only used to identify the obtained target 
because of lack of corresponding probes [35]. 
Therefore, Solexa sequencing was adopted to 
analyze miRNA expression in osteogenic differ-
entiation of AMSCs. 

In this study, to further clarify the regulatory 
effects and underlying mechanisms of miRNAs 
in the osteogenic differentiation of VD3-indu- 
ced hAMSCs, we examined the differential ex- 
pression of miRNAs in VD3 induced hAMSCs 
compared to non-induced hAMSCs during os- 
teogenic differentiation via Solexa sequencing 
technology. The putative target genes of these 
miRNAs were predicted using bioinformatics 
analysis. The target genes of the selected dif-
ferentially expressed miRNAs were also ana-
lyzed in the gene ontology (GO) and KEGG bio-
logical pathway. The results of this study will 
help in gaining understanding of the role of 
miRNA in the regulation of the osteogenic dif-
ferentiation of hAMSCs.

Materials and methods

Harvest, culture and differentiation of haMSCs

Fresh human lipoaspirates were obtained from 
five healthy patients (average age 38 years) 
who had received abdominal liposuction at  
the Department of Plastic and Reconstructive 
Surgery of Minhang Hospital. All patients gave 
written informed consent. All protocols for 
human tissue handling were approved by the 
Research Ethical Committee of Fudan Uni- 

versity. Processed lipoaspirate (PLA) cell isola-
tion and culture were performed as previously 
described [18]. In brief, lipoaspirates were 
washed intensively with an equal volume of  
0.1 M phosphate buffered saline (PBS, pH 7.4) 
and digested with 0.075% collagenase type I 
(Washington Biochemical Corp, USA) at 37°C 
for 60 min. Enzyme activity was neutralized 
with low glucose Dulbecco’s modified Eagle’s 
medium (LG-DMEM, Gibco, USA), containing 
10% fetal bovine serum (FBS, HyClone, USA), 
and the digested lipoaspirates were centri-
fuged at 1200 × g for 10 min to obtain a high-
density stromal vascular fraction (SVF). The 
SVF was then treated with red blood cell lysing 
buffer (0.3 g/L ammonium chloride in 0.01 M 
Tris-HCl buffer, pH 7.5, Sigma) for 5 min, cen- 
trifuged at 600 × g for 10 min, and filtered 
through a 100-μm nylon mesh to remove undi-
gested tissue. Cells were resuspended in LG- 
DMEM culture medium, containing 10% FBS, 
100 mg/mL streptomycin, 100 U/mL penicillin 
(growth medium, GM), and plated at 4 × 104 
cells/cm2 in 100 mm culture dishes (Falcon, 
USA), with the medium changed twice a week. 
When they reached 70-80% confluence, the 
cells were passaged and hASCs before pas-
sage three were used in the current study.

For osteogenic differentiation, hAMSCs were 
cultured in osteogenic medium (OM) compris-
ing GM supplemented with 0.01 μM 1, 25-dihy-
droxyvitamin D3, 50 μM ascorbate-2-phospha- 
te, and 10 mM β-glycerophosphate. Osteogenic 
differentiation was confirmed via alkaline phos-
phatase (ALP) and accumulated calcium assay. 
The cells cultured in GM were collected as 
controls.

alkaline phosphatase (aLP) staining and aliza-
rin red S staining

Alkaline phosphatase (ALP) staining was im- 
plicated as a marker of osteoblast differentia-
tion which is expressed early in the process. 
The hAMSCs at passage three were plated into 
6-well plates (Falcon) and cultured in OM. At 
day 10 after passage, alkaline phosphatase 
(ALP) histochemistry was performed using Sig- 
ma Diagnostic Kit 85.

Alizarin Red S staining was performed to dete- 
ct the calcification at late stage of induction. 
The hAMSCs at passage three were plated onto 
6-well plates (Falcon) and cultured in OM for up 
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to 21 days. The cells were fixed with 70% ice-
cold ethanol for 1 h and then incubated in 40 
mM Alizarin Red S (Sigma) at pH 4.2 for 30 min 
at room temperature, with agitation in an orbit-
al shaker (60 rpm). After two intensive rinses 
with deionized water, extracellular matric (ECM) 
mineral-bound staining was photographed un- 
der a Nikon TE300 phase-contrast microscope 
(Nikon). 

Construction of small RNa libraries and solexa 
sequencing

Total RNA was extracted from GM and OM cell 
layars using Trizol reagent (Invitrogen, USA), 
according to the single step acid-phenol guani-
dinium extraction method. RNA integrity was 
confirmed using the 2100 Bioanalyzer (Agilent 
Technologies). Two sRNA libraries were con-
structed using homogenized and pooled total 
RNAs of three individuals for each group (GM 
and OM). For each group, 10 mg of total RNA 
was used for library construction with a Small 
RNA Sample Prep Kit (Illumina, USA) following 
the manufacturer’s instructions with minor 
modifications. Briefly, after 15% Tris-Borate-
EDTA (TBE) denaturing polyacrylamide gel ele- 
ctrophoresis (PAGE) the 18- to 30-nt fraction of 
total RNA was excised, purified, and ligated to 
3’ and 5’ RNA adaptors using T4 RNA ligase. 
The adaptor-ligated sRNAs were subjected to 
RT-PCR with 15 cycles of PCR amplification. 
The PCR products (approximately 90-bp, corre-
sponding to sRNA + adaptors) were purified on 
4% agarose gels to create the libraries. The 
purified libraries were used directly for cluster 
generation and sequencing analysis using an 
Illumina/Solexa G1 sequencer (Shanghai Oebi- 
otech Co. Ltd, China).

Sequencing data analysis and identification of 
miRNas

First, the low-quality reads were filtered to re- 
move reads without the 3’ adaptor, 5’ adaptor-
contaminant reads, reads without the insert 
fragment, reads containing poly (A) stretches, 
and reads of less than 18 nt. Next, the remain-
ing sequences (clean reads) were mapped to 
the human genome using SOAP (http://soap. 
genomics.org.cn) with a tolerance of one mis-
match to analyze their distribution. The sequ- 
ences were aligned against known miRNA pre-
cursors and mature miRNAs deposited in the 
miRBase 21.0 to identify conserved miRNAs. 

The clean reads were compared against the 
sRNAs (rRNAs, tRNAs, snRNAs, snoRNA, mi- 
RNA) deposited in the GenBank and Rfam 
(http://www.sanger.ac.uk/resources/databas-
es/rfam.html) databases to annotate the sRNA 
sequences. Because some sRNA tags might 
map to more than one category we used priority 
rules to ensure that every unique sRNA was 
mapped to only one annotation as follows: 
rRNA etc. (GenBank > Rfam) > known miRNA > 
repeat > exon > intron). 

After identifying the conserved miRNAs, the 
remaining sequences of the two libraries were 
aligned with the integrated human transcrip-
tome to predict novel miRNAs. Potentially novel 
miRNAs were analyzed in two steps, first using 
miRDeap 2 software and then using RNAfold 
software. The miRDeap 2 program was used to 
analyze structural features of the miRNA pre-
cursors to identify all novel miRNA candidates. 
The resulting structures were retained as novel 
miRNA candidates only if they met the criteria 
described by Allen et al [36] and Friedlander et 
al [37]. The novel human pre-miRNA sequences 
were checked using RNAfold to predict stem-
loop structure (http://rna.tbi.univie.ac.at). The 
stem-loop hairpins were considered to be typi-
cal only when they fulfilled the following criteria: 
1) The number of base pairs in a stem was ≥ 18 
nt; 2) The number of errors in one bulge was ≤ 
18; 3) The secondary structures of the hairpins 
were stable with a free energy of hybridization 
less than -20 kcal/mol; 4) The percentage of 
the miRNA in the stem was ≥ 80%; 5) The length 
of the hairpin (up and down stem plus terminal 
loop) was ≥ 53 nt; 6) The length of the hairpin 
loop was ≤ 22 nt; and 7) The percentage of A 
and U in the mature miRNA was 30%-70%. Any 
sequence that satisfied these strict criteria was 
considered a candidate miRNA precursor.

Differential expression analysis

We compared the expression of the known miR-
NAs between the two samples to identify dif-
ferentially expressed miRNAs. miRNA expres-
sion in the two samples was analyzed by 
Log2-ratio figure and Scatter Plot. The proce-
dure was as follows: 1) The expression of 
miRNA in the two samples (GM and OM) was 
normalized to obtain expression of the tran-
script per million (normalized expression (NE)  
= Actual miRNA count/Total count of clean 
reads*1,000,000). When the normalized ex- 
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pression of a certain miRNA was zero, we 
revised its expression value to 0.01. If the nor-
malized expression of a certain miRNA was 
lower than 1, further differential expression 
analysis was conducted without this miRNA. 2) 
We calculated fold-change and P-value from 
the normalized expression and then generated 
the log2 ratio plot and scatter plot. Fold-change 
= log2 (OM-NE/GM-NE).

Validation and expression analysis of human 
miRNas via qPCR

Differentially expressed miRNAs were validated 
using qPCR. Briefly, miRNA was isolated from 
the GM and OM cell layars using miRcute 
miRNA Isolation Kit (TIANGEN, China, DP501), 
and 1 microgram of total RNA from each sam-
ple was reverse-transcribed into cDNA using 
the NCodeTM EXPRESS SYBR® GreenERTM 
miRNA qPCR Kit (Invitrogen). qPCR was per-
formed using a GeneAmp PCR system 9600 
(Perkin-Elmer). Relative transcript levels were 
measured and normalized with β-actin levels. 
All primers used for qPCR are listed in Table 1. 

To confirm the miRNA expression profiles ob- 
tained using miRNA microarray analysis, the 
expressions of miRNAs were also examined 
using qPCR. The expression levels were nor-
malized to that of U6, which was used as an 
internal control. Relative expression of a spe-
cific gene was calculated using the compara-
tive Ct method.

analysis by go and the KEGG (Kyoto encyclope-
dia of genes and genomes) pathway

To better understand miRNA target function 
and classification, as well as the metabolic re- 
gulatory networks associated with human miR-
NAs and their targets, we used InterProScan 
[38] and Blast2go [39] to perform GO annota-
tion and enrichment analysis for three ontolo-
gies, molecular function, cellular component, 
and biological process. The GO terms were sig-
nificantly enriched in the predicted candidate 
target genes of the miRNAs and the genes  
corresponding to certain biological functions. 
To identify significantly enriched metabolic or 
signal transduction pathways among the target 
gene candidates compared with the whole ref-
erence gene background we used Cytoscape 
software V2.8.2 (http://www.cytoscape.org/) 
[40] and the ClueGO plug-in (http://apps.cyto-
scape.org/apps/cluego) [41] to decipher the 
KEGG (http://www.genome.jp/kegg/) [42] pa- 
thway and determine biological functions. In all 
the tests, the P-values were calculated using 
the Benjamini-corrected modified Fisher’s ex- 
act test, and P ≤ 0.05 was considered to be sta-
tistically significant.

Statistical analysis

Data are presented as mean ± SD. Student’s t 
test was performed to compare two groups. 
ANOVA was used for multiple comparisons. In 
both cases, differences with P < 0.05 were con-
sidered statistically significant.

Results

Osteogenic differentiation of haMSCs

The hAMSCs at passage three were plated into 
6-well plates (Falcon) and cultured in OM. 
Compared to the controls, there was a signifi-
cant increase in the ALP staining (day 7) and 
Alizarin Red S staining (day 21) of the cells cul-
tured with OM (Figure 1A).

Table 1. Sequences of Primers for qRT-PCR in 
the experiment
Gene Primers (F = forward; R = reverse)
Runx2 F: 5’-GTCTTACCCCTCCTACCTGA-3’

R: 5’-TGCCTGGCTCTTCTTACTGA-3’
ALP F: 5’-ACGTGGCTAAGAATGTCATC-3’

R: 5’-CTGGTAGGCGATGTCCTTA-3’
OCN F: 5’-CAAAGGTGCAGCCTTTGTGTC-3’

R: 5’-TCACAGTCCGGATTGAGCTCA-3’
PPARγ2 F: 5’-GATACACTGTCTGCAAACATATCACAA-3

R: 5’-CCACGGAGCTGATCCCAA-3’
TGFβ F: 5’-CAGAAAACAAGGCATATAATAACAG-3’

R: 5’-CAGAAAACAAGGCATATAATAACAG-3’
BMP4 F: 5’-GGGAAGGAGTGTGGTGGTGG-3’

R: 5’-CAGAAAACAAGGCATATAATAACAG-3’
BMPRI F: 5’-TGCAAGGATTCACCGAAAGC-3’

R: 5’-TGCCATCAAAGAACGGACCTAT-3’
Smad8 F: 5’-CAGCATCTTTGTCCAGAGCC -3’

R: 5’- AAAGCTCATCCGAATCGTGC-3’
Smad6 F: 5’-TCCGAAGTCCGCTCGGTAG -3’

R: 5’-TCACCGTCTCGCAGTCACT-3’
ActivinRI F: 5’-TTCTTCCCCCTTGTTGTCCTC-3’

R: 5’-ACAGGTGTAGTTGGTCTGTAGG-3’
β-actin F: 5’-ATCATGTTTGAGACCTTCAA-3’

R: 5’-CATCTCTTGCTCGAAGTCCA-3’
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The expression of genes involved in osteogenic 
differentiation was determined by qRT-PCR. 
OM-inducing cells showed higher mRNA levels 
of Runx2, ALP, and OCN when compared with 
the controls (Figure 1B). 

Characteristics and sequence analysis of the 
small RNas

After deep sequencing of sRNAs (10 to 30 nt) in 
the two sRNA libraries, hAMSCs cultured in 
growth medium (GM) and osteogenic medium 
(OM) and removal of the low-quality sequences 
(reads with low sequencing quality, no 3’ ada- 
pter sequence, presence of 5’ adapter sequ- 
ence, no insert fragment, less than 18 nt, or 
containing polyA), a total of 48,099,397 and 
45,713,126 clean reads were determined for 
the GM and OM groups, respectively. The ma- 
jority of sRNAs were 19-24 nt, and the most 
abundant size class in the sRNA sequence  
distribution was 22 nt, which accounted for 
35.88% and 44.86% of the OM and GM librar-
ies, respectively. 

To assess the efficiency of high-throughput 
sequencing for sRNA detection, the total popu-
lation of clean sRNAs were annotated and clas-
sified by alignment with GenBank and Rfam 
databases. The total of 46,771,188 reads in 
GM library (97.23%) and 44,595,886 reads in 
OM library (97.55%) were mapped to the hu- 
man genome. The composition of the RNA 
classes in each library is shown in Figure 2.  
The classification annotation revealed that 

21,275,022 and 25,570,745 reads in the GM 
(44.23%) and OM (55.94%) libraries, respec-
tively, were classified as know miRNAs, while 
2,483,101 and 1,720,858 reads in the GM 
(5.16%) and OM (3.76%) libraries, respectively, 
were unannotated and require further analysis 
for novel miRNA candidates (Figure 2).

Identification of known conserved miRNAs

We aligned the clean reads to the precursor/
mature miRNAs in the miRBase 21.0 database. 
The sequence and count of families were 
obtained (Table S1). 

A total of 1,167 conserved miRNAs (1,024  
from GM library and 1,034 from OM library) 
were identified, and 891 of these were present 
in both libraries. In addition, 276 miRNAs were 
detected in only one sRNA library. For example, 
miR-5680, miR-4697-3p, and miR-3657 were 
only identified in the GM library, whereas miR-
483-5p, miR-495-5p, miR-548ax and miR-67- 
83-3p were only identified in the OM library. 

Comparison of the expression profiles of kn- 
own miRNAs between the two libraries is sh- 
own in Table S2. The expression of known miR-
NAs was demonstrated using a Log2-ratio and 
scatter plot (Figure 3). A total of 76 conser- 
ved miRNAs were significantly differentially ex- 
pressed (P < 0.05) between the two samples. 
Compared with miRNA expression in the GM 
library, 18 miRNAs in the OM library were sig-
nificantly up-regulated with P < 0.01, whereas 

Figure 1. Efficiency of osteogenic differentiation of hAMSCs induced by 1, 25-dihydroxyvitamin D3 (VD3). A: In-
creased ALP staining and Alizarin Red S staining in VD3-induced hAMSCs. B: VD3 increased the expression of genes 
involved in osteogenic differentiation. Data are expressed as mean ± SE of each group of cells from three separate 
experiments. *P < 0.05, compared to VD3-induced hAMSCs in 1 day.
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chose four miRNAs with upregulated expres-
sion in OM with endometriosis: miR-1-3p, miR-
1247-5p, miR-217, miRNA-483 and five miR-
NAs with downregulated expression in OM with 
endometriosis: miR-1284, miR-218, miR-582-
3p, miR-187-3p, miRNA-122-5p for qPCR vali-
dation. As shown in Figure 4, qPCR results 
showed that the expression of miR-1-3p, miR-
1247-5p, miR-217, and miRNA-483 was signi- 
ficantly upregulated, while the expression of 
miR-1284, miR-218, miR-582-3p, miR-187-3p, 
and miRNA-122-5p was significantly downregu-
lated in the OM group compared to the GM 
group. Thus, the qPCR results fully supported 
the reliability of miRNA expression profiles of 
OM by Solexa sequencing analysis.

Differentially expressed miRNas target the 
transcription factors

The transcription factors, such as Runx2, 
PPARγ, and Osterix, are believed to play key 

Figure 2. Distribution of sRNAs among different categories in the GM and OM library. A: Total number of reads in GM. 
B: Total number of unique sequences in GM. C: Total number of reads in OM. D: Total number of unique sequences 
in OM.

58 miRNAs were significantly downregulated 
with P < 0.01 (Figure 3 and Table S2).

Prediction of novel miRNas

After identifying the known conserved miRNAs 
described above, the remaining sequences of 
the two libraries were aligned with the human 
integrated transcriptome to predict potential 
novel miRNA candidates. We used miRDeep2 
software to predict novel miRNA candidates. 
RNAfold software was also used to predict the 
typical secondary structures of the miRNA pre-
cursors and remove pseudo-pre-miRNAs. In 
total, 311 hairpin structures were predicted 
and 424 potential novel miRNA candidates with 
lengths ranging from 18 to 27 nt (Table S3).

Validation of miRNas by qRT-PCR

The Solexa results from GM and OM group  
were further validated individually by qPCR. We 
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roles in osteogenic differentiation. miRNAs can 
control the osteogenic activity of transcription 
factors and effect the osteogenic differentia-
tion of MSCs. To assess whether miRNAs con-
trol the osteogenic activity of transcription fac-
tors, we applied three miRNA target prediction 
tools (i.e., TargetScan, PicTar, and RNA22) to 
search for Runx2, PPARγ, and Osterix-targeting 

miRNAs. We identified several miRNAs that  
are predicted to target the Runx2, PPARγ, and 
Osterix (Table 2).

Gene ontology (GO) enrichment and KEGG 
pathway analyses of target genes

To further understand the role of these miRNAs 
in physiological functions and biologic proces- 
ses during osteogenic differentiation of hAM-
SCs, miRNA target gene prediction was per-
formed based on miRNA/mRNA interactions to 
provide some molecular insight into their func-
tion. A total of 34,707 annotated mRNA tran-
scripts were predicted as putative target genes 
for 76 differentially expressed miRNAs (Table 
S4). A total of 5718 significantly enriched GO 
terms (P < 0.05) were indentified. The top 20 
most enriched GO terms in biological process, 
cellular component and molecular function 
were show in Figure 5. The GO analysis showed 
a broad range of processes related to positive 
regulation of transcription from RNA poly-
merase II promoter (GO: 0045944), signal tr- 
ansduction (GO: 0007165), cell differentiation 
(GO: 0030154), cell adhesion (GO: 0007155) 
and cell proliferation (GO: 0008283) in biologi-
cal process, cytoplasm (GO: 0005737), nucle-
us (GO: 0005634) in cellular component, pro-
tein binding (GO: 0005515) in molecular fun- 
ction. 

The predicted target genes were classified 
according to KEGG function annotations to 
identify the pathways that were actively regu-
lated by miRNAs (Table S5). As indicated by 
KEGG analysis, the signaling pathways were 
found to be involved in MAPK signaling path-
way, TGF-β/BMP signaling pathway, calcium 
signaling pathway, Wnt signaling pathway and 
Ras signaling pathway, which involved in os- 
teogenic differentiation of stem cells. However, 
as most GO and KEGG assignments and dis- 
tributions are related to proliferation, develop-
ment, adhesion and metabolism, our results 
indicated that the target genes are involved in  
a wide range of regulatory function in cell 
differentiation.

TGFβ/BMP signaling pathway were differen-
tially expressed during VD3-induced osteogen-
ic differentiation

TGF-β/BMP pathways are major signaling cas-
cades responsible for osteogenesis. Our data 
showed that TGF-β/BMP signaling pathway 

Figure 3. Differential expression of conversed miR-
NAs between GM and OM library. Each point in the 
figure represents a miRNA. Red points represent 
miRNAs with fold-change > 2, blue points represent 
miRNAs with fold-change > 1/2 and ≤ 2, green points 
represent miRNAs with fold-change ≤ 1/2.

Figure 4. Validation of miRNAs with significantly dif-
ferential expression using qPCR. Expression levels of 
five miRNAs were measured by qPCR. Four miRNAs 
(miR-1-3p, miR-1247-5p, miR-217, and miRNA-483) 
were validated to be significantly up-regulated, while 
five miRNAs (miR-1284, miR-218, miR-582-3p, miR-
187-3p, miRNA-122-5p) were validated to be signifi-
cantly down-regulated in VD3-induced hAMSCs. Data 
are expressed as mean ± SE of each group of cells 
from three separate experiments. *P < 0.05, com-
pared to uninduced hAMSCs. 

http://www.ajtr.org/files/ajtr0060527suppltabs.xlsx
http://www.ajtr.org/files/ajtr0060527suppltabs.xlsx
http://www.ajtr.org/files/ajtr0060527suppltabs.xlsx
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appeared to be significantly enriched in bioin-
formatics analyse. Furthermore, we observed 
that a number of osteo-genes in the TGF-β/
BMP superfamily, such as BMPRI, BMPRII, 
TGFBRI, TGFBRII, BMP4, TGFβ, Smad2, 3, 8, 
were predicted to be target gene of the differ-
entially expressed miRNAs (Table 3). Among 
them, TGFβ, BMP4, BMPRI, and Smad8, which 
are positive regulators in osteoblast differentia-
tion, were confirmed to be significantly up-re- 
gulated in VD3-induced cells by qRT-PCR; while 

Smad6 and activinRI, which are negative re- 
gulators of the TGF-β/BMP superfamily, were 
shown to be significantly down-regulated (Fi- 
gure 6).

Discussion

Human adipose-derived Mesenchymal stem 
cells (hAMSCs) were first isolated from human 
adipose tissue by Zuk et al in 2001 [3]. hAM-
SCs exhibited reproducible growth and differ-

Table 2. Predicted miRNAs targeted different transcription factors involved osteogenesis of stem cells
Transcription 
factors Function miRNA

Runx2 Osteogenesis, adipogenesis 
and chondrogenesis

miR-122-5p, miR-1271-3p, miR-1284, miR-20b-5p, miR-217, miR-
218-2-3p, miR-3134, miR-338-3p, miR-3362, miR-449c-5p, miR-
486-5p, miR-548, miR-5680, miR-5706, miR-582-3p, miR-605-5p, 
miR-671-5p, miR-6734-5p, miR-6735-3p, miR-7-1-3p

PPARγ Adipogenesis, osteogenesis miR-494-5p, miR-548, miR-5706, miR-4504, miR-3662, miR-335-
3p

Osterix Osteogenesis miR-4689, miR-486-3p, miR-5680, miR-5706, miR-671-5p, miR-
6780a-5p, miR-4665-5p, miR-33b-3p, miR-196a-3p, miR-1910-5p, 
miR-18a-3p, miR-1284

Figure 5. Gene ontology classification annotated by gene 2 go for target genes of differentially expressed miRNAs. 
The figure shows partial GO enrichment for the predicted target genes in ontologies of biological processes, cellular 
component, and molecular function.
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Table 3. Predicted target genes of differentially expressed miRNAs in the “TGF-β/BMP signaling path-
way” gene ontology group
Targe 
genes Function miRNAs

BMPRI BMP receptor, osteogenesis miR-541-3p
BMPRII BMP receptor, osteogenesis miR-4689
TGFβRI Receptor for growth and differentiation factor miR-1247-3p
TGFβRII Receptor for growth and differentiation factor miR-1247-3p
BMP 4 Ostegenesis, signal transduction miR-18a-3p
TGFβ Osteogenesis, proliferation, signal transduction miR-4467, miR-210-3p, miR-4665-5p, miR-4697-3p, miR-4780a-5p
Smad2/3 Osteogenesis miR-3180-3p, miR-486-5p, miR-671-5p
Smad6 Osteogenesis, signal transduction miR-3940-3p
Smad8 osteogenesis miR-4523

entiation potential in culture, when driven with 
osteogenic, adipogenic, myogenic, or chondro-
genic lineage-specific culture media. Our and 
other several previous studies suggested a 
high osteogenic potential for hAMSCs, but the 
molecular mechanisms that under lie hAMSCs 
osteogenic differentiation are still unknown 
[11, 13, 18, 19]. There are complex pathway 
regulations involved in cell differentiation at 
both transcriptional and post-transcriptional 
levels. Recently, it has been shown that miR-
NAs, small noncoding RNAs, regulated osteo-
blast differentiation and bone formation posi-
tively by negative regulation of target genes 
expression at the post-transcriptional level [21, 
24]. In this study, we first used Solexa sequen- 
cing technology to profile miRNA expression 
and screen miRNAs with differential significant 
wxpression (p < 0.05) before and after osteo-

genic differentiation of hAMSCs induced by 
VD3. 

Previous screening studies on osteogenic dif-
ferentiation of hAMSCs and MSCs suggested 
that altered expression of a number of miRNAs 
involved in osteogenesis, but most of these 
studies were conducted by microarray assay. 
Zhang et al. found that eight miRNAs differently 
expressed pre- and post-osteogenic differentia-
tion of hAMSCs induced by DEX, among which 
four miRNAs (miR-17, miR-20a, miR-20b, and 
miR-106a) were up-regulated and four miRNAs 
(miR-31, miR-125a-5p, miR-125b, and miR-
193a) were down-regulated [26]. Li et al. repor- 
ted that sixteen differentially expressed miR-
NAs were identified in osteogenic differentia-
tion of BMSCs induced by DEX, of which nine 
miRNAs were up-regulated (hsa-miR-155, hsa-
miR-196a, hsa-miR-199a-5p, hsa-miR-130a, 
hsa-miR-26a, hsa-miR-221, hsa-miR-23a, hsa-
miR-22, and hsa-miR-27a) and 7 miRNAs were 
down-regulated (hsa-miR-21, hsa-miR-140-3p, 
hsa-miR-214, hsa-miR-744, has-miR-320a, hsa- 
miR-320b, and hsa-miR-320c) [43]. Gong et al. 
studied the differentially expressed miRNAs by 
Satb2 overexpression in murine bone arrow 
stromal cells using miRNA microarray and fo- 
und that ten down-regulated miRNAs including 
miR-27a, miR-125a-5p, and miR-466f-3p, and 
18 up-regulated miRNAs including miR-17, miR-
20a and miR-210 were differentially express- 
ed [44]. However, only four miRNAs (miR-17, 
miR-20a, miR-27a, and miR 125a-5p) were 
observed in tow studies of these. In this stu- 
dy, we investigated the differentially expressed 
miRNAs in osteogenic differentiation of hAM-
SCs induced by VD3 and found that the expres-
sion of 58 miRNAs was significantly decreased, 

Figure 6. Six osteogenic genes in the TGF-β/BMP su-
perfamily which were predicted to be target genes of 
the differentially expressed miRNAs were confirmed 
to be significantly regulated in VD3-induced hAMSCs 
by qPCR. Data are expressed as mean ± SE of each 
group of cells from three separate experiments. *P < 
0.05, compared to uninduced hAMSCs.
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wheres the expression of 18 miRNAs was sig-
nificantly increased. Among the 76 miRNAs, 
there are only 11 miRNAs observed during 
osteogenic and chondrocytic differentiation of 
hAMSC and/or stem cells. The expression of 
miR-1-3q was most repressed upon hypertro-
phic differentiation. Transfection of human 
chondrocytic HCS-2/8 cells and chicken nor-
mal chondrocytes with miR-1-3q led to re- 
pressed expression of aggrecan, the major car-
tilaginous proteoglycan gene [45]. The expres-
sion of miR-7 was repressed during osteogenic 
differentiation of PDGFRα + cells [46]. miR-
20b-5p was up-regulated during the osteo- 
genic differentiation of AMSCs induced by DEX 
[26]. miR-144-3p is down-regulated during 
osteoblast differentiation of C3H10 T1/2 cells. 
Overexpression of miR-144-3p inhibited osteo-
genic differentiation, whereas inhibition of miR-
144-3p reversed this process [47]. miR-210-5p 
could promote osteoblast differentiation but 
inhibit adipocyte differentiation in BMSCs [48], 
while miR-210-3p showed a significantly down-
regulated expression during osteogenesis of 
BMSCs [49]. miR-217 is a modest inhibitor of 
Runx2 in MC3T3 cells but more roust in ATDC5 
cells and targets RUNX2 and TRPS1 to control 
the osteogenic and chondrogenic differentia-
tion, respectively [49, 50]. Over-expression of 
miR-338-3p can inhibit the osteogenic differen-
tiation of BMSCs [51]. Overexpression of miR-
429 promoted osteogenic differentiation of in 
MC3T3-E1 cells [52]. Overexpression of miR-
486-5p inhibits proliferation, adipogenic and 
osteogenic differentiation of hAMSCs [53]. 
Kockdown of human OstemiR miR-541-3p in- 
creased Osteopontin/SPP1 expression and cal-
cification in hMSC osteoblastic differentiation, 
indicating that miR-541-3p is a negative regula-
tor of osteoblastic differentiation [54]. In addi-
tion, the same family of miR-25, miR-29, miR-
218, miR-335, miR-196, and miR-18a were re- 
ported to regulate the osteogenic differentia-
tion of differentiation cell types [29, 50, 55-61]. 
However, the remaining 59 miRNAs were identi-
fied for the first time in the osteogenic differen-
tiation of hAMSCs. In the face of great differ-
ence between this study and previous studies, 
the main reasons may stem from the osteogen-
ic inducer and analytical methods.

Solexa sequencing, as one of high-throughput 
sequencing technologies, can produce highly 
accurate, reproducible, and quantitative read-

outs of small RNAs, including those expressed 
at low levels. The efficacy of solexa sequencing 
in miRNA profile analysis was validated in many 
studies. Importantly, compared to microarray 
analysis, solexa sequencing is capable of iden-
tifying new unreported miRNAs. Thus, solexa 
sequencing adopted in our research should be 
another key reason for the new identified miR-
NAs. In this study, 311 hairpin structures were 
predicted and 424 potential novel miRNA can-
didates with lengths ranging from 18 to 27 nt, 
which will greatly enrich the human miRBase.

Understanding the regulatory mechanisms of 
osteogenic differentiation of stem cells is help-
ful for treatment of various bone diseases. 
Recent development in molecular biology and 
gene technology has enabled us to partially 
unravel the molecular mechanisms that regu-
late osteogenic differentiation. To our current 
knowledge, the transcription factors, such as 
Runx2, PPARγ, and Osterix, are believed to play 
key roles in osteogenic differentiation [62-69]. 
In this study, a part of significantly different 
expressed miRNAs target the transcription fac-
tors, such as Runx2, PPARγ, and Osterix. Runx2 
was considered to be essential for osteogenic 
differentiation, and studies have demonstrated 
that Runx2 binds to important downstream tar-
get genes, such as major osteogenesis-related 
genes, including ALP and OCN, to regulate the 
osteogenic differentiation of stem cells. Zhang 
et al. reported that a panel of 11 Runx2-
targeting miRNAs (miR-23a, miR-30c, miR-34c, 
miR-133a, miR-135a, miR-137, miR-204, miR-
205, miR-217, miR-218, and miR-338) is ex- 
pressed in a lineage-related pattern in mesen-
chymal cell types and regulation the osteoge- 
nic and chondrogenic differentiation [70]. Os- 
terix, which acts downstream to Runx2, is a 
zinc-finger-containing transcription factor es- 
sential for embryonic osteoblast differentiation 
and bone formation [66, 67, 71, 72]. PPARγ, is 
one of the most important factors in balancing 
adipogenesis and osteogenesis in MSCs. Ove- 
rexpression of PPARγ, positively regulates adi-
pogenesis but negatively regulates osteogene-
sis [62, 69]. miR-548d-5p promoted osteogen-
ic differentiation of MSCs by suppressing the 
expression of PPARγ [73]. Runx2, Osterix and 
PPARγ are predicted targets of differently ex- 
pressed miRNAs during osteogenic differentia-
tion in hAMSCs, and they define the cell differ-
entiation via miRNA regulation.
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In this study, in order to further investigate the 
regulatory role of these differentially miRNAs, 
bioinformatics analysis will be used to explain 
the annotation of their functions. Abundant 
high-enrichment GOs of target genes regulated 
by differential miRNAs might involve several 
biological processes such as signal transduc-
tion (GO: 0007165), cell differentiation (GO: 
0030154), cell adhesion (GO: 0007155) and 
cell proliferation (GO: 0008283). In addition, 
specific KEGG pathways targeted by differential 
miRNAs were found involved in MAPK signaling 
pathway, TGF-β/BMP signaling pathway, calci-
um signaling pathway, Wnt signaling pathway 
and Ras signaling pathway. Among those, the 
TGF-β/BMP signaling pathways have been 
reported to play a prominent role in promoting 
osteoblast differentiation and bone formation. 
Using online software, putative targets of dif-
ferentially expressed miRNAs involving in the 
TGF-β/BMP signaling pathways were partly 
classified according to their contribution in 
osteogenic differentiation. Our results are the- 
refore supportive of a critical role for these 
pathways in osteogenic differentiation of hA- 
MSCs. 

TGF-β/BMP pathways are major signaling cas-
cades responsible for osteogenesis [14, 16, 
17]. Our data showed that some key regula- 
tors of osteogenesis such as BMPRI, BMPRII, 
TGFBRI, TGFBRII, BMP4, TGF-β, Smad2, 3, 6, 8 
and ActivinR1 which function as positive/nega-
tive regulator of osteogenesis and signal tran- 
sduction mediators are included. BMP4 and 
TGF-β are members of the TGF-β/BMP super-
family and play a key regulatory role during 
bone formation and repair. TGF-β and BMP 
receptors including TGF-β receptors (TGFBRI, 
TGFBRII) and BMP receptors (BMPRI, BMPRII) 
are involved in bone formation [74, 75]. TGF-β 
bind to TGFB receptor complex to regulate  
cellular functions via the phosphorylation of 
Smad2/3, while BMPs bind to BMP receptor 
complex to regulate cellular functions including 
cell differentiation and growth via the phos-
phorylation of Smad1/5/8 [14]. In this study, 
our data suggested that BMPRI, BMPRII, TG- 
FBRI, TGFBRII, BMP4, TGF-β, Smad2, 3, 8 were 
predicted to be target gene of the differentially 
expressed miRNAs and were partly confirmed 
to be significantly up-regulated in osteogenic 
differentiation of hAMSCs induced by VD3. 

Smad6 is one of the inhibitory Smad family or 
I-Smads [14, 76]. Chen et al. reported that 
Smad6 is involved in a negative feedback loop 
regulating BMP signaling and is required to li- 
mit BMP signaling during bone formation [16]. 
ActivinRI, as a type I receptor, transmits signals 
from activin together with the type II receptor 
ActivinRII. Yosuke Mizuno et al. reported that 
miR-210 acts as a positive regulator of osteo-
blastic differentiation by inhibiting the TGF-β/
activin signaling pathway through inhibition of 
AcvR1b [75]. Kamiya et al. showed that loss-of-
function of ActivinRI in osteoblasts increases 
bone mass and activates canonical Wnt signal-
ing through suppression of Wnt inhibitors SOST 
and DKK1 [77]. Our data showed that Smad6 
and ActivinRI which are negative regulators  
of the TGF-β/BMP pathway, were significantly 
down-regulated in VD3-induced osteogenic dif-
ferentiation of hAMSCs. It can be supposed 
that the differentially expressed miRNAs might 
regulate VD3-induced osteogenic differentia-
tion by inhibiting these negative regulators of 
TGF-β/BMP pathway.

Conclusion

In this study, we investigated the differentially 
expressed miRNAs in osteogenic differentia-
tion of hAMSCs induced by VD3 and found that 
the expression of 58 miRNAs was significantly 
decreased, wheres the expression of 18 miR-
NAs was significantly increased. Furthermore, 
our findings suggest that a number of the miR-
NAs, of which target genes are involved in the 
transcription factors, such as Runx2, PPARγ, 
Osterix, and β-catenin and TGF-β/BMP signal-
ing pathway, play an important role in VD3-
induced osteogenic differentiation. We hope 
our results will facilitate our understanding of 
the mechanism of VD3-induced osteogenic dif-
ferentiation of hAMSCs, and subsequently pro-
vide high performance seed cells for tissue-
engineered bone regeneration.
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