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The role of microRNAs in self-renewal and differentiation of
mesenchymal stem cells
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MicroRNAs (miRNAs) are short non-coding RNAs involved in post-trascriptional regulation
of gene expression and diverse biological activities. They are crucial for self-renewal and
behavior of embryonic stem cells, but their role in mesenchymal stem cells has been poorly
understood. Recently emerging evidence suggests that miRNAs are closely involved in control-
ling key steps of mesenchymal stem cell differentiation into certain cell lineages. This review
focuses on miRNAs identified recently that regulate mesenchymal stem cell differentiation and
other activities. � 2011 ISEH - Society for Hematology and Stem Cells. Published by
Elsevier Inc.
MicroRNAs (miRNAs) represent a class of small noncod-
ing RNAs that uncovered a hidden layer of gene regulation
and resulted in a paradigm shift in the way we view the role
of RNA in regulating gene expression programs [1,2]. miR-
NAs act in a complex functional network in which each
miRNA probably controls hundreds of distinct target genes
and expression of a single coding gene can be regulated by
several miRNAs [3,4]. Recent evidence shows their impor-
tant role in regulation of a multitude of physiological func-
tions, such as stem cell differentiation, neurogenesis,
hematopoiesis, immune response, skeletal and cardiac
muscle development, and stress [5–11]. To date, O3% of
the genes in humans have been found to encode miRNAs,
and up to 40% to 90% of the human protein encoding genes
are under miRNA-mediated gene regulation [12].

Mesenchymal stem cells (MSCs), which are also
referred to as multipotent stromal cells, have been isolated
from various adult tissue sources. MSCs are capable of self-
renewing and differentiating into multiple cell lineages
[13–15]. Despite interest in clinical applications of MSCs,
the molecular mechanisms underlying their self-renewal,
differentiation, replicative senescence, and wound healing
have yet to be fully elucidated. Recent studies suggest
that stem cells have discrete miRNA expression profiles
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that can account for, or contribute to, the intrinsic stem
cell properties of self-renewal and pluripotency [16–18].
In particular, miRNA differentiation signatures for MSCs
recently identified indicate that progenitors and terminally
differentiated cells have distinct miRNA patterns, suggest-
ing that such signatures may be used to define and track
rare cell populations [19,20]. Here, we present an overview
of miRNAs discovered recently in regulation of MSC
properties.
miRNAs in MSC differentiation
During the differentiation of MSCs into specific cell types,
corresponding miRNAs are involved (Table 1 and Figure 1).

miRNA in osteogenic differentiation of MSCs
The role of miRNA in osteogenic differentiation of MSCs
has been indicated by several studies. With microarray
profiling of miRNAs expressed in osteoblast-differentiated
mouse MSCs compared to undifferentiated MSCs, Mizuno
et al. found that miR-125b was downregulated in the differ-
entiated MSCs [21], implying a role of miR-125b in sup-
pressing osteogenesis of MSCs. Additional data from this
group showed that ERBB2 receptor tyrosine kinase was
the target gene of miR-125b. MiR-133 and miR-135 func-
tionally inhibited the differentiation of osteoprogenitors by
attenuating RUNX2 and SMAD5 pathways that synergisti-
cally contribute to bone formation [22]. MiR-206 played
an inhibitory role during osteoblast differentiation of
ogy and Stem Cells. Published by Elsevier Inc.
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Table 1. miRNAs in regulation of MSC activities

MSC activities miRNAs Target genes Effects

Osteogenic differentiation miR-125b ERBB2 Suppress ostogenesis [21]

miR-133, -135 RUNX2/SMAD5 Suppress ostogenesis [22]

miR-206 Connexin 43 Suppress ostogenesis [23]

miR-204, -211 Runx2 Suppress ostogenesis [24]

miR-27a, -489 GCA/PEX7/APL Suppress ostogenesis [25]

miR-26a SMAD1 Suppress ostogenesis [26]

miR-196a HOXC8 Promote ostogenesis [27]

miR-210 ACVR1b Promote ostogenesis [28]

miR-2861 HDAC5 Promote ostogenesis [29]

miR-148b Unknown Promote ostogenesis [25]

let-7, miR-24, -125b, -138 Unknown Promote ostogenesis through PDGF

pathway [30]

Chondric differentiation miR-140 SOX9/COL2A1/DAC4 Promote chondrogenesis [31,32]

miR-638, -663 Unknown Unknown [20]

miR-199a SMAD1 Suppress chondrogenesis [33]

miR-145 Unknown Unknown [20]

Adipogenic differentiation miR-143 ERK5 Promote adipogenesis [34]

miR-138 EID-1 Suppress adipogenesis [35]

miR-31 CEBPA Suppress adipogenesis [36]

miR-24 Unknown Promote adipogenesis [36]

miR-133 SRF/nPTB Suppress myogenesis [6,37]

Myogenic differentiation miR-1 HDAC Promote myogenesis [6]

miR-206 Connexin43 Promote myoblast fusion [38]

miR-24 Unknown Promote myogenesis [39]

miR-181 HOX-A11 Promote myoblast differentiation [40]

miR-143, -208 Unknown Unknown [41]

miR-130a,-206 TAC1 Promote neurogenesis [42]

Neuronal differentiation miR-124 JAG1/DLX2/SOX9 Promote neurogenesis [42]

miR-9 TLX Promote neurogenesis [42]

Replicative senescence miR-371, -369-5p, -29c, -499, let-7f Unknown Unknown [43]

miR-31, -21, -223, -142, -205, -203,

-18b, -19a, -130b, -16, -26b, -125b, let-7f

Unknown Unknown [44]

Wound healing miR-133a, -181, -30a-3p, -193b, -30a-5p, -204,

-200b, -96, -127, -181c, -182, -130a

Unknown Unknown [44]

miR-335 Unknown Probably suppress metastasis [45]

Self-renewal let-7 family HNF4A Maintain self-renewal [46]
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MSCs, and connexin 43 was suggested to be one of the
target genes [23]. MiR-204/211 acted as negative regulators
of osteoblast differentiation and subsequent mineralization
of bone marrow-derived MSCs through negative regulation
of RUNX2 transcription factor [24]. MiR-489 and -27a were
shown to exhibit an inhibitory effect in early osteogenic
differentiation of human MSCs, mediated at least in part
by repression of grancalcin [25]. Additionally, during the
late stages of human adipose tissue-derived stem cell differ-
entiation toward osteogenic lineage, miR-26a negatively
regulated the event by targeting the SMAD1 transcription
factor, accompanied by downregulation of bone maker
genes, such as alkaline phosphatase, type I collagen, osteo-
calcin, and osteopontin [26].

Notably, several miRNAs have been found to act as posi-
tive regulators in osteogenic differentiation of MSCs. MiR-
196a was shown to enhance osteogenic differentiation
possibly through its target gene HOXC8 [27]. Similarly,
miR-210 enhanced osteogenic differentiation by inhibiting
ACVR1b in transforming growth factor-b (TGF-b)/activin
signaling pathway [28]. In addition, a novel miRNA,
miR-2861, promoted bone morphogenetic protein (BMP)2-
induced ST2 osteogenic differentiation by inhibiting histone
deacetylase 5 expression [29]. MiR-148b was found among
a group of miRNAs that were associated with osteogenic
differentiation of human MSCs in a special 3D substrate
[25]. Moreover, a subset of miRNAs (let-7, miR-24, -125b,
-138) was found to promote osteogenic differentiation of
MSCs through a platelet-derived growth factor pathway [30].

Taken together, it is conceivable that an osteogenic class
of miRNAs can be potent candidates as osteoblast differen-
tiation biomarkers for the development of preventive or
therapeutic agents for osteogenic disorders.

miRNA in chondrogenic differentiation of MSCs
SeveralmiRNAshavebeen identified in regulationof chondro-
genesis ofMSCs.FivemiRNAs (hsa-miR-130b, hsa-miR-152,
hsa-miR-28, hsa-miR-26b, and hsa-miR-193b) were found
differentially expressed during chondrogenic differentiation
of MSCs through microarray analysis, and four of them were



Figure 1. The role of miRNAs in MSC differentiation.
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confirmed by real-time polymerase chain reaction analysis
[47]. Additional results of this study suggested that the poten-
tial targets of hsa-miR-130b, hsa-miR-152, hsa-miR-28, and
hsa-miR-26b were genes involved in cartilage formation,
such asCOL4A1,COL2A1, andCOL6A1 [47]. In anothermi-
croarray analysis, miR-140 was found to have the largest
expressional difference between chondrocytes and MSCs
[31]. During chondrogenesis of MSCs, miR-140 expression
increased in parallel with expression of SOX9 and COL2A1
[31]. Consistent with the finding mentioned previously,
another group found that miR-140 was expressed during
cartilage development, probably through inhibition of histone
deacetylase 4, likely a co-repressor of RUNX2 [32]. More-
over, miR-199a was found to repress early chondrogenesis
via direct targeting of the SMAD1 transcription factor [33].

miRNA in adipogenic differentiation of MSCs
A number of miRNAs have been shown to regulate adipo-
genic differentiation of MSCs. Previous studies suggest that
modulation of a single miRNA could promote formation of
adipocytes from adipogenic precursor cells [34,48]. MiR-
103 and miR-107 (virtually indistinguishable in gene
sequences) have been predicted to target a large number
of genes involved in acetyl-CoA and lipid metabolism.
MiR-143 was reported to be involved in adipogenic differ-
entiation by targeting gene ERK5, an intermediate in the
LIF signaling pathway [34]. MiR-138 was found to be
significantly downregulated during adipogenic differentia-
tion and the expression of E1A-like inhibitor of differenti-
ation 1, a nuclear receptor coregulator, was found inversely
correlated with that of miR-138 in adipogenic differentia-
tion of human adipose tissue-derived MSCs (hAD-MSCs)
into adipocytes [35]. MiR-24 enhanced BMP2-induced
commitment of MSCs to adipocyte lineage and enhanced
BMP2-induced G1 arrest, whereas miR-31 exhibited an
opposite effect during adipocytic differentiation by downre-
gulating CCAAT/enhancer-binding protein a (an adipocytic
differentiation factor) expression at both transcriptional and
translational levels [36].

miRNA in differentiation of MSCs into other cell
lineages
MSCs represent a multipotent adult stem cell population.
Given appropriate culture conditions, they are able to differ-
entiate into various mesodermal cell lineages, including
osteoblasts, chondrocytes, and adipocytes, as discussed
here. There is evidence showing that MSCs can also differ-
entiate into myocytes and even into cells of nonmesodermal
origin, including hepatocytes and neurons [14,49–52]
(Fig. 1). Accumulating evidence supports the role of
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miRNAs in the regulation of myogenesis [53]. In a multipo-
tent MSC line, C2C12, miR-1, miR-206, and miR-133 ex-
hibited opposing roles in modulating skeletal muscle
proliferation and differentiation. While miR-1 and miR-
206 promoted myogenesis, miR-133 inhibited myoblast
differentiation and promoted proliferation by repressing
serum response factor and a key splicing factor nPTB during
myoblast differentiation into myotubes [6,37,54]. Interest-
ingly, miR-133 continued to express well after the cells
had entered the differentiation process and was always
induced to express concomitantly with miR-1 and miR-206
[37,55]. MiR-181 has been shown to promote myoblast
differentiation by downregulating a myogenic inhibitor, the
homeobox protein HOX-A11 [39,40]. A recent study has
implicated a role of miR-24 in TGF-b mediated myogenic
inhibition of MSCs. MiR-24 was upregulated during
myoblast differentiation and could be inhibited by TGF-
b1, providing a novel mechanism of the genetic regulation
of TGF-b signaling during skeletal muscle differentiation
[39]. Meanwhile, it appears that miRNA expression in
cardiomyocyte differentiation of MSCs is influenced by
induction conditions. In humanMSC differentiation into car-
diomyocyte, the presence of induction reagent 5-azacytidine
lead to the expression of primary miRNAs of miR-143 and
miR-181, while indirect coculture of human MSCs with
neonatal rat myocytes upregulated the expression of primary
miRNAs of miR-143, -206, -208, and -181 [41].

Specific miRNAs have been shown to be involved in neu-
rogenesis of MSCs and recently have been implicated in
neurotransmitter release by MSC-derived neurons. They
also appear to have roles in synaptic plasticity, which may
lead to the development of novel MSC-based therapies
[19,42,56]. Synergism has been demonstrated in the inhibi-
tion of substance-P release from MSC-derived neurons
through miR-130a and miR-206 targeting of TAC1 [19].
Another two examples of miRNAs involvement with neuro-
genesis are miR-9 and miR-124. They are regulated by the
transcription factor REST, which is critical in MSC-
mediated dopaminergic neurogenesis [57,58]. The signifi-
cance of these findings is that those miRNAs can potentially
influence the effectiveness of MSC therapy for neurological
conditions. Their manipulation may be an avenue for future
treatments. Little has been known about the involvement of
miRNAs in hepatic differentiation of MSCs. One study
showed that let-7 family miRNAs could affect expression
of HNF4A, which is a known endodermal differentiation
marker, suggesting a role of let-7 in suppressing hepatic
differentiation of MSCs [46].

While data supporting the role of miRNAs in MSC differ-
entiation have rapidly accumulated in recent years (Table 1,
Fig. 1), studies about involvement of miRNAs in self-
renewal of MSCs lack. Until very recently, Koh et al. reported
let-7 family might play a role in the self-renewal of human
embryonic stem cells (ESC)-derived MSCs through a deep
sequencing analysis for miRNA expression profile [46],
implying potential involvement of this miRNA in the self-
renewal of MSCs.
miRNA in replicative senescence and wound healing of
MSCs
Ex vivo expansion of MSCs is an indispensable step to
acquire sufficient amounts of cells for clinical therapies.
However, senescence of MSCs in culture expansion remains
an unresolved problem and has caused increasing concerns
about the effect of MSC-based therapies. Currently, O100
clinical trials registered at ClinicalTrial.org are underway.
MSCs enter senescence after a certain number of cell divi-
sions, which is morphologically characterized by enlarged
and irregular cell shapes and ultimately a stop of prolifera-
tion [59,60], and inappropriate culture conditions markedly
accelerate this process. It has been shown that aged MSCs
have reduced multipotent differentiation potential and
production of useful cytokines for tissue repair [61–63].
Transplantation of aged MSCs is likely to result in reduced
therapeutic effects. In addition, the safety of aged MSCs to
patients awaits additional investigation. The molecular
mechanisms that underlie senescence in MSCs are still
poorly understood. Recent studies have indicated that senes-
cence influences the overall expression of coding genes and
miRNAs in MSCs [43,64,65]. miRNA expression profiling
of MSCs in replicative senescence revealed an upregulation
of hsa-miR-371, hsa-miR-369-5p, hsa-miR-29c, hsa-miR-
499, and hsa-let-7f [43]. Interestingly, it has been known
that hsa-miR-29c directly targets DNA-methyl transferase
3A (DNMT3A) and 3B (DNMT3B) in lung cancer tissue
[66]. In addition, hsa-miR-371 is predicted to target
DNMT3A (miRTar), while DNA-methyl transferase 2
(DNMT2) belongs to the predicted targets of hsa-miR-499
(miRTar). Recently, miRNAs have been found to be involved
in MSC aging. miRNA expression profiling showed an upre-
gulation of miR-766 and miR-558 and a downregulation of
let-7f, miR-125b, miR-222, miR-199-3p, miR-23a, and
miR-221 in old monkey MSCs (O12 years) compared to
young monkey MSCs (!5 years) [64]. Consistent with the
finding mentioned previously, in another study four miR-
NAs, miR-17, miR-19b, miR-20a, and miR-106a, were
found to be downregulated not only in four replicative cell
aging models (including endothelial cells, replicated CD8þ

T cells, renal proximal tubular epithelial cells, and skin
fibroblasts), but also in organismal aging models from old
and young donors. Moreover, a decrease in these miRNAs
correlated with increased transcript levels of some estab-
lished target genes, especially the CDK inhibitor p21/
CDKN1A [65]. Hence, it is speculated that upregulation of
these miRNAs may lead to changes in gene methylation
levels, and thereby influence MSC senescence [67,68].

Little attention has been paid to the role of miRNAs in the
proliferation and differentiation of MSCs in the setting of
wound healing [69]. Using a skin excision model, altered
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expression in a panel of miRNAs, including upregulated
expression of miR-31, -21, -223, -142, -205, -203, -18b,
-19a, -130b, -16, -26b, -125b, and let-7f, and downregulated
expression ofmiR-133a, -181, -30a-3p, -193b, -30a-5p, -204,
-200b, -96, -127, -181c, -182, and -130a were demonstrated
inwounded tissue in the stage of active granulation formation
[44]. Furthermore, Zou et al. found that TGF-b, a key growth
factor elevated in the wound site, stimulated upregulation of
miR-21 in MSCs as well as in multipotential C3H10T1/2
cells, and promoted proliferation and differentiation of these
cells in vitro. Consistently, knockdown of miR-21 in the
wound bed delayed the healing process. These results suggest
that miR-21 regulates gene expression and, subsequently, the
behavior of MSCs in wound healing.
Figure 2. Let-7 in ESCs and MSCs. (A) In ESCs, let-7 targets Lin28 and

Lin28B are inhibitors of let-7 processing and their expression is restricted

to early embryonic development. Proteins Lin28, Lin28B, OCT4, SOX2

and NANOG bind to the loop region of let-7 precursors, resulting in

blockade of let-7 processing at either Drosha or Dicer level. (B) In

MSCs, PDGF signal induces the expression of specific transcription factors

(TFs, such as fox and stat3), which upregulate the expression of let-7.

Increased let-7 level is predicted to inhibit translation of non-osteogenic

target mRNAs to diminish their inhibition of osteogenesis.
miRNA expression in ESCs and MSCs
miRNAs are crucial for self-renewal and differentiation of
ESC [17,70–76]. A core network of transcription factors
and RNA-binding proteins, including Oct4, Sox2, Nanog,
Klf4, c-Myc, Tcf3, and Lin28, cooperate in intricate regula-
tory circuits to ensure appropriate ESC behavior [71]. Recent
investigations have shown that several of these key transcrip-
tion factors directly regulate miRNA expression in ESCs. By
occupying miRNA gene promoter regions, these factors not
only activate expression of ESCmiRNAs, but also play a role
in silencing a subset of miRNAs that are expressed in differ-
entiated cell types. Interestingly, the pattern of miRNA
expression in MSC is substantially different from that of
ESC [77,78]. Known pluripotent associated markers, such
as miR-302a, b, c, and d, and miR-200c, are absent in
MSCs [30]. Notably, MSCs in these studies went through
considerable successive culture expansion. With culture
methods currently used by most research groups, bone
marrow-derivedMSCs quickly age during culture expansion
[79,80], and undergo autonomous differentiation toward
osteoblasts [79]. It is unclear whether the difference in
miRNA expression between ESCs and MSCs is due to
intrinsic difference between these two cell types or alter-
ations of MSCs caused by ex vivo culture.

Let-7 family and miR-125b are involved in the differen-
tiation of both ESCs and MSCs (Fig. 2). Let-7 is expressed
late in mammalian embryonic development and plays an
evolutionarily conserved role from caenorhabditis elegans
to drosophila and to mammals [81–84]. The let-7 family
of miRNAs is broadly expressed across differentiated
tissues and is tightly regulated during ESC differentiation.
It has been proposed that let-7 is a prodifferentiation factor
with ‘‘anti-stemness’’ properties [85]. Indeed, mature let-7
family miRNAs (let-7-a1, -a2, -a3, -b, -c, -d, -e, -f1, -f2,
-g, -i, and miR-98) are undetectable in ESCs and strongly
accumulate 10 days after the onset of differentiation,
whereas the corresponding pri-let-7 transcripts (from which
the mature let-7 miRNAs derive) are readily detectable in
both ESCs and differentiated cell types. The developmen-
tally regulated RNA-binding protein Lin28 was recently
identified as an inhibitor of let-7 expression [76,84]
(Fig. 2A). In MSCs, let-7 family was involved in platelet-
derived growth factor signaling pathway-induced osteo-
genic differentiation [30] (Fig. 2B). MiR-125b is considered
a representative miRNA that regulates both cell prolifera-
tion and differentiation [21]. In ESC-derived neural progen-
itor, miR-125b suppressed astrocyte-specific messenger
RNAs (mRNAs) during the periods of neural precursor
expansion and neuronal differentiation [5,86], while in
MSCs, miR-125b inhibited osteogenic differentiation
induced by BMP4 by targeting ERBB2 [21], and the effect
of miR-125b in osteogenesis of MSCs was likely regulated
by platelet-derived growth factor [30].
miRNA expression in MSCs and microvesicles
Recent studies have shown that MSCs secret microvesicles
(MVs) [87,88]. MVs are circular fragments of membrane
released from the endosomal compartment as exosomes or
shed from the surface membranes of most cell types such
as cancer cells, blood cells, and endothelial cells [88,89].
Accumulating data suggest that MVs may serve as a means
of cell-to-cell communication through which genetic infor-
mation or gene products are transferred and cell activities
are regulated [89,90]. Previous studies show that MVs
contain a characteristic composition of proteins [91].
Recently, MSC exosomes have been shown to harbor
a variety of mRNAs and miRNAs [88,89,92]. Interestingly,
differential miRNA expression profiles in MSCs and MVs
derived from MSCs have been observed [88,92] (Table 2).
In one study, MSCs were found to preferentially secrete



Table 2. miRNAs expressed in MSCs and their corresponding MVs

MSC types Expressed only in MSCs

Expressed only in

MSC-derived MVs

hESC-derived HuES9.E1 miR-151-3p, miR-424/424*, miR-23a*, miR-152, miR-425, miR-155,

miR-15a/b, miR-24-2*, miR-454, miR-25, miR-455-3p, miR-16, miR-483-5p,

miR-17, miR-26b, miR-484, let-7g, miR-491-5p, miR-181a*/a-2*/b/c/d, miR-27a/b/b*,

miR-503, miR-505*, miR-28-3p/5p, miR-532-5p, miR-106/a/b, miR-185, miR-29a/c,

miR-10a, miR-187*,miR-30a/a*/b/c/d/e/e*,miR-584, miR-18a/b, miR-612, miR-625,

miR-629, miR-192, miR-193a-5p, miR-195, miR-708, miR-197, miR-31*,

miR-744, miR-126, miR-324-5p, miR-766, miR-128, miR-199a-5p/b-5p, miR-328,

miR-768-3p/5p, miR-130a/b, miR-330-3p, miR-19b, miR-331-3p, miR-769-5p,

miR-20a/b, miR-335, miR-877, miR-137, miR-342-3p, miR-140-3p, miR-345,

miR-210, miR-34a/a*, miR-92b, miR-212, miR-93, miR-145*,

miR-362-3p/5p, miR-146b-5p, miR-22*, miR-98, miR-148b, miR-365,

miR-99a/b, miR-221* miR-374b, miR-421, miR-222*, miR-423-5p [92]

let-7b*

let-7d*

miR-122

miR-1224-5p

miR-1228

miR-1234

miR-1237

miR-1238

miR-124

miR-150*

miR-198

miR-296-5p

miR-572

miR-765

miR-940 [92]

BM-MSCs miR-594, miR-654, miR-369-5p, miR-502, miR-376a, miR-362, miR-194 [88] miR-223

miR-451

miR-564 [88]

BM 5 bone marrow; hESC-derived HuES9.E1 5 human ESC–derived HuES9.E1, MSC line derived from human embryonic stem cells.

*Two arms of a miRNA precursor yield two mature miRNAs respectively, one strand represents the miRNA, the other strand is called miRNA.
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miRNA in the precursor instead of the mature form and that
these pre-miRNAs were enriched in MVs, which were
readily uptaken by neighbor cells, suggesting a potential
mechanism in regulation of activities of other cells. There-
fore, MSCs can potentially exert miRNA-mediated biolog-
ical effects on other cells through secretion of pre-miRNA
in MVs [92].

It has been recognized that MSCs promote tissue repair/
regeneration through release of diverse growth factors,
cytokines, and extracellular matrix molecules [93–96].
Beside these conventional substances, transfer of genetic
information between MSCs and tissue-injured cells appears
to be an important mechanism responsible for MSCs’ effect
in tissue repair/regeneration. On the one hand, MVs
produced by MSCs may reprogram tissue-injured cells by
delivering mRNA and/or miRNA that induces cell de-
differentiation, modulates soluble paracrine mediator
production, and mediates cell-cycle re-entry, thus favoring
tissue regeneration. On the other hand, MVs released
from tissue-injured cells may mediate phenotypic transfer
of MSCs to acquire tissue-specific cell features by deliv-
ering mRNAs and/or miRNAs to MSCs [89]. Comparative
analysis of the species of miRNAs contained in MVs and
cells of origin may reveal information on the mechanism
of the therapeutic effects of MSC transplantation.
Conclusions
Although accumulating evidence has suggested an impor-
tant role of miRNAs in regulating MSC activities, much
more remains to be elucidated. Investigations into
miRNA-mediated regulation of gene expression in cellular
networks must take into account the interplay among
various miRNA targets based on the diverse effects of indi-
vidual miRNAs [19,97]. Likewise, miRNAs themselves
could be regulated in a polygenic manner. It is critical to
consider gene regulation networks as a whole rather than
the effects of individual miRNAs in isolation. Elucidation
of miRNA-targeted genes in future studies will definitely
be important for better understanding of MSC biology
and facilitating development of novel MSC-based thera-
peutic approaches for various diseases.
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