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Abstract: Bone has multiple functions, both morphologically and physiologically, and it frequently 
features in the pathological condition, including fracture and osteoporosis. For bone regeneration ther-
apy, the regulation of osteoblast differentiation is important. MicroRNA (miRNA)s are short non-
coding RNA which regulate gene expression at the post-transcriptional level. MiRNAs play an impor-
tant role not only in a variety of other cellular processes including differentiation, proliferation, and 
apoptosis but also in the pathogenesis of human diseases. Recently, miRNAs have been known to par-
ticipate in osteoblast differentiation by regulating several signaling pathways including transcription 
factors. New insight into the mechanism during osteogenes is affected by miRNAs has been gained. Moreover, therapeu-
tic trials for bone diseases including osteoporosis, fracture and bone defects targeting miRNAs have been examined in 
animal models. MiRNA therapy will enable development of a bone regeneration therapy. 
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INTRODUCTION 

 Bone disorders including trauma, tumor metastasis and 
metabolic diseases are often seen in daily clinical situations, 
and bone regeneration has been one of the main topics in the 
field of regenerative medicine. The usual treatment for bone 
defects or non-union, has been autologous bone grafts. How-
ever, due to a limited volume available for harvesting, there 
is a need for alternative methods using a scaffold such as 
hydroxyapatite, which is sometimes combined with loading 
cells or growth factors [1-3]. A single dose of cells or growth 
factors is sometimes used for the acceleration of bone forma-
tion at the fracture site [4]. In our super-aging society, the 
solution to osteoporosis is a major problem, due to its pre-
disposition to increased risk fracture [5]. Elucidation of the 
pathogenesis of osteoporosis and pharmaceutical develop-
ment, have opened the door to various types of drugs being 
developed for osteoporosis [6]. However, a more efficient 
therapeutic strategy is needed. Indeed, to develop an effec-
tive bone regeneration therapy, deep and thorough knowl-
edge about bone metabolism together with novel findings is 
required.  
 Bone has multiple functions morphologically and physio-
logically, and it is often enforced into the pathological condi-
tion such as fracture, metastasis, and osteoporosis. Bone tis-
sue maintains its homeostasis by continuous tissue remodel-
ing by balancing bone formation and resorption (Fig. 1). 
Multicellular activities especially involving osteoblasts and 
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osteoclasts play a crucial role in bone remodeling, and de-
tailed biology has been investigated in these cells. Os-
teoblasts function to synthesize the extracellular matrix 
(ECM) and regulate mineralization [7]. Conversely, osteo-
clasts play a role in bone resorption, and osteoblasts and os-
teoclasts also interact during bone remodeling [8]. There are 
two pathways in bone formation, endochondral or intramem-
branous ossification. During the endochondral ossification 
process, chondrocytes are differentiated from mesenchymal 
stem cells (MSC) and produce a cartilaginous matrix, after 
which mineralization occurs in this matrix. In contrast, in-
tramembranous ossification is the process without chondro-
cyte differentiation. For bone formation, angiogene-
sis/vasculogenesis is also an important factor, which enables 
oxygen and some nutrients to reach the osteogenesis site [9]. 
Several growth factors such as VEGF (vascular endothelial 
growth factor) and bFGF (basic fibroblast growth factor) 
contribute to vascular formation during bone formation. Sev-
eral drugs or cell transplantation, or the administration of 
drugs or growth factors such as bFGF for the fracture site to 
enhance osteogenesis and angiogenesis have been examined 
in bone regeneration medicine. These bioactive factors have 
been developed in tissue engineering of regeneration medi-
cine. Besides growth factors, genetic materials including 
nucleic acids which enable gene expressions at the transcrip-
tional and post-transcriptional level have emerged [10]. 
Based on RNA interference technology, gene expressions are 
regulated by stimulating gene expression for bone formation 
or inhibition of antagonistic gene expression using antisense 
oligonucleotides. As for drugs for bone regeneration, 
bisphosphonate and parathyroid hormone (PTH) have 
showed good effect on bone regeneration. Bisphosphonates 
prevent bone resorption, and have been widely used for os-
teoporosis clinically. There are several reports highlighting 
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that the combination of bisphosphonate and scaffold could 
exhibit good bone formation [11, 12]. PTH have the poten-
tial to enhance bone formation, and have been also used for 
the treatment of osteoporosis, and its application for bone 
regeneration medicine recently has been attractive [13]. To 
deliver the biochemical signals from the bioactive factors to 
cells or tissues effectively, temporal and spatial control of 
these factors is essential for bone regeneration. Therefore, 
the technique of fabrication of the scaffold and the combina-
tion of bioactive factors have been developed [14]. 
 The differentiation of osteoblasts is regulated by several 
signaling pathways including BMP (bone morphogenetic pro-
tein), Notch, and Wnt signaling pathways. These signaling 
pathways interact during the osteoblast differentiation with 
many transcriptional activators or repressors, and the tran-
scriptional factor RUNX2, playing a crucial role in these dy-
namic interaction for osteoblast differentiation at all stages. 
Osteoblast maturation requires the additional transcriptional 
factor, Osterix. It has recently become clear that microRNA 
(miRNA)s contribute to the regulation of complicated interac-
tions, such as transcription factors and signaling pathways 
during osteoblast differentiation. With this in mind, therapeu-
tic trials for bone regeneration targeting miRNA in vivo have 
been conducted. This review will focus on the regulation of 
bone formation by miRNAs and it will also analyze an in-vivo 
study of bone regeneration using miRNA. 

miRNAs 

 MiRNAs are short (around 22 nt) non-coding RNAs 
which regulate gene expression at post transcriptional level. 
MiRNAs are evolutionally conserved across phyla, and ex-

hibit a tissue-specific or developmental stage–specific ex-
pression pattern [15, 16]. MiRNAs play an important role 
not only in a variety of other cellular processes including 
differentiation, proliferation, and apoptosis but also in the 
pathogenesis of human diseases [17-21]. 
 MiRNAs are firstly transcribed into primary miRNAs 
(pri-miRNA)s by RNA polymerase. Pri-miRNAs harboring a 
hairpin structure are subsequently processed into 70-100 nt 
as precursor miRNA (pre-miRNA)s by the RNase  type 
molecule Drosha and its cofactor DGCR8 within the nu-
cleus. Then, pre-miRNAs are exported to the cytoplasm by 
exportin 5 and subsequently processed by the RNase type 
protein Dicer into a double-stranded RNA. Double-stranded 
miRNAs are unwound into single-stranded miRNA by a 
helicase, and one-strand miRNA as mature miRNA forms 
the RNA-induced silencing complex (RISC)-miRNA com-
plex. The mature miRNA selectively binds mainly to the 
complementary 3’ untranslated region of its target mRNA 
including the seed sequence which comprises around 8 nt at 
5 end of the mature miRNA. Then, miRNAs negatively 
regulated gene expression through mRNA degradation or 
inhibition of translation [22, 23]. Aberrant expression of 
miRNAs causes the loss of regulation of their target gene 
expression, subsequently leading to diseases such as cancer, 
heart failure, and autoimmune diseases.  

MiRNAs AND BONE FORMATION 

MiRNAs in Osteoblasts 

 Osteoblasts play a crucial role in bone formation. Differ-
entiation of mature osteoblasts from MSCs regulates many 

 
Fig. (1). Bone remodeling. Bone remodeling consisted of formation, reversal, resorption and resting phase. Osteoblasts synthesize new bone, 
and osteoclasts resorb bone. After the bone resorption by osteoclast, pre-osteoblasts are prepared at the resorbed site in the reversal phase. 
Osteoblasts proliferate and synthesize the bone matrix. In resting phase, osteoblasts terminally differentiate into lining cells or osteocytes 
after the restoration of the bone surface. 



MicroRNAs and Bone Regeneration Current Genomics, 2015, Vol. 16, No. 6    443 

factors such as several signaling pathways, transcription fac-
tors, and cytokines. Several studies have revealed that miR-
NAs regulate osteoblast differentiation, proliferation, miner-
alization and extracellular matrix synthesis. Some miRNAs 
promote osteoblast differentiation. MiRNA (MiR)-15b pro-
motes osteoblast differentiation of human MSC (hMSC)s 
through inhibiting the BMP inhibitor, BMPER (BMP bind-
ing endothelial regulator) [24]. MiR-20a promotes osteoblast 
differentiation from hMSC by targeting PPAR  (Perox-
isome Proliferator-Activated Receptor ), Bambi, and 
Crim1, which up-regulate BMPs and Runx2 [25]. MiR-30c 
and miR-130b also promote osteoblast differentiation of 
hMSCs [24]. MiR-96 promotes osteoblast differentiation of 
hMSCs with increasing FABP4 (fatty acid binding protein4) 
expression [26]. MiR-199a also promotes osteoblast differ-
entiation by decreasing SOX9 expression [26]. MiR-29b 
promotes osteoblast differentiation through targeting 
HDAC4 (Histone deacetylase 4), TGF (transforming growth 
factor)- 3, ACVR2A (activating A receptor type 2A), 
CTNNBIP (catenin -interacting protein), and DUSP2 
(dual specificity phosphatase 2) in mouse MC3T3 cells [27]. 
MiR-210 promotes osteoblast differentiation of ST2 stromal 
cell through inhibition of ACVR1B in mouse ST2 cells [28]. 
MiR-1228 promotes 1,25-dihydroxy-vitamin D-induced os-
teoclast differentiation of primary human osteoblasts through 
the inhibition of BMP2K (BMP-2 kinase) [29]. These miR-
NAs enhance osteoblast differentiation to inhibit the nega-
tive regulation of osteoblasts. 
 MiRNAs also work as negative regulators in osteoblast 
differentiation. MiR-23a~27a~24-2 inhibits osteoblast dif-
ferentiation in mouse MC3T3-E1 cells by targeting SATB-2 
(special AT-rich sequence binding protein 2) which is the 
positive regulator of bone formation by Runx2 synthesis, 
resulted in Runx2 suppression [30]. MiR-34b/c inhibits os-
teoblast differentiation and proliferation through decreasing 
SATB-2 and cyclin D1, CDK (cyclin-dependent kinase)4 
and CDK6 in mouse primary osteoblast [31]. MiR-100 in-
hibits osteoblast differentiation of human adipose stem cell 
(hADSC)s by inhibiting BMPR2 (BMP receptor type ) 
[32]. MiR-125b is recognized as a negative regulator of os-
teoblast differentiation. Over-expression of miR-125b de-
creases ALP (alkalin phosphatase) activity and down regula-
tion increases ALP activity [33]. However, a possible target 
gene has not been confirmed. The expression of miR-138 
was down-regulated during osteoblast differentiation of 
hMSCs [34]. Over-expression of miR-138 inhibits osteoblast 
differentiation of hMSC through the targeting of focal adhe-
sion kinase, which promotes osteoblast differentiation. MiR-
141 and miR-200a inhibit osteoblast differentiation by tar-
geting Dlx5 (distal-less homeobox 5) in mouse MC3T3-E1 
cells [35]. MiR-146a inhibits osteoblast differentiation from 
hADSC by targeting IRAK1(interleukin receptor-associated 
kinase 1) [36]. MiR-182 impedes osteoblast differentiation 
and proliferation through targeting FoxO1 (forkhead box 
protein O1) in mouse MC3T3-E1 cells and C3H10T1/2 cells 
[37]. MiR-370 inhibits BMP2 induced osteoblast differentia-
tion by targeting ETS1 or BMP2 in mouse primary os-
teoblast and MC3T3-E1 cells [38]. MiR-378 inhibits os-
teoblast differentiation by targeting GaINT7 (UDP-N-acetyl-
alpha-D-galactosamine:polupeptide N-acetylgalactosaminyl-
transferase 7) in MC3T3-E1 cells [39].  

MiRNA and Transcriptional Factors in Osteogenesis 

 Runx2 (Core-binding factor alpha, Cbfa1) is the key 
transcription factor in osteoblast differentiation and min-
eralization via the regulation of downstream genes for the 
osteoblast phenotype [40-42]. Runx2 binds to the pro-
moter region of osteoblast specific genes and regulates 
their expression level, such as ALP, OP (osteopontin), 
BSP (bone sialoprotein), type 1 collagen and osteocalcin 
in the nucleus. The expression of Runx2 increased during 
the early mineralization stage of osteoblast differentiation. 
Runx2 is essential for the determination of osteoblasts. 
MSCs aredifferentiated to osteoblast by the up-regulation 
of Runx2, while down-regulation of Runx2 induces MSCs 
to chondrogenesis. The expression of Runx2 relating to 
osteogenesis is affected by miRNAs. Several miRNAs 
directly suppress Runx2. It has been reported that miR-
23a, miR-27a, miR-24-2, miR-30cd, miR-31, miR-34c, 
miR-106a, miR-133a, miR-135a, miR-137, miR-155, 
miR-204, miR-205, miR-211, miR-217, miR-218, miR-
222, miR-338, and miR-433 inhibit osteoblast differentia-
tion through the targeting of RUNX2 [24, 30, 31, 43-48]. 
MiR-764-5p promotes osteoblast differentiation by inhib-
iting Runx2 degradation [49]. MiR-3960 expression was 
upregulated by Runx2, and miR-3960 can promote os-
teoblast differentiation via targeting HOXA2 (homeobox 
A2) which is Runx2 inhibitor [50]. 

 Osterix is also an important transcription factor in os-
teoblast differentiation, which occurs through the prevention 
of osteoblast proliferation and the canonical Wnt signaling 
pathway, by inhibiting the expression of -catenin [51, 52]. 
MiR-637 directly targets Osterix expression, and expression 
of miR-637 is decreased during osteoblast differentiation. 
MiR-637 maintains the balance between adipocytes and os-
teoblasts by directly targeting Osterix. MiR-637 also inhibits 
osteoblast differentiation, targeting COL4A1 and Osterix 
[53]. Osterix is also significant in mineralization. MiR-93 
directly targets Osterix and over-expression of miR-93 inhib-
its osteoblast mineralization [54]. MiR-145 suppresses Os-
terix and klf4 (Kruppel-like factor 4), and klf4 inhibits miR-
143 expression. Decreasing the expression of miR-143 pro-
motes miR-145 expression, miR-143, miR-145, Osterix and 
klf4 constitute a feedback loop in osteoblast differentiation 
[55]. 

MiRNA AND SIGNALING PATHWAY IN OS-
TEOGENESIS 

BMP/TGF  Pathway 

 BMP/TGF  pathways play a major role in osteogenesis 
[56, 57]. A signal from BMP/ TGF  is transmitted via ca-
nonical pathways, including Smad-dependent pathways and 
non-canonical pathways, including Smad-independent sig-
naling pathways. Canonical pathways have eight types of 
Smad proteins, and activated Smads interact with a DNA 
promoter region to participate in transcription. Among Smad 
proteins, inhibitory Smad (Smad 6 and 7) negatively regulate 
a BMP/TGF  signaling cascade. Non-canonical pathways 
include several signaling pathways, such as MAPK (Mito-
gen-Activated Protein Kinase)cascades and play an impor-
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tant role in osteoblast differentiation, proliferation and min-
eralization.  

 The BMP signaling pathway in osteoblast differentiation 
is also regulated by miRNAs (Fig. 2). miR-106a, miR-148a 
and miR-424 inhibit osteoblast differentiation of hMSCs by 
targeting BMPs [24]. The expression of miR-133 and miR-
135 isdown-regulated, during BMP2- induced osteoblast 
differentiation from C2C12 cells, and over-expression of 
miR-133 and miR-135 impedes expression of osteogenic 
marker genes, through RUNX2 being targeted by miR-133, 
and Smad5 being targeted by miR-135 [58]. MiR-206 is also 
down-regulated during BMP2- induced osteoblast differen-
tiation from C2C12 cells. Over-expression of miR-206 inhib-
its osteoblast differentiation, via the targeting of Connexin 
43, which is necessary for osteoblast differentiation and 
function [54]. MiR-206 is expressed in osteoblasts and its 
expression decreases during osteoblast differentiation. MiR-
206 expressing transgenic mice reveal low bone mass. MiR-
208 decreases during BMP-induced osteogenesis, at which 
time it acts as an osteogenic inhibitor through binding 3’ 
UTR of Ets1, which stimulates osteopontin and Runx2. 
SMAD1 is an important factor in BMP signaling, and its 
increased expression augments osteoblast differentiation [60, 
61]. MiR-26a decreases SMAD1 expression by binding its 3’ 
UTR, and down-regulation of miR-26a increases osteogenic 
marker genes, such as osteopontin, osteocalcin and COL1A1 
[62]. MiR-199a-3p also inhibits osteoblast differentiation by 
targeting SMAD1, and miR-135 suppresses SMAD5 to in-
hibit osteoblast differentiation [59, 63]. MiR-20a is reported 
to be a positive regulator of the BMP signaling pathway, 
through the targeting of Bambi and Crim1, which are inhibi-
tors of the BMP pathway. Furthermore, miR-20a can pro-
mote bone formation to up-regulate BMP2, BMP4, Runx2, 
Osterix/Sp7, Osteocalcin and Osteopontin.MiR-20a and 
miR-3960 could induce BMP2, while miR-370 down-
regulated BMP2. Down-regulation of miR-370 expression 
induces an increase to its target gene expression, BMP2 and 
Ets1 [38, 47, 64]. MiR-221 and miR-1274a inhibit osteoblast 
differentiation by inhibiting the TGF-  signaling pathway 
[65].  

The Wnt/  -cateninsignaling Pathway 

 Wnt/ -catenin signaling plays a crucial role in bone 
remodeling, especially multiple- stage osteoblast differen-
tiation and proliferation [66, 67]. Wnt signaling pathways 
include the non- -catenin PCP pathway, calcium ion sig-
naling, RHO family GTPase pathways, and the JNK path-
ways. Wnt up-regulates -catenin, subsequently activating 
the transcription factors, TCF7 (transcription factor 7) and 
LEF1 (Lymphoid enhancer-binding factor 1), which target 
osteoprotegerin and RUNX2. MiRNAs also participate in 
the regulation of osteoblast differentiation by Wnt/ -
catenin signaling (Fig. 3). Let-7f, miR-29, miR-218, miR-
27, niR-142-3p and miR-335-5p are able to enhance the 
WNT/ -catenin signaling pathway and promote osteoblast 
differentiation. The expression of miR-29a and miR-29b is 
induced by canonical Wnt signaling which is a critical 
regulator of osteoblast differentiation. MiR-29a also acti-
vates canonical Wnt signaling, which forms a positive 
feedback loop to promote osteoblast differentiation. The 

target genes of miR-29 were validated as Dkk-1 (dikkopf-
1), Kremen2 (Kringle domain, containing transmembrane 
protein), and SFRP2 (secreted frizzled related protein 2), 
which function as inhibitors of Wnt signaling [68]. A posi-
tive feedback loop of Wnt signaling, mediated by miR-29, 
promotes osteoblast differentiation through the inhibition 
of Dkk-1, Kremen2 and SFRP2. MiR-29 modulates many 
collagens and extracellular matrix proteins during bone 
formation. During osteoblast differentiation, the expression 
of miR-29 is low in its early phase but its expression in-
creases in its later phase. The other validated target genes 
of miR-29a are COL1A1, COL3A1 and osteonectin which 
is a critical for the formation of collagen fibril [69]. A low 
level of miR-29 allows matrix deposition in the early phase 
of osteoblastogenesis. In the later phase, miR-29 up-
regulates to suppress collagen synthesis during the subse-
quent mineral deposition. MiR-218 promotes osteoblast 
differentiation of MSCs by inhibition of the SOST (scle-
rostin), DKK2 (dickkopf 2), and SFRP2 (secreted frizzled 
related protein 2), which are Wnt signaling inhibitors [70]. 
Let-7f play an important role in the regulation of Wnt/ -
catenin activity, subsequently inducing osteoblast differen-
tiation by TIMP-1(tissue inhibitor of metalloproteinase-1) 
[71]. Let-7a promotes osteoblast differentiation of human 
unrestricted somatic stem cells via inhibition of NLK 
(nemo-like kinase) expression which is an inhibitor of the 
Wnt signaling pathway [65]. APC (adenomatous polyposis 
coli) prevent -catenin translocation into the nucleus when 
canonical Wnt signaling is absent, miR-27 suppresses the 
expression of APC as its target gene, and miR-27 acts as a 
positive regulator for osteoblast differentiation through the 
activation of Wnt signaling [72]. DKK-1 maintains the 
skeletal homeostasis through inhibiting osteoblast differen-
tiation by down-regulating Wnt signaling. MiR-335-5p has 
a role in down-regulating DKK-1 by binding 3’UTR of 
DKK-1, subsequently enhancing Wnt signaling [73]. MiR-
221 and miR-1274a impede osteoblast differentiation by 
inhibiting Wnt signaling [65]. MiR-142-3p also promotes 
osteoblast differentiation by modulating Wnt signaling by 
targeting APC in human FOB1.19 cells [74]. 

Fig. (2). BMP signaling pathway including microRNA regulation. 
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Fig. (3). Wnt signaling pathway including microRNA regulation. 

Notch Signaling 

 Notch signaling helps to promote differentiation of pre-
osteoblasts into osteoblasts, while it suppresses differentia-
tion of MSCs into pre-osteoblastic cells [75, 76]. MiR-34c 
down-regulatesnotch signaling including Notch1, Notch2, 
and Jag1, to maintain bone homeostasis [77]. 

MiRNA in Pathological Conditions Related to Bone 

 MiRNAs play a pivotal role in bone diseases, including 
osteoporosis and tumor metastasis. Osteoporosis is charac-
terized by a low bone mineral density with increasing bone 
fragility. There are some subtypes in primary osteoporosis, 
relating to estrogen deficiency in postmenopausal women, 
and age-related osteoporosis in men and women. In primary 
osteoporosis, osteoclast activity increases, while osteoblast 
activity decreases, subsequently leading to loss of bone min-
eral density.  
 MiR-2861 is reported to be crucial in the pathogenesis of 
osteoporosis. MiR-2861 is intensely expressed in os-
teoblasts,its expression induced by BMP2 and it can up-
regulate Runx2 through targeting HDAC5, subsequently 
causing osteoblast differentiation. However, down-regulation 
of miR-2861 inhibits bone formation [78].  
 MiR-133 is thought of as a potential biomarker for osteo-
porosis. The expression level of miR-133a in circulating 
monocytes of osteoporotic menopausal women is signifi-
cantly higher than that of non-osteoporotic menopausal 
women. MiR-133 was also recognized as a negative regula-
tor for bone formation through the suppression of inhibitory 
factors of osteoclastogenesis including CXCL11, CXCR3, 
and SLC39A1 [79]. MiR-214 is also reported to reduce bone 
formation through the targeting of ATF4 (activating tran-

scription factor 4), resulting in decreasing ALP and osteocal-
cin expression [80]. MiR-214 shows higher expression in 
aged patients with multiple fractures, which indicates that 
miR-214 may play a role in the fracture of osteoporotic 
bone.MiR-21 is down-regulated in estrogen-deficient osteo-
porosis and its expression during osteogenesis of MSCs is 
suppressed by TNF (tumor necrosis factor)-  [81]. MiR-21 
promotes the osteoblast differentiation of MSCs by inhibit-
ing Spry1 (sprouty homolog 1), which is a negative regulator 
of osteoblast differentiation. Increasing expression of miR-
21 can enhance bone formation in ovarectomized mice by 
down-regulation of Spry1.MiR-378 plays a role in osteopo-
rosis and bone fracture by hyperglycemia in diabetes melli-
tus. High glucose conditions down-regulate miR-378 expres-
sion, and miR-378 expression up-regulates osteoblastic 
markers through the targeting of CASP3 (caspase 3) and 
activates the PI3K/Akt signaling pathway [82]. Eight miR-
NAs: miR-21, miR-23a, miR-24, miR-93, miR-100, miR-
122a, miR-124a and miR-125b show higher expression in 
the serum of patients with osteoporosis compared to non-
osteoporosis patients. MiR-21, miR-23a, miR-24, miR-25, 
miR-100 and miR-125b are up-regulated in the bone tissue 
of osteoporotic patients [83]. MiR-103a plays a role in os-
teoblast mechanotransduction. MiR-103a expression was 
down-regulated during cyclic mechanical stretch-induced 
osteoblast differentiation. Over-expression of miR-103a in-
hibits Runx2 through the binding of 3’ UTR of Runx2 
mRNA. Inhibition of miR-103a in the hindlimb of unloading 
mice rescued mechanical unloading osteoporosis [84]. Os-
teoporosis is induced by glucocorticoids which cause os-
teoblasts to up-regulate the RANKL expression. Dexametha-
sone-induced RANKL expression in osteoblasts is down-
regulated by miR-17 and miR-20a, which suggests that miR-
17 and miR-20a play a role in glucocorticoid- induced osteo-
clast differentiation through the targeting of RANKL (Re-
ceptor activator of nuclear factor kappa-B ligand) expression 
in osteoblast cells [85]. MiR-34a is recognized as a suppres-
sor of osteoclastogenesis. MiR-34a expression is down-
regulated during osteoclast differentiation, and miR-34a 
nanoparticle treatment can effectively cause the condition of 
ovarectomy-induced osteoporosis mice to attenuate through 
the targeting of Tgif2 (transforming growth factor- -
induced factor 2) [86]. MiR-422a is up-regulated in circula-
tory monocytes of postmenopausal osteoporosis patients and 
it is thought to target CBL, CD266, IGF1, PAG1 and TOB2 
[87]. Many miRNAs contribute in the bone metabolism and 
diseases (Table 1 and 2). 

Bone Regenerative Medicine Using miRNA 

 Several therapeutic trials have focused on miRNAs to 
investigate bone disease (Table 3). As for osteoporosis, the 
role of miRNAs in pathogenesis has been gradually eluci-
dated. Systemic administration of antagonic miR-214 from 
the tail vein in ovarectomized mice has been shown to in-
crease BMD [80].  
 Fractures are often seen in the clinical setting, and a long 
time is needed to achieve bone union. MiR-92a expression in 
the serum of patients with fractures was down-regulated and 
it recovered on day 21. Systemic or local administration of 
anti-miR-92a has been shown to enhance fracture healing 
with increasing callus formation and neovascularization in 
mice with a femoral fracture [88]. 
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Table 1. Summary of microRNAs which stimulate bone formation. *; putative target gene. 

Osteoblast Differentiation microRNA Cell Target Gene Reference 

Stimulation Let-7a Human USSC NLK [65] 

 Let-7f Human MSC axin2 [71] 

 miRNA-15b Human MSC BMPR2* [24] 

 miR-20a Human MSC PPAR , Bambi, Crim1 [25] 

 miR-21 Human and mouse MSC Spry1 [81] 

 miR-27 Human FOB1.19 cells APC [72] 

 miR-29a/b/c Mouse primary osteoblast, MC3T3 cells 
osteonectin, ACVR2A, CTNNBIP, 

DUSP2, HDAC4, TGF 3 
[27, 68, 69] 

 miR-30c Human MSC CAMTA1*, CXCL12*, ITGB1*, FLT1* [24] 

 miR-96 Human MSC FABP4 [26] 

 miR-130b Human MSC 
CAMTA1*, CD44*, GDF6*, PDGFRA*, 

COL9A3* 
[24] 

 miR-142-3p Human FOB1.19 cells APC [74] 

 miR-199a Human MSC SOX9 [26] 

 miR-210 Mouse ST2 cells ACVR1B [28] 

 miR-218 Mouse bone marrow stromal cells DKK2, SFRP2, SOST [70] 

 miR-335-5p Mouse MC3T3-E1 cells, MLO-A5 cells DKK1 [73] 

 miR-1228 Human primary osteoblast BMP2K [29] 

 miR-2861 Mouse ST2 cells HDAC4 [64] 

 miR-3960 Mouse osteoblast HOXA2 [64] 

 

Table 2. Summary of microRNAs which inhibit bone formation. *; putative target gene. 

Osteoblast Differentiation microRNA Cell Target Gene Reference 

Inhibition 
miRNA-

23a/27a/24-2 
Mouse MC3T3-E1 cells SATB2, RUNX2 [30] 

 miR-26a Human ADSC SMAD1 [62] 

 miR-31 Human MSCs RUNX2, BMPR2 [24] 

 miR-34b/c/d 
Mouse primary osteoblast, MC3T3-

E1 cells 
SATB2, RUNX2, Cyclin D1, CDK4, 

CDK6 
[31, 77] 

 miR-93 Mouse primary osteoblast Sp7 [54] 

 miR-100 Human ADSC BMPR2 [32] 

 miR-103a Human FOB1.19 cells, human MSC RUNX2 [84] 

 miR-106a Human MSC CBFB* [24] 

 miR-125b Mouse ST2 cells ErbB2 [33] 

 miR-133a 
Mouse C2C12 cells, mouse MC3T3-

E1 cells 
RUNX2 [58] 

 miR-135a 
Mouse C2C12 cells, mouse MC3T3-

E1 cells 
RUNX2, SMAD5 [58] 
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(Table 2) contd…. 

Osteoblast Differentiation microRNA Cell Target Gene Reference 

 miR-137 Mouse MC3T3-E1 cells RUNX2 [43] 

 miR-138 Human MSC PTK2 [34] 

 miR-141 Mouse MC3T3-E1 cells DLX5 [35] 

 miR-143 Mouse odontoblast osterix, klf4 [55] 

 miR-145 Mouse odontoblast osterix, klf4 [55] 

 miR-146a Human ADSC IRAK1 [36] 

 miR-148a Human MSC 
RUX2*, BMP3*, BMP8A*, BMP8B*, 

BMMPR1B*, BMPR2* 
[24] 

 miR-155 Human ligament fibroblast SOCS1 [44] 

 miR-182 
Mouse MC3T3-E1 cells, mouse 

C3H10T1/2 cells 
FoxO1 [37] 

 miR-199a-3p U2-OS cell SMAD1 [63] 

 miR-200a Mouse MC3T3-E1 cells DLX5 [35] 

 miR-204 
Mouse MC3T3-E1 cell, mouse 

C3H10T1/2 cells, mouse ST2 cells, 
mouse C2C12 cells 

RUNX2 [43, 48] 

 miR-205 MC3T3-E1 cells RUNX2 [43, 47] 

 miR-206 Mouse C2C12 cells Cx43 [59] 

 miR-208 
Mouse primary osteoblast, MC3T3-

E1 cells 
ETS1 [60, 61] 

 miR-211 
Mouse C3H10T1/2 cells, mouse ST2 

cells, mouse C2C12 cells 
RUNX2 [48] 

 miR-214 
Mouse MC3T3-E1 cells, human 

FOB1.19 cells 
ATF4 [80] 

 miR-217 Mouse MC3T3-E1 cells RUNX2 [43, 47] 

 miR-218 
Mouse MC3T3-E1 cells, mouse 

MSC 
SOST, DKK2, SFRP2 [70] 

 miR-221 Human USSCs Wnt and TGF  signaling pathway* [65] 

 miR-222 Human ligament fibroblast RUNX2* [44] 

 mR-338 MC3T3-E1 cells RUNX2 [43] 

 miR-370 
Mouse primary osteoblast/MC3T3-

E1 cells 
ETS1 [38] 

 miR-378 MC3T3-E1 cells GaINT7 [39, 82] 

 miR-424 Human MSC BMP8A*, BMPR2*, BMPR1A* [24] 

 miR-433 Mouse C3H10T1/2 cells RUNX2 [46] 

 miR-637 Human primary osteoblast/MSC COL4A1, Osterix [53] 

 miR-1274a Human USSCs Wnt and TGF  signaling pathway* [65] 

 
 For repair ofa critical bone defect, an autologous bone 
graft is not sufficient, so the combination of an artificial 
bone graft and stem cells or growth factors to repair large 

bone defects has been examined. To this end, miRNAs have 
been recently studied,considered to be a promising new 
player. 
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 Down-regulation of miR-31 in bone marrow MSCs en-
hances osteogenesis. Therefore, the effect of MSCs, with the 
miR-31 knock-down on critical-size bone defects,has been 
investigated. MSCs, expressed by anti-miR-31 and seeded on 
polyglycerol sebacate (PGS) scaffolds, were implanted into 
critical-sized calvarial defects in rats. PGS scaffolds with anti-
miR-31-expressing MSCs were found to effectively repair a 
bone defect with good biocompatibility [89].  
 The effect of ADSC, modified with anti-miR-31 for a 
critical-sized bone defect, was also examined. Anti-miR-31 
modified ADSCs, loaded onto -TCP ( -tricalcium phos-
phate), was implanted to repair the critical-sized calvarial 
defects in rats. As a result, increasing bone volume, bone 
mineral density and decreasing scaffold residue brought 
about the dramatic repair of bone defects [90]. 
 For bone formation, not only osteogenesis but also angi-
ogenesis are important. MiR-26a plays a role in both os-
teogenesis and angiogenesis. Bone marrow MSCs trans-
fected with anti-miR-26a, combined with hydrogel,were im-
planted into a critical-sized calvarial bone defect, revealing 
good bone repair with osteogenesis and angiogenesis [91].  
 For bone repair, polymeric nanofibers, which mimic 
natural extracellular matrix morphology,comprise one of the 
best scaffolds. MiR-29a inhibits ECM synthesis through the 
targeting of osteonectin. Therefore, down-regulation of miR-
29a may lead to an increase in ECM production. Anti-miR-
29a-loaded gelatin nanofibers, combined with osteoblastic 
murine MC3T3-E1 cells, exhibited abundant osteonectin 
with increasing IGF-1 (insulin growth factor-1) and TGF-

1. The combination of an ECM-mimicking nanostructured 

scaffold and osteogenic oligonucleotide holds much promise 
for the purpose ofbone repair [92].  
 The combination of cell sheet technology with miRNAs 
for regenerative medicine has been investigated. Bone mar-
row MSCs sheets, delivered with anti-miR-138, show the 
enhancement osteogenesis of cell sheets. Down-regulation of 
endogenous miR-138 in the cell sheets are able to enhance 
Runx2 expression. Anti-miR-138-delivered cell sheets also 
have the potential to be a novel therapeutic strategy for large 
bone defects [93].  
 Bone marrow MSCs, transfected with anti-miR-31, were 
seeded onto -TCP scaffolds, then implanted into bone de-
fects in canines. Anti-miR-31 modified MSCs, with a -
TCP scaffold,were found to efficiently repair bone defects, 
with increasing bone mineral density and new bone volume 
[94].  
 Conjugate miR-146b mimic and silver nanoparticles 
were added into hADSCs, and loaded to matrigel or polyca-
prolacton scaffolds. It was discovered that they could heal 
the critical-size bone defect in nude mice [95]. 

FUTURE PERSPECTIVES 

 Recent evidence shows that targeting miRNAs is effec-
tive as a novel therapeutic strategy in animal models. Actu-
ally, miRNA therapy, in clinical use for patients with chronic 
HCV (hepatitis C virus) infection, has already been con-
ducted [96]. It was discovered that locked nucleic acid-
modified DNA phosphorothioate antisense oligonucleotide, 
which sequesters mature miR-122 (Miravirsen), could re-
duce HCV RNA levels by subcutaneous injection. For clini-

Table 3. In vivo study using miRNA for bone regeneration. 

 Disease Model microRNA Administration Method Animal Reference 

1 Osteoporosis Ovariectomy antimir-214 Systemic injection Mouse [80] 

2 Fracture Femoral fracture antimir-92a 
Systemic or local injec-

tion 
Mouse [88] 

3 Bone defect 
8mm diameter bony defect 

on calvarium 

BMSC transfected antimir-
31 on poly glycerol sebacute 

scafffold 
Implantation Rat [89] 

4 Bone defect 
5mm diameter bony defect 

on calvarium 
ADSC transfected with 
antimir-31 on -TCP 

Implantation Rat [90] 

5 Bone defect 
5mm diameter bony defect 

on calvarium 
MSC transfected with an-

timir-26a on hydrogel 
Implantation Mouse [91] 

6 Normal Subcutanous 
Freeze dried allograft bone 
wraped with BMSC sheet 

transfected with antimir-138 
Implantation Mouse [93] 

7 Bone defect 
10mm diameter orbital wall 

bony defect 
BMSC transfected with 
antimir-31 on -TCP 

Implantation Canin [94] 

8 Bone defect 
4mm diameter bony defect 

on calvarium 

ADSC transfected with 
photoactivated miR-148b 
mimic -SNP conjugate on 

polycaprolactom 

Implantation Mouse [95] 
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cal applicationin bone regeneration, the precise effects, in-
cluding adverse effects, distribution and metabolism of ad-
ministered miRNA mimic or antisense, should be examined 
in detail. As for adverse effects, the possibility that given 
miRNAs reinforce osteoblast phenotype in a detrimental 
environment should be considered. Theoretically, one 
miRNA has many target genes by computational analysis 
and simultaneously represses its target genes. It is possible 
that administered miRNA represses simultaneously not only 
one of the target genes which function against bone forma-
tion but also genetically important target genes. The cluster 
of miRNAs have been recognized to play an important role 
in the entire process of differentiation from stem cells [97]. 
Regulatory network by miRNA cluster during a characteriz-
ing a given cell phenotype is constituted by the regulation of 
repressors, co-activators or associated proteins, and these 
miRNAs ensure time related expression of genes [98, 99]. 
Administration of miRNA may affect these regulatory sys-
tems. In addition, the use of more effective delivery tools of 
miRNA mimic or antisense should be considered. Building 
on the findings on bone regeneration therapy from previous 
reports, miRNA mimic or antisense was administered by 
local or systemic injection, or loaded into the scaffolds. Bone 
turn-over consisted with the balance physiologically coordi-
nated bone formation and resorption. To create a bone 
physiological microenvironment, it is desirable to co-culture 
of osteoblast and osteoclast in a scaffold. Previous study 
demonstrated that three dimensional co-culture system could 
promote osteoblast and osteoclast differentiation and well 
organized bone matrix formation [100]. The combination of 
these co-culture system and regulation of miRNA will en-
hance to create the morphologically normal bone tissue. In 
the case of cell modification, some transfection reagents or 
viral transfection were applied. Exosome has attracted atten-
tion as a novel drug delivery system. MiRNAs circulating in 
body fluid play a role in cell-to-cell and tissue-to-tissue 
communications. MiRNAs are packed in microvesicles, in-
cluding exosomes, and are secreted from cells. Exosome-
formed miRNAs are easily up-taken into the cells, and these 
features are applied to miRNA therapy. When synthetic 
miRNA are introduced into cells, they are reported to be 
enveloped in exosome, thus becoming exosome-formed 
miRNAs, which can be efficiently delivered into cells and 
can function with the same effect as when the lipofection 
method is used [101]. As other option to deliver of synthetic 
miRNA using exosome, artificial exosome which is artifi-
cially constructed mimetic structure of exosome is proposed 
[102]. These studies confirm that miRNA therapy for bone 
regeneration will be realized in the near future, thanks to the 
development of cell or drug delivery systems and novel scaf-
folds.  
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