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Abstract

The central dogma of transfer of genetic information from 
DNA to protein via mRNA is now challenged by small 
fragment of non coding RNAs typically 19-25 nucleotides 
in length namely microRNAs (miRNAs). miRNAs regulate 
expression of the protein coding genes by interfering in their 
mRNAs and, thus, act as key regulators of diverge cellular 
activities. Osteoblast differentiation, a key step in skeletal 
development involves activation of several signalling 
pathways including TGFβ, BMP, Wnt and transcription 
factors, which are tightly regulated by miRNAs. In this 
review, we provide information on recent developments of 
the synthesis and gene regulation of miRNAs as well as 
the potential nature of miRNAs that regulate mesenchymal 
stem cell towards osteoblast differentiation for therapeutic 
purpose.

Introduction

MicroRNAs (miRNAs) are small endogenous RNA molecules 
(19-25 nt) that govern gene expression by targeting mRNAs 
at posttranscriptional level. lin-4 was first identified miRNA 
in nematode. It was produced as shorter transcripts that 
regulates lin-14 gene coding for nuclear protein through 
an antisense RNA-RNA interaction (Lee et al., 1993). 
More than thousands of miRNAs have been found and the 
search for more miRNAs is still continued. miRNAs are able 
to control diverse biological process including cell growth, 
apoptosis, development, metabolism, stress adaptation, 
hormone signalling and differentiation (Kloosterman and 
Plasterk, 2006; Bushati and Cohen, 2007; Gangaraju and 
Lin, 2009; Brodersen and Voinnet, 2009). It is speculated 
that more than 60% of human genes coding for proteins 
possess miRNA binding sites within their 3' untranslated 
regions (UTRs). Most importantly, it has been reported 
that one third of human genes are regulated by miRNAs 
(Davis and Hata 2009). Animals that unable to produce 
certain mature miRNAs fail to survive and reproduce, and 
even a single miRNA malfunction accounts for higher risks 
of cancer (Wienholds et al., 2003; Costinean et al., 2006). 
Computational and experimental approaches indicate that a 
single miRNA can regulate expression of several genes and 
expression of a single gene can be controlled by several 
miRNAs (Selbach et al., 2008).
 Mesenchymal stem cells (MSCs) are multipotent in 
nature and are the excellent candidates for cell-based 
therapeutic strategies to regenerate injured or damaged 

tissue. They have the potential to undergo multilineage 
differentiation, such as osteoblasts, chondrocytes, 
adipocytes, and myoblasts. Regulation of differentiation 
of MSCs into osteogenic lineage is critical for maintaining 
bone mass and is necessary for prevention of bone related 
diseases. It is now evident that osteoblast differentiation is 
tightly controlled by several regulators including miRNAs 
(Abdallah and Kassem, 2008; Guo et al., 2008; Lian 
et al., 2012), and miRNAs can regulate expression of 
genes during differentiation of MSCs towards osteoblastic 
cells, resulting in bone formation (Taipaleenma¨ki et al., 
2012). In the current review we discuss and summarize 
miRNAs’ synthesis including their genomic position, target 
recognition, and gene regulation, and control of MSCs 
differentiation into osteoblasts by miRNAs for therapeutic 
purpose.

Genomic position of miRNAs

In humans, miRNA genes are present in all chromosomes 
except Y chromosome (Kim, 2005) but computational 
studies show that two miRNA genes are positioned in 
human Y chromosomal pseudoautosome region (Yuan et 
al., 2011). Calin et al., (2004) described that human miRNA 
genes often located at fragile sites and chromosomal 
regions that involve in the development of various cancers. 
About half of the miRNAs are discovered in clusters and 
are transcribed as polycistronic primary transcripts. In the 
cluster of miRNAs, they may be related to each other by 
functionally i.e. a set of miRNAs regulates a single metabolic 
pathway or a single gene or they may contain unrelated 
miRNAs (Lagos-Quintana et al., 2001; Kim et al., 2006). 
Majority of mammalian miRNA genes are located in defined 
transcription units (Kapinas and Delany, 2011). In mammalian 
genome, introns contain 73% of miRNAs in which intronic 
miRNAs in protein coding transcription units are 56%, and 
intronic miRNAs in non coding transcription units are 17%. 
The exonic miRNAs in non coding transcription units are 
found to be 19%. In some cases depending on alternative 
splicing, 8% of miRNAs are found in an exon, an intron or 
mixed (Rodriguez et al., 2004). Saini et al., (2007) described 
that approximately half of the miRNAs genes are located in 
non-protein-coding transcripts and the remaining miRNAs 
are predominantly located in introns of coding genes. Kim et 
al., (2009) described genomic location of miRNAs: miR-985 
located in exonic protein coding CACNG8 gene, miR-155 
located exonic non-coding BIC gene, miR-25, miR-93 and 
miR-106b cluster located in intronic protein coding MCM7 
(minichromosome maintenance complex component 7) 
gene and miR-15a and miR-16-1 cluster located in intronic 
non-coding DLEU2 (deleted in lymphocytic leukemia 2) 
gene. In general, miRNAs located in introns which are 
coincidentally transcribed along with their host genes. Even 
though miRNAs may be intergenic and intronic, there are 
no differences either in their structural or thermodynamic 
parameters (Posrednik et al., 2011).
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Biogenesis of miRNAs

Transcription of the miRNA gene is mediated by RNA 
polymerase II (pol II) which also involves in transcription 
of other mRNAs (Lee et al., 2004). Ozsolak et al., (2008) 
suggested that many characteristics of protein coding 
gene promoters were found to be similar as seen in miRNA 
coding genes such as the relative frequencies of CpG 
islands, TFIIB recognition, TATA box, initiator elements and 
histone modifications. Other RNA polymerases might also 
be involved in the transcription of miRNA genes because 

most of smaller sized RNAs like tRNAs, 5S rRNAs are 
transcribed by polymerase III (pol III). For instance, in 
herpesviruses, cluster of miRNAs are transcribed by pol 
III (Pfeffer et al., 2005). Another example is that miRNAs 
encoded by the largest human miRNA cluster, C19MC, is 
transcribed by pol III (Borchert et al., 2006).
 miRNAs are transcribed as long primary transcripts 
(pri-miRNAs) and they contain several long kilobases of 
nucleotides with local fold back structure recognized by 
the nuclear RNase III enzyme Drosha, and its cofactor 

Figure 1. Schematic representation of miRNA biogenesis pathway. Initially miRNAs are transcribed as pri-miRNAs by pol II/III, 
which are recognised by microprocessor (Drosha+DGCR8) complex to generate pre-miRNA. Exp-5 with its cofactor RanGTP 
mediates transport of pre-miRNA to cytoplasm where they are again recognised by RLC (Dicer +TRBP+Ago) for further 
maturation of miRNA. Matured miRNA gets assembled with RISC complex with the help of Ago protein which regulates gene 
expression upon biding at the 3’ end of mRNA.
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DGCR8 (DiGeorge syndrome critical region gene 8) 
(Kim, 2005) (Figure 1). These complexes of proteins are 
known as microprocessor complex which trim the pri-
miRNA to produce shorter hairpin of approximately 70 
nucleotides in length as precursor miRNA (pre-miRNA) 
with a characteristic two nucleotides overhang at the 3’ 
end. The trimmed (shredded) ends which flank the pre-
miRNA are likely to be degraded in the nucleus itself due to 
its instability (Lee et al., 2003). Drosha forms two different 
mixtures of complexes for processing of pri-miRNAs. A small 
microprocessor complex that contains only Drosha and 
DGCR8 processes many pri-miRNAs, and a larger complex 
that contains double-stranded RNA binding proteins, RNA 
helicases, heterogeneous nuclear ribonucleoproteins and 
Ewing’s sarcoma proteins processes specific pri-miRNAs 
(Gregory et al., 2004). Drosha, in addition to containing 
RNase III domain may require cofactor for its activity 
because purified Drosha failed to efficiently produce pre-
miRNAs in vitro (Han et al., 2004). Drosha is a conserved 
large protein (~160 kDa) in animals. It contains two tandem 
RIIIDs (RNase III domains) and dsRBD (double-stranded 
RNA-binding domain). dsRBD is known to facilitate Drosha 
for its substrate recognition. The mid region of the Drosha 
protein, adjacent to the RIIIDs, is also indispensable for pri-
miRNA processing (Denli et al., 2004; Kim, 2005). Introns 
with the appropriate size can form a hairpin resembling a 
pre-miRNA and bypass Drosha cleavage. They are further 
processed in the cytoplasm by Dicer and these types of 
miRNAs are named as mirtrons (Ruby et al., 2007) (Figure 
1). Exportin-5 (Exp5), a nuclear export factor, recognizes 
and transports the pre-miRNAs to cytoplasm with the help 
of Ran-dependent nuclear transport receptors. Pre-miRNAs 
are stabilized through their interaction with Exp5 (Yi et al., 
2003). This is possible by recognition of Exp5 with minihelix 
motif found in pre-miRNA stem-loops, which typically 
comprise of stem of ~22 base pairs, a terminal loop and a 3′ 
overhang of ~2 nucleotides (Zeng and Cullen, 2004). This 
3′ overhang of ~2 nucleotides may indicate Drosha cleaved 
pre-miRNA.
 In cytoplasm, pre-miRNA is processed to become 
mature miRNA and is assembled with RISC (RNA-Induced 
Silencing Complex). These are mediated by the RISC 
loading complex (RLC). RLC is a multi-protein complex 
composed of RNase Dicer, double-stranded RNA-binding 
domain proteins, TRBP (Tar RNA Binding Protein) and PACT 
(protein activator of PKR), and Argonaute-2 (Ago2). TRBP 
and PACT are not essential for Dicer-mediated cleavage of 
the pre-miRNA but they participate in the recruitment of Ago2 
(Gregory et al., 2005; Haase et al., 2005; Chendrimada et 
a., 2005; Lee et al., 2006). Dicer can process the duplex pre-
miRNAs without cofactor (Jaskiewicz and Filipowicz 2008). 
RNase III Dicer along with its cofactors (TRBP, PACT) 
cleaves the pre-miRNA loop to yield a 19-25 nucleotides 
duplex miRNA with two nucleotides overhangs at each 
3´ end (Ketting et al., 2001). Once the pre-miRNA loop is 
cleaved, the Dicer and its cofactors disassemble from the 
site. The cleaved double stranded product (duplex miRNA) 
possesses two strands namely the functional guide strand 
or matured miRNA and the passenger strand. The functional 
strand along with Ago protein (RISC complex) involves in 
gene silencing functions, while the passenger strand is 
degraded due to its unstable nature (Treiber et al., 2012). 
In addition, various helicases and Ago2 proteins are also 

involved in the process of unwinding the duplex miRNA and 
activation of RISC (Winter et al., 2009; Bossé and Simard, 
2010). RISC is the cytoplasmic effector machine contains a 
single-stranded miRNA guiding its target mRNAs. Among 
the two strands only one strand becomes mature miRNA on 
the basis of thermodynamic asymmetry rule i.e the weakest 
or less stable 5′ end base pairing is selected as the mature 
miRNA (Khvorova et al., 2003). The helicase domain of 
Dicer acts as a sensor for the thermodynamic asymmetry, 
permitting incorporation of the matured miRNA into RISC. 
(Noland et al., 2011; Treiber et al., 2012).

Gene target recognition of miRNAs

miRNAs target mRNAs by complementary base-pairing to 
multiple sites in 3′ untranslated regions (UTRs), and the 5’ 
end of miRNA nucleotides of 2 to 8 is called as seed region 
(Lewis et al., 2005) (Figure 1). The base-pairing at the 5′ end 
of miRNAs is critical as well as the key for target recognition 
(Brennecke et al., 2005; Brodersen and Voinnet, 2009). Few 
reports documented that miRNAs can also target at 5’UTRs 
of mRNA and protein coding regions (Lytle et al., 2007; Lee 
et al., 2009). The centre region of miRNA enables to target 
genes sequence (Shin et al., 2010). In general, most of 
the targeted mRNAs had interaction with miRNAs through 
their 3’UTRs (Pasquinelli, 2012). Based on the degree of 
complementary, mRNA is directed to either destruction 
by cleavage of its phosphodiester bonds or inhibition by 
miRNA, for instance perfect or near perfect complementary 
goes for destruction which is rare in mammalian cells and 
partial complementary leads to destruction or inhibition of 
mRNA expression (Pillai, 2005; Brodersen and Voinnet, 
2009; Guo et al., 2010; Treiber et al., 2012) (Figure 1). 
TargetScan (http://www.targetscan.org/) and PicTar (http://
pictar.mdc-berlin.de/) are the commonly available online 
softwares to predict the computational targets for the 
miRNAs based on their seed sequences to complimentary 
of 3’UTRs of target genes.

Mechanism of gene regulation by miRNAs

In general, protein synthesis occurs in three steps namely, 
initiation, elongation and termination. Initiation involves 
recognition of the 5’cap by proteins called initiation factors 
in which at least 10 initiation factors are involved like eIF4G 
(large multidomain protein act as a scaffold for assembly 
of the translational initiation complex), eIF4A (an RNA 
helicase), eIF4E, eIF3 (recruit 40S ribosome), eIF6 (60S 
subunit biogenesis and subunit joining). eIF4G is also 
essential for the interaction with polyadenylate-binding 
protein 1 (PABP1). eIF4G interacts simultaneously with 
eIF4E and PABP1 and brings the two ends of the mRNA in 
close proximity. This ‘circularization’ stimulates translational 
initiation by increasing the affinity of eIF4E for m7GpppN 
(Wells et al., 1998; Nilsen, 2007; Filipowicz et al., 2008). 
eIF4G interaction with eIF3 resulting recruitment of the 
40S subunit. This subunit consequently identifies the start 
codon, and in association with large ribosomal subunit 
initiation of translation takes place.
 Initiation is followed by elongation in which mRNA 
is occupied by several actively elongating ribosomes 
constituting a polysome. The elongation step can also 
be regulated by phosphorylation of the elongation factor 
eEF2. As translation proceeds, newly synthesized proteins 
(nascent polypeptides) emerge from the large ribosomal 
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subunit. Once ribosome encounters the stop codon, 
termination occurs. The ribosome is dissociated from the 
mRNA, and the completed protein is released. Initiation of 
some cellular mRNAs is independent of m7G cap and eIF4E. 
During this mode of translation, ribosomes are recruited by 

mRNA through interaction with the internal ribosome entry 
sites (IRES), which are highly structured regions in the 5′-
UTR (Jackson, 2005; Filipowicz et al., 2008; Eulalio et al., 
2008).

Figure 2. Mechanisms of miRNA mediated gene regulation.
A. Blocking of cap recognition by inhibition of initiation factor of translation and inhibition of joining of large ribosomal subunit 
by Ago protein of RISC complex.
B. Decaping by Dcp1 and Dcp2 enzymes and denadenylation by CCR4, CAF1 and deciucularization by NOT1 complex.
C. Newly synthesized polypeptides degraded by the process of RISC complex induced proteolysis.
D. Premature termination of ribosomes in IRES translation.
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 Generally, miRNAs inhibit protein synthesis either 
by repressing the translation or by deadenylation and 
subsequent degradation of mRNA targets. However 
evidence shows that some miRNAs can up regulate 
translation (Vasudevan et al., 2007). miRNAs mediated 
mRNA degradation requires Argonaute proteins, the 
Processing body (P body) component which consists of 
GW182, deadenylase complex (CAF1, CCR4, NOT1), 
decapping enzyme Dcp2, and several decapping activators 
including Dcp1, Ge-1, EDC3, and RCK/p54 (P bodies, also 
known as GW bodies) (Behm-Ansmant et al., 2006; Eulalio et 
al., 2007) (Figure 2). Apart from the P bodies, Gibbings et al., 
(2009) found another complex called multivesicular bodies 
(MVBs) that associate with components of miRNA effector 
complexes and modulate miRNA activity. Chendrimada et 
al., (2007) reported that miRNAs inhibit mRNA translation 
in the initiation steps. Ago2 associates with both eIF6 and 
large ribosomal subunits and consequently prevents them 
joining with the small ribosomal subunit (Figure 2A). Thus, 
if Ago2 recruits eIF6, then the large and small ribosomal 
subunits are unable to associate as 80S ribosomal 
complex, causing repression of translation. miRNAs control 
translation initiation by inhibiting eIF4E/cap and poly(A) tail 
function (Humphreys et al., 2005; Filipowicz et al., 2008). 
The repressed complexes move to P bodies for further 
mRNA storage or degradation (Pillai, 2005).
  Upon binding of miRNA to mRNA at 3′ UTR induces 
deadenylation and followed by decapping of target mRNAs. 
P body component GW182 recruits miRNA targets through 
direct interactions with the Argo proteins, contributing 
translational repression. This includes mRNA deadenylation 
by the deadenylase complex (CAF1, CCR4, NOT1) and 
mRNA decapping by the decapping complex (Dcp1, Dcp2), 
and exonucleolytic degradation by exonuclease Xrn1 
(Behm-Ansmant et al., 2006; Eulalio et al., 2007) (Figure 
2B). Degradation of nascent polypeptide by miRNAs can 
also occur via proteolysis, for instance an observation 
showed that even though polyribosomes were actively 
involved in translation, the nascent polypeptide chain could 
not be detected by immunoprecipitation implying repression 
of protein accumulation due to cotranslational protein 
degradation (Nottrott et al., 2006; Fabian et al., 2010) (Figure 
2C). In the case of mRNA recruiting ribosomes through 
IRES translation process, miRNA inhibition can still occur 
at post initiation step, for instance Petersen et al., (2006) 
demonstrated that miRNAs block translation elongation by 
promoting premature termination and following ribosome 
disassemble (Olsen and Ambros, 1999) (Figure 2D).

Role of miRNAs in differentiation of MSCs to osteoblasts

Mesenchymal stem cells (MSCs), isolated from bone 
marrow, cord blood, peripheral blood, fallopian tube, fetal 
liver and lung, have the ability to self-renewal and differentiate 
into multiple cell lineages and they have significant clinical 
potential in cellular therapies for tissue regeneration. Bone 
marrow derived MSCs have the functional properties such 
as extensive proliferation and ability to differentiate into 
osteoblasts, chondrocytes, adipocytes, cartilage, tendons, 
muscle, and skin. MSCs differentiation into osteoblasts is 
critical for maintenance of bone remodelling that involves 
bone formation and bone resorption. In this regard, 
differential expression of miRNAs has a major impact on 
regulation of osteoblast differentiation (Bianco et al., 2001; 

Abdallah et al., 2008; Inosea et al., 2009). Hence, in the 
following sections, an insight into miRNAs participation 
in osteoblast differentiation is emphasised. Figure 3 
summarizes miRNAs that positively or negatively regulate 
osteoblast differentiation and those miRNAs and their target 
genes are shown.

(i) miRNAs involved in inhibition of osteoblast 

differentiation

There are several miRNAs which have been reported 
to inhibit osteoblast differentiation for regulation of bone 
remodeling. This physiological regulation brought out by 
miRNAs could be important for balancing bone formation 
and bone resorption processes. For example, miR-206 
expression is correlated with osteoblast differentiation. 
Overexpression of miR-206 in osteoblasts inhibit their 
differentiation and connexin 43 (Cx43), a major gap junction 
protein in osteoblasts is found to be a target gene for miR-
206 (Inosea et al., 2009). Kahai et al., (2006) demonstrated 
that miR-378 decreases expression of nephronectin (NN, an 
extracellular matrix protein) resulting inhibition of osteoblast 
differentiation. It was found that NN 3’-UTR contains a 
binding site for miR-378. When NN was overexpressed, 
osteoblast differentiation and bone nodule formation were 
enhanced by mediating the involvement of EGF-repeat 
functioning and Erk signalling. miR-138 was shown to inhibit 
osteoblast differentiation by targeting FAK (Focal Adhesion 
Kinase) translation, consequently reduced phosphorylation 
of FAK and its target ERK1/2 proteins resulting decrease of 
Runx2 phosphorylation and Osterix expression (Eskildsen 
et al., 2011).
 Runx2, a bone specific transcription factor regulates 
several genes and is required for expression of several 
osteoblast differentiation genes such as type I collagen, 
osteocalcin (Selvamurugan et al., 2006). Runx2 gene 
expression is inhibited by miR-204 and miR-211, thus 
acting as negative regulators of osteoblast differentiation 
and mineralization in mesenchymal progenitor cells and 
bone marrow stromal cell (BMSCs) (Huang et al., 2010). 
There are several miRNAs namely miR-23a, miR-30c, 
miR-34c, miR-133a, miR-135a, miR-137, miR-204, miR-
205, miR-217, and miR-338 that can target and decrease 
expression of Runx2 protein resulting inhibition of osteoblast 
differentiation (Hassan et al., 2010; Zhang et al., 2011). 
miR-355 was found to be directly targeting Runx2 mRNA, 
and overexpression of miR-335 in hMSCs inhibits their 
proliferation and migration, as well as their osteogenic and 
adipogenic potential (Tome et al., 2011).
 TGF-β/BMP signalling pathways and their components 
are essential for activation of genes involved in osteoblast 
differentiation. MSCs differentiation into osteoblasts can be 
inhibited by miRNAs such as hsa-miR-31, hsa-miR-106a, 
hsa-miR-148a, and hsa-miR-424 and their target genes 
were found to be as Runx2, Cbfb, BMPs. miR-133 and miR-
135 were found to inhibit differentiation of osteoprogenitors 
through attenuating Runx2 and Smad5 pathways, 
respectively which are synergistically involved in bone 
formation (Li et al., 2008). miR-26a has been shown to inhibit 
osteoblast differentiation by targeting Smad1 in human 
adipose tissue derived stem cells (Luzi et al., 2008). Smad 
proteins are intracellular signalling components for TGF-β/
BMP signalling and BMP-2 via Smads activates osteoblast 
essential genes (Kwok et al., 2009). Yin et al., 2010 have 
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shown that miR-155 targets the BMP signalling cascade, 
including SMAD1, SMAD5, HIVEP2, CEBPB, RUNX2, and 
MYO10 in lung epithelial cells. Expression of miR-141 and 
miR-200a down regulated BMP-2-induced pre-osteoblast 
differentiation through the translational repression of Dlx5 
(Distal-less homeobox 5). Dlx5 is a transcription factor 
that participates in pre-osteoblast differentiation. BMP-2 
regulates Osterix expression by mediating Dlx5 (Lee et al., 
2003; Itoh et al., 2009), and Osterix is also responsible for 
expression of osteoblast differentiation genes (Kwok et al., 
2009).
 Gao et al., (2011) have reported that during 
differentiation of MSCs derived from bone marrow into 
osteoblasts, there are specific miRNAs that are either under 
expressed or over expressed. The four under expressed 
miRNAs (hsa-miR-31, hsa-miR-106a, hsa-miR-148a and 
hsa-miR-424) in osteo-differentiated MSCs have been 
predicted to target the mRNAs of genes such as Runx2, 
CBFB, and BMPs, which are involved in bone formation; 
whereas hsa-miR-30c, hsa-miR-15b and hsa-miR-130b 
which are over expressed in osteo-differentiated MSCs 
have been predicted to target MSC markers such as CD44, 
ITGB1, and FLT1, stemness-maintaining factor (FGF2 and 
CXCL12), and genes involved in inhibition of osteogenesis 
such as BMPER, CAMTA1, and GDF6. hsa-miR-148b, hsa-
miR-27a and hsa-miR-489 have been shown to be involved 

in regulation of osteogenesis. hsa-miR-27a and hsa-
miR-489 have been shown to down-regulate differentiation 
through repression of GCA (grancalcin), PEX7 (peroxisomal 
matrix enzymes), APL (liver/bone/kidney-specific alkaline 
phosphatase) while hsa-miR-148b has been shown to 
up-regulate osteoblast differentiation. Expression of these 
miRNAs can be modulated to induce osteogenesis in the 
absence of other external differentiation cues and restored 
osteogenic potential in high passage number in human 
MSCs (Schoolmeesters et al., 2009).

(ii) miRNAs involved in promoting osteoblast 

differentiation

Even though several miRNAs inhibit MSCs or 
osteoprogenitors for differentiation, there are miRNAs that 
positively regulate osteoblast differentiation. miR-218 has 
been shown to facilitate osteoblasts to differentiate into 
the final stage of forming mineralized tissue by inhibiting 
ERB1 (TOB1) and sclerostin (SOST) (Jafferji, 2009). As 
we mentioned earlier, activation of the TGF/BMP/Wnt 
signalling and their components could take part a major role 
for differentiation of MSCs towards osteoblasts and these 
events are regulated by miRNAs. miR-2861 promotes BMP2-
induced ST2 osteoblast differentiation by repressing histone 
deacetylase 5 (HDAC5) expression (Li et al., 2009). Runx2 
protein, a bone specific transcription factor is susceptible 

Figure 3. miRNAs in osteoblast differentiation. miRNAs that participate in stimulation or inhibition of osteoblast differentiation 
and their target genes are represented.
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to degradation by Smurf (Smad ubiquitin regulatory factor) 
mediated ubiquitination pathway and thus, Runx2 stability is 
important for regulation of osteoblast differentiation. BMP-2 
stimulates acetylation of Runx2 protein by p300 resulting 
inhibition of Smurf1-mediated degradation of Runx2 and 
increases the Runx2 transactivation activity. HDAC4 and 
HDAC5 proteins can deacetylate Runx2 protein, and thus 
Runx2 protein is vulnerable to Smurf-mediated degradation 
(Jeon et al., 2006). Homeobox A2 (Hoxa2), a repressor 
of Runx2 is targeted by miR-3960 leading to enhanced 
osteogenesis in BMP-2 induced ST2 stromal cells. 
Overexpression of Runx2 induces miR-3960 and miR-2861 
transcription together from the same miRNA polycistron 
and both are involved in osteoblast differentiation through a 
regulatory feedback loop of Runx2/miR-3960/miR-2861(Hu 
et al., 2011).
 Inhibitors of osteoblast differentiation such as 
HDAC4, TGF3, ACVR2A, CTNNBIP1, and DUSP2 are 
down regulated by miR-29b, resulting in promotion of 

osteogenesis (Li et al., 2009). Increased levels of let-7, 
miR-24, miR-125b, and miR-138 are predicted to repress 
the expression of non osteogenic target mRNAs involved 
in platelet-derived growth factor (PDGF) pathway, and 
these miRNAs enhance osteogenic differentiation (Goff 
et al., 2008). miR-27 promotes osteoblast differentiation 
by inhibiting adenomatous polyposis coli (APC) gene 
expression, consequently activates Wnt signalling through 
accumulation of β-catenin. In the absence of activation of 
Wnt signalling, β-catenin is degraded through sequential 
phosphorylation by the destruction complex which is 
composed of APC, axin, glycogen synthase kinase 3 beta 
(GSK3β), and casein kinase I (CKI). During activation of 
Wnt signalling, phosphorylation of β-catenin by GSK3β is 
inhibited which causes accumulation non-phosphorylated 
β-catenin in cytoplasm then it translocates into nucleus and 
associates with TCF/LEF family of transcriptional factors 
and induces target gene expression. Hence, inhibition of 
APC through miR-27 ultimately leads to accumulation of 

Figure 4. Schematic diagram of manipulation of miRNAs activity. Anti miRNA inhibits the miRNA that targets promoter protein 
coding genes of osteoblast differentiation. Over expression of miRNA enhances the miRNA activity to target inhibitor protein 
coding genes of osteoblast differentiation.
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β-catenin and activates Wnt singlaing (Wang and Xu, 2010; 
Lin and Hankenson, 2011). Kapinas et al., (2010) have 
shown that miR-29a promotes osteoblast differentiation by 
down regulating the inhibitors of canonical Wnt signalling 
such as Dkk1, Kremen2, and sFRP2 (secreted frizzled-
related protein). miR-335-5p also enhances osteogenic 
differentiation by activating Wnt signaling through inhibition 
of Dickkopf-related protein 1 (DKK1). DKK1 has the property 
antagonistic to canonical Wnt signalling by binding with 
LRP5/6 receptors. The Wnt pathway is activated by binding 
of Wnt protein to the transmembrane receptor Frizzled 
(Fzd) and co-receptor LRP5/6 proteins by the protein kinase 
activity of GSK3β, followed by the increased levels of non-
phosphorylated β-catenin (Zhang et al., 2011).
 AcvR1b is a type I receptor and is activated by the 
TGF-β/activin signalling resulting in inhibition of expression 
of osteoblast differentiation genes through phosphorylation 
of receptor-regulated Smads (R-smad) (Maeda et al., 
2004). In the case of miR-210, it acts as a positive regulator 
of osteoblastic differentiation by inhibiting the TGF-β/activin 
signalling pathway through inhibition of AcvR1b (Mizuno 
et al., 2008). In BMP signalling, BMP stimulates activation 
of BMP receptor, causing phosphorylation of Smad1. The 
phosphorylated Smad1 translocates to nucleus regulating 
gene expression by binding with nuclear transcriptional 
factor or by directly binding with DNA. Overexpression 
of miR-196a in human adipose tissue derived MSCs 
enhanced osteogenic differentiation and this effect is 
mediated through its predicted target HOXC8. HOXC8, 
a transcriptional repressor interacts with Smad1 thereby 
prevents the interaction of Smad1 with DNA resulting in 
the suppression of Smad1 mediated genes involved in 
osteoblast differentiation (Hullinger et al., 2001; Kim et al., 
2009). miR-208 enhances BMP2 induced pre-osteoblast 
differentiation by targeting V-ets Erythroblastosis Virus 
E26 oncogene Homolog 1 (Ets1) gene, which results in 
transactivation of osteopontin, Runx2, type I procollagen 
and parathyroid hormone-related protein (PTHrP) (Itoh et 
al., 2010).
 miRNAs have the potential to maintain the balance 
between osteoblast differentiation and adipocyte 
differentiation. miR-20a stimulates expression of osteoblast 
regulator and markers such as BMP2, BMP4, Runx2, 
Osterix, osteocalcin and osteopontin; at the same time it 
also inhibits expression of adipogenic marker such as 
PPARγ, and Bambi and Crim1 (Zhang et al., 2011). miR-
637 expression decreases osteoblast differentiation by 
targeting Osterix transcription factor whereas it increases 
adipocyte differentiation from hMSCs. Lentiviral over 
expression of miRNA studies suggested expression level of 
miR-637 can be correlated with stimulation of inhibition of 
either osteogenesis or adipogenesis (Zhang et al., 2011). It 
is mostly suggested that the suppression of adipogenesis 
may be of considerable significance for the prevention and 
treatment of bone related diseases such as osteoporosis.
 In vitro osteoblastic differentiation of human umbilical 
cord mesenchymal stem cells (ucMSC) was studied and 
during that study, a differential expression of miRNAs has 
been found. At 24 hours of culture period, computational 
target prediction showed that miR-135a, miR-520h, miR-
24, let-7g, miR-527, miR-152 and miR-515-5p target DTX1 
mRNA involved in inhibition of osteoblast differentiation, 
hence these miRNAs may promote osteoblast differentiation. 

Subsequently at 48 hours of culture period, miR-191, miR-
449a, miR-491, miR-365, miR-95 and miR-425 target 
SQSTM1 mRNA involved in NF-kB regulation, hence these 
set of miRNAs may also promote osteoblast differentiation 
and finally, in 7th day of cultured cells miR-135a, let-7a, 
miR-363 and miR-95 target BGLAP mRNA involved in bone 
differentiation and metabolism, hence these set of miRNAs 
may involve in inhibition of differentiation (Octacílio-Silva et 
al., 2010). Thus, there is a sequential expression of set of 
miRNAs regulating MSCs differentiation into osteoblasts
  Microenvironment determines the role of miRNAs 
for regulation of osteoblast differentiation. Liu et al., 
(2011) reported that miR-17 has a role for stimulation or 
inhibition of osteoblast differentiation that depends on 
the microenvironment. In human periodontitis-affected 
periodontal ligament tissue-derived mesenchymal stem 
cells (P-PDLSCs), overexpression of miR-17 increases 
osteogenic differentiation by increasing expression of 
alkaline phosphatase, Runx2 and osteocalcin genes 
through suppression of Smurf1. In healthy human 
periodontal ligament tissue-derived mesenchymal stem 
cells (H-PDLSCs), overexpression of miR-17 decreases 
expression of alkaline phosphatase, Runx2 and osteocalcin. 
Hence, it is suggested that microenvironment or stromal 
cells may activate different signalling pathways and that 
could be regulated by miRNAs leading to regulation of 
osteoblast differentiation.

miRNAs - therapeutic agent

To our knowledge till date around 50 miRNAs have been 
investigated in depth of exact protein coding gene targets 
and their systemic functions in MSCs differentiation into 
osteoblasts. The computational target prediction of 3’ UTRs 
suggest that a single miRNA can target more number of 
protein coding genes involved in osteoblast differentiation 
as well as a single gene can be targeted by cluster of 
miRNAs, suggesting an extensive network of the structural 
and functional properties of miRNAs. So, a careful selection 
should be made as selecting miRNA for therapeutic 
agent, without suppressing other desired genes. The two 
strategies involving miRNAs as therapeutic agent are (1) 
over expression of miRNAs and (2) over expression of anti 
miRNAs. Over expression of miRNAs in MSCs could target 
expression of genes that negatively regulate oseoblast 
differentiation; where as over expression of anti miRNAs 
in MSCs could target miRNAs that negatively regulate 
osteoblast differentiation (Figure 4). Hence, various 
signalling pathways/transcription factors responsible for 
osteoblast differentiation can be modulated by miRNAs in 
MSCs.

Conclusions

The knowledge of miRNAs targeted gene regulation studies 
in MSCs and osteoblasts would help to develop novel MSCs 
based therapeutic opportunities for improving the treatment 
of bone related diseases. Since expression of miRNAs is 
either up regulated or down regulated during differentiation 
of MSCs into osteoblasts, the manipulation of regulation 
of miRNAs by over expression and anti miRNAs would be 
possible for promoting new strategy for therapeutic purposes 
of treating bone diseases especially osteoporosis. Although 
many more reports have been suggested regulation of 
miRNAs during differentiation of MSCs into osteoblasts, 
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still much more details remain unclear. In future prospectus, 
bringing the miRNAs to therapeutic or clinical purpose in 
systems may face many challenges and controversial 
debate on their specificity of targets, dose, combinations 
of miRNAs (cluster) and proficient miRNAs or anti miRNAs 
transfection.
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