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Abstract

Purpose of Review-—Precise and temporal expression of Runx2 and its regulatory 

transcriptional network is a key determinant for the intricate cellular and developmental processes 

in adult bone tissue formation. This review analyzes how microRNA functions to regulate this 

network, and how dysregulation results in bone disorders.

Recent Findings-—Similar to other biologic processes, microRNA (miRNA/miR) regulation is 

undeniably indispensable to bone synthesis and maintenance. There exists a miRNA–RUNX2 

network where RUNX2 regulates the transcription of miRs, or is post transcriptionally regulated 

by a class of miRs, forming a variety of miR-RUNX2 regulatory pathways which regulate 

osteogenesis.

Summary-—The current review provides insights to understand transcriptional–post 

transcriptional regulatory network governed by Runx2 and osteogenic miRs, and is based largely 

from in vitro and in vivo studies. When taken together, this article discusses a new regulatory layer 

of bone tissue specific gene expression by RUNX2 influenced via miRNA.
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Introduction

Osteoblasts, a unique mesenchymal cell type, develop mineralized tissue bone. Rigorous 

gene expression programs govern the fundamental biological process of osteogenesis, which 

includes underlying cell fate decisions, commitment to osteogenic lineage, and 

differentiation and maintenance of osteogenic phenotype. Transcription of bone specific 

genes represents a major control point and occurs within the context of stage specific growth 
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and differentiation of osteoblast progenitors. Precise and temporal expression of bone 

regulatory genes appears to be accountable for the complicated cellular processes of bone 

synthesis and adult bone tissue homeostasis.

The transcription factor RUNX2 encodes a nuclear transcription factor involved in 

osteoblastic differentiation and skeletal morphogenesis. Promoter binding transcription 

factors including RUNX2 belongs to an enormous class of DNA-binding proteins that play 

essential roles in controlling mammalian genes [1]. Runx2 binds to a bulk of osteoblast 

specific promoters and supports osteogenesis through transcriptional activation[2]. 

Inactivation of Runx2 inhibits maturation of osteoblasts and chondrocytes for both 

intramembranous and endochondral ossification. Haplo-insufficiency results in skeletal 

dysplasia characterized by hypoplastic clavicles and open fontanelles. Importantly, Runx2 

post-transcriptional mRNA stability as well as RUNX2 transcriptional activity is critical for 

its osteogenic induction promoting bone synthesis and maintenance.

MicroRNAs (miRNAs) are 20–24 nucleotide regulatory non-coding RNAs, implicated in 

diverse pathophysiologic processes. Non-coding miRNAs are among the 98% of the human 

genome that is not transcribed into protein. A vast majority of this class of RNA molecules 

is significantly implicated in the regulation of gene expression [3]. Analogous to other 

biologic processes, microRNA regulation has been proven to regulate gene expression 

during bone synthesis and maintenance [4–22]. Identifying how the miRNA class of non-

coding RNA regulates gene expression in bone tissue is necessary to further understand the 

epigenetic basis for bone development, synthesis, and maintenance. MiRNA biogenesis 

begins in the nucleus with RNA polymerase II transcription of miRNA genes[4–8]. The 

resulting transcript, primary microRNA (pri-miRNA), forms a double stranded RNA hairpin 

structure. Drosha/DGCR8 complex, an RNA double stranded endonuclease complex cleaves 

the pri-miRNA forming the double stranded precursor microRNA (pre-miRNA)[9]. 

Subsequently the pre-miRNA is exported to cytoplasm by RanGTP dependent Exportin 5 

nuclear export cargo[10]. In the cytoplasm Dicer, a double stranded RNA endonuclease, 

further processes the pre-miRNA[11]. The resulting product is a short 20–24 base pair double 

stranded mature miRNA, which is then associated with Argonaute proteins (AGO 1, AGO2, 

AGO3 and AGO4)and loaded into the functional RNA Induced Silencing Complex (RISC)
[12]. Prior to active RISC targeting, one strand of the mature miRNA is selected transitioning 

from the pre-RISC to the mature RISC complex[13]. Using the miRNA as a guide, the RISC 

complex binds to complementary regions on target mRNAs (3’UTR) resulting in 

translational repression through mechanisms including mRNA cleavage, decreased 

ribosomal pre and post initiation, or de-adenylation and degradation of the mRNA[13]. The 

cellular integration of Runx2 and miRNAs occurs at several levels: a) The regulation of 

miRNAs by cellular signaling that directly or indirectly control Runx2, b) regulation of 

miRNA expression that are transcriptionally controlled by Runx2 during osteogenic 

induction) direct miRNA control of Runx2 expression and translation during osteoblast 

differentiation. In this review, we cover our current understanding of how cellular signaling 

safeguards Runx2, how Runx2 promoting osteo miRs and finally how miRNA attenuates 

Runx2 function and stability to control the biology of osteogenesis.
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Cellular signaling controls miRNAs that regulate Runx2 and osteogenesis

Bone cell differentiation is a precisely controlled process. The differentiation program of 

osteoblast cells is regulated by a series of osteogenic developmental signals, which commit 

mesenchymal stem cells (MSCs) to osteoblast cell lineage, induce growth and differentiation 

through stage specific induction, and ultimately attenuate Runx2 gene expression. 

MicroRNAs coordinate a broad spectrum of biological processes including formation and 

remodeling of the skeleton. Reciprocal control between Runx2 and miRNAs has emerged as 

an important developmental switch, controlled by osteogenic signaling pathways, for the 

promotion of osteoblast growth and differentiation.

Evidence from numerous studies supports the concept that BMP signaling controls a class of 

miRNAs that epigenetically/post transcriptionally regulate osteoblastic differentiation[14–16]. 

Stromal cells (ST2) induced by BMP2 upregulate miR-3960. MiR-3960 directly represses 

homeobox protein A2 (Hoxa2), a transcriptional repressor of Runx2[14]. Biologically, this 

signaling-miR axis increases Runx2 transcripts to increase Runx2 function, ultimately 

enhancing osteogenesis. Analogously, BMP2 induces miR-2861 which targets histone 

deacetylase 5 (HDAC5) whose activity induces RUNX2 transcriptional repression, 

ultimately increasingRunx2 transcriptional activity to induce osteoblast differentiation (Fig. 

1A)[14, 15]. Over the years it has been shown that bone formation is orchestrated by the 

synchronized activity of Runx2 and BMP-activated Smads. BMP2 switches premyogenic 

phenotype to osteogenic phenotype by down regulating miR-133 and miR-135 that suppress 

Runx2 and Smad5 respectively. The blockage of miR-133 and miR-135 expression and 

support of Runx2 function by BMP2 signaling exemplifies an epigenetic mechanism 

supporting osteoblast commitment and progression of differentiation (Fig. 1A)[16].

In BMP2 mediated bone marrow stem cell (BMSC) commitment, BMP2 enhances 

osteogenesis by inhibiting the miR-30 family (miRs-30 a, b, c, and d)and preserving Runx2 

and Smad1function (Fig. 1A)[17]. When taken together, these findings indicate that BMP2 

functionally blocks miRs that target Runx2 or activates miRs that target Runx2 repressors to 

ultimately support osteoblast differentiation.

RUNX2 transcriptionally regulates miRNAs for osteogenesis

RUNX2, an essential transcription factor for bone development, directly binds to its classical 

cis regulatory element TGTGGT (ACCACA) within proximal promoter region and controls 

transcription of numerous miRNAs contributing to osteogenesis. Runx2-negative regulation 

of miR-23a cluster (miR-23a, 27a, and 24–2) or miR-31 causes derepression of Special AT-

Rich Sequence-Binding Protein 2 (SATB2) to promote differentiation of osteoblast and 

dental follicle cells (Fig. 1B, left) (DFCs)[18, 19]. During dentinogenesis, RUNX2 direct 

binding of the miR-337–miR-540–miR-665 cluster promoter is a requirement to repress 

miR-665 expression for the progression of odontoblast differentiation (Fig. 1B, left)[20]. 

Opposing to RUNX2 negative regulation (Fig. 1B, right), in BMP-2 stimulated 

preosteoblasts,RUNX2 directly binds to the miR-302a promoter and activates its 

transcription to promote osteoblast differentiation by targeting and repressing COUP-TFII, a 

transcription factor that represses osteoblast differentiation[21]. During stable Runx2 

expression in C2C12 cells,Runx2 activated miR-690 expression by direct binding to its 
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promoter. Furthermore, miR-690 acted as a positive regulator, repressed p65 subunit of NF-

κB and promoted Runx2-induced osteogenic differentiation (Fig. 1B, right)[22]. Recent 

studies indicate that bone tissue-specific function of RUNX2 may operate at multiple 

distinct levels of gene regulatory networks and a group of miRNAs (osteo miRs) are 

regulated by RUNX2 in a cell- or tissue-specific fashion and may contribute to the 

establishment of osteoblast phenotype and differentiation[23].

MiRNA direct regulation of Runx2 mRNA

Whereas the transcriptional activity of Runx2 is requisite for both ex vivo and in vivo 
osteogenesis, the biological potency of miRNAs that target Runx2 is equally important to 

support the commitment and phenotypic maturation of osteoblasts. TargetScan 

bioinformatics predicted 165 miRs can potentially target Runx2. Among them 37 were 

highly conserved among vertebrates, 44 miRs were reasonably conserved and 84 miRs were 

poorly conserved (http://www.targetscan.org/cgi-bin/vert_72/view_genetable.cgi?

rs=ENST00000371432.3&taxid=9606&members=&subset=1&showcnc=1&shownc=1&sort

Text=cs). To date, 28 miRs have been shown experimentally to inhibit 

Runx2posttranscriptionally through 3′ UTR binding (https://www.genecards.org/cgi-bin/

carddisp.pl?gene=RUNX2)[24]. In this review, we focused on significant and promising 

miRNAs, which attenuate Runx2 function and stability to control the physiology of 

osteogenesis (Table.1).

In MSCs, bone morphogenetic protein 9 (BMP9)-induces early osteogenesis, miR-155 

expression level is increased at first and then decreased further during differentiation. 

Additionally, Liu et al showed that miR-155 is an inhibitor of osteogenic differentiation and 

this repression is mediated through direct repression of Runx2 mRNA. Thus, MSCs 

stemness is maintained through inhibition of Runx2 by miR-155 repression, inhibiting 

osteogenesis[25]. Conversely, in hMSCs, among a cohort of miRNAs, miR-155 (categorized 

as “Osteo miR”) was up regulated upon osteo-stimulation and gradually reduced during 

osteoblast differentiation. However, anti-miR-mediated knockdown of miR-155 did not 

show any significant changes in ALP staining. Therefore, the conflicting reports of miR-155 

involvement in osteoblastogenesis warrant further study to identify its regulatory role.

In undifferentiated human mesenchymal stem cells miR-335 was identified as being up 

regulated by Wnt signaling and significantly down regulated later to allow distinct 

differentiation programs. Over expression of miR-335 inhibited hMSCs proliferation and 

migration, as well as their osteogenic potential. Western blot and 3’UTR reporter assays 

confirmed RUNX2 as a direct target of miR-335 in hMSCs. These results suggest that 

miR-335 down regulation is a requirement to increase Runx2 for the acquisition of the 

osteogenic phenotype[26]. Surprisingly, in a miR-335–5p transgenic mouse model over 

expressing miR-335–5p in the osteoblasts lineage, Zhang et al demonstrated higher bone 

mass with enhanced expression of osteogenic differentiation markers including Runx2 

(already reported as a direct target). Mechanistically they showed Wnt signaling antagonist 

Dickkopf-1 (DKK1) was down regulated due to miR-335–5p up regulation. Taken together, 

this group revealed that higher expression of miR-335–5p in osteoblasts in vitro or 

constitutive over expression of miR-335–5p in vivo in osteoblast lineage induces osteogenic 
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differentiation and bone formation in mice[27, 28]. These findings on miR-335from two 

different laboratories demonstrated a discrepancy in the miR-335 mediated regulation of 

Runx2-Wnt signaling function in osteogenesis. Further research and tissue specific 

knockdown of miR-335 are necessary to elucidate its species-specific role in osteoblast 

maturation.

MicroRNA-497~195 cluster, a member of the miR-15 family has been identified by 

Grünhagen, et al in 2014 as a regulator of osteoblast differentiation that impairs the 

induction of bone morphogenetic protein (BMP) responsive genes[29]. In human primary 

mesenchymal stromal/stem cells (MSC), miR-195 and miR-497 decrease osteogenesis. 

Furthermore, ALP and RUNX2 expression levels were significantly decreased in human 

MSC following miR-195 and miR- 497 over expression[30].

Wang et al demonstrated that miR-204 directly targets Runx2, attenuates BMP-2-induced 

calcification and inhibits expression of osteoblast-related genes of human aortic valve 

interstitial cells (VICs). Knockdown of miR-204 reinforced an osteoblast phenotype in VICs 

with increased alkaline phosphatase activity and osteocalcin expression. Based on these 

findings the authors inferred that miR-204 is a possible molecular switch to inhibit trans 

differentiation of human aortic VICs to osteoblast lineage[31]. In a very similar mechanism, 

miR-204 is repressed in vascular smooth muscle cells (VSMCs) during beta-

glycerophosphate-induced calcification, whenRunx2 protein levels were elevated. 

Conversely, miR-204 mimics significantly decreased Runx2 protein levels and reduced 

osteoblastic differentiation of VSMCs. Therefore, down-regulation of miR-204 may 

contribute to beta-glycerophosphate-induced VSMC calcification through derepression 

Runx2[32]. Recently, it has been reported that in human aortic valve and primary VICs, long 

non-coding RNA (LncRNA) TUG1 knockdown inhibits osteoblast differentiation. TUG1 

directly binds and degrades miR-204–5p. Hence, silencing of TUG1 increased miR-204–5p 

and subsequently inhibits Runx2 expression at the post-transcriptional level. Thus, TUG1 

positively regulates the expression of Runx2, through sponging miR-204–5p, and promotes 

osteogenic differentiation during aortic valve calcification[33].

To study the regulation of miR-204, Zhang et al in 2012, used pluripotent C3H10T1/2 cells 

and overexpressed miR-204 and allowed these cells to differentiate with BMP2. MiR-204 

blocks both osteogenic (e.g. Osterix and ALP) and/or chondrogenic markers (e.g. Col2A1 

and Sox9) required for lineage differentiation[34]. During adipocyte differentiation of 

mesenchymal progenitor cells and bone marrow stromal cell (BMSC) miR-204 and its 

homolog miR-211 were induced, whereas Runx2 protein expression was suppressed. Forced 

expression of miR-204 decreased Runx2 protein while knockdown significantly elevated 

Runx2 protein. Additionally, this study confirmed the binding of miR-204/211 to Runx2 3’-

UTR. These findings suggesting that miR-204/211 directly suppressed Runx2 to commit 

mesenchymal progenitor cells and BMSCs for adipogenesis[15].

At least three miR-433 binding sites have been identified on the 3’-UTR of Runx2 mRNA 

by computer-based prediction algorithm. ERRγ(estrogen receptor-related receptor gamma) 

and miR-433 expression are decreased during BMP2-induced osteogenesis of mesenchymal 

stem cell C3H10T1/2. Overexpression of ERRγor miR-433 inhibits osteogenic marker 
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genes including Runx2. Inhibition of miR-433 retrieved ERRγ- mediated Runx2 

suppression. Taken together these findings demonstrate that miR-433 suppressed BMP2-

indcued Runx2 expression and osteoblast differentiation by decreasing the level of 

transcript[35].

Bioinformatics analysis of odontoblasts and bone marrow stromal cells (BMSCs) identified 

Runx2 as a potential target of miR-338–3p, which is increased during odontoblast 

differentiation. In vitro gain and loss of functional assays suggested that miR-338–3p is an 

attenuator of odontoblast and osteoblast differentiation through controlling Runx2 mRNA 

post transcriptionally[36]. Furthermore, Liu et al. showed that miR-338–3p serves as a 

potential modulator of osteoporosis via its effect on osteoblasts[37]. Zhang et al revealed that 

miR-338 expression is very cell-type and stage specific. Specifically, miR-338 is barely 

detectable in MC3T3-E1 osteoblasts however, several folds higher in ATDC5 chondrocytes. 

Notably, miR-338, which is hardly expressed in proliferating preosteoblasts, show 

significant increase during differentiation. Cell-type-specific and temporal expression of 

miR-338at various stages of differentiation with regulated Runx2 protein levels may 

establish a coordinated regulation during osteogenesis[24].

Studies on the miR-30 family in osteogenesis indicate that miR-30 family members 

(miR-30a, −30b, −30c, and −30d) mediate the inhibition of osteogenesis by targeting Runx2 

and Smad[17]. For example, adipose tissue-derived stem cells can differentiate into either 

adipocytes or osteoblasts. During adipogenic differentiation of these cells, the expression of 

miR-30 family was up regulated, similarly inhibition of the miR-30 family blocked 

adipogenesis. Specifically, over expression of miR-30a and miR-30d among the miR-30 

family members stimulated the process of adipogenesis. The inhibition of osteogenic factor 

RUNX2 represents a reasonable mechanism by which miR-30a and miR-30d may switch the 

phenotype to favor adipogenic differentiation of adipose tissue-derived stem cells[38]. Added 

studies revealed that miR-30a also functions as tumor suppressor in osteosarcoma by 

directly targeting Runx2. Inhibition of miR-30a in Saos2 cells increased proliferation, 

migration, and invasion; while rescue by Runx2 over expression significantly reversed the 

effects of either over expressing or inhibiting miR-30a. All these results suggest a critical 

mechanism of miR-30a in suppressing proliferation, migration, and invasion of 

osteosarcoma by targeting Runx2[39].

The calcification of vascular smooth muscle cells (SMCs) resembles an osteoblast-like 

phenotype with concomitant expression Runx2. A miR microarray and bioinformatics 

database independently identified miR-30b and miR-30c (miR-30b-c) as miRs that directly 

repress Runx2 expression in human coronary artery derived SMCs (CASMCs). BMP-2 

decreases miR-30b and miR-30c expression hence increases Runx2 expression. Depletion of 

miR-30b-c significantly increases Runx2, intracellular calcium deposition, and 

mineralization. Taken together these findings indicate that the control of miRNA fate by 

cellular signaling and transcription factor network is important for phenotype switch 

required for mineralization[40].

Zhang et al. 2012 identified miR-218 among a panel of 11 Runx2-targeting miRNAs, 

expressed in a lineage-specific pattern in mesenchymal cell types. They found that miR-218 
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is highly expressed in osteoblasts and fibroblasts but very low in chondrocytes. All Runx2-

targeting miRNAs (except miR-218) significantly inhibit ALP activity and osteoblast 

differentiation and their effects can be reversed by the corresponding anti-miRNAs. 

Interestingly, miR-218 reduce Runx2 expression only in chondrocyte cells[24].

Human periodontal ligament stem cells, dental pulp stem cells, gingival stem cells and 

human bone marrow stem cells were used to analyze miRNA expression profiles during 

differentiation. All cells were differentiated in osteogenic media and Runx2 expression was 

analyzed as a read out of osteogenesis. Analysis of 765 miRNAs demonstrated a decrease in 

the expression of hsa-miR-218 across all differentiated cell populations. Hsa-miR-218 

directly targets and decreases RUNX2 expression in undifferentiated human dental stem 

cells (DSCs). Additionally, mineralized DSCs showed a decrease in hsa-miR-218 expression 

and increase Runx2 expression. These data reveal a central role of miR-218 for the 

progression and differentiation of human DSCs by modulating Runx2 expression[41].

MicroRNA-23a is constitutively expressed at high levels in both osteoblasts and 

chondrocytes. Zhang et al found that miR-23a is among the seven RUNX2-targeting 

miRNAs to directly regulate RUNX2 protein expression by targeting seed regions of the 3′ 
UTR of RUNX2 mRNA[24]. In a feed forward mechanism Runx2 negatively regulates the 

transcription of the miR-23a cluster through Runx2 binding in the cluster promoter. 

Moreover, in a feedback mechanism miR-23aattenuates osteoblast maturation by targeting 

Runx2 mRNA in the terminally differentiated osteoblasts. These findings established a vital 

role for the miR cluster 23a~27a~24–2 in the maintenance of the osteocyte phenotype[19].

Among numerous microRNAs that target RUNX2, miR-34c is highly expressed in 

osteoblast cells and controls osteoblastogenesis. Additionally, inhibition of miR-34c only 

increases Col2A1 levels but not alkaline phosphatase (ALP) gene expression. Opposing 

osteogenesis, miR-34c acts to selectively enhance expression of adipogenic markers (aP2 

and PPARγ) to stimulate adipogenesis. Therefore, miR-34c can switch mesenchymal stem 

cells into adipogenic lineage fate by selectively blocking osteogenesis or chondrogenesis[34].

Zhang et al, in 2011 classified miR-205 as a Runx2 targeting microRNA based on SEED 

binding to the proximal 3’UTR region of Runx2 mRNA. Additionally, miR-205 was found 

to repress Runx2 expression in both osteoblast and chondrocyte cells[24].

During adipocyte differentiation of human mesenchymal stem cells (hMSCs), miR-320 

family (miR-320a, 320b, 320c, 320d and 320e) were expressed significantly high. Among 

several biologically relevant gene targets for miR-320 family, RUNX2 was validated as a 

bona fide target of miR-320c. Therefore, the findings suggest that miR-320c-RUNX2 axis is 

a molecular switch to support the epigenetic basis for promoting adipocytes 

differentiation[42].

In a recent report miR-222–3p has been identified as an inhibitor of osteogenic 

differentiation of human mesenchymal stem cells (hBMSCs). This inhibition is mediated 

through direct repression of RUNX2 and Smad5. Upon over expression of miR-222–3p, 

hBMSCs differentiation was inhibited in-vitro. Conversely, miR-222–3p knock down 

promoted osteoblast specific gene expression, alkaline phosphatase activity, and 
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mineralization. These findings suggest that miR-222–3p activity is linked toSmad5-RUNX2 

signaling axis that regulates osteogenic differentiation[43].

In-vitro studies identified that miR-221 inhibits osteogenesis by directly binding the Runx2 

3’UTR resulting in decreased expression. Over expression of RUNX2 significantly 

diminished the effect of miR-221 on osteoblast specific genes. These data suggest that 

miR-221 negatively regulates Runx2 expression and promotes osteoporosis in-vivo[44]. In 

2016, Yeh et al studied the osteogenic potential of degenerated annulus fibrosus (DAF) cells. 

They identified that DAF cells possess greater osteogenic differentiation potential as 

compared to Normal annulus fibrosus (NAF). Interestingly, they identified that miR-221 

expression is significantly higher in DAF as compared to NAF. Although this study did not 

identify the direct target of miR-221, it identified that forced miR-221 over expression 

reduces the differentiation potential of DAF cells through negatively regulating BMP2 

signaling[45].

Chen et al. identified miR-628–3p from a microRNA screen from patients which had 

atrophic non-union fracture. They discovered that miR-628–3p was noticeably up regulated 

in these patients, whereas this microRNA is down regulated during osteoblast differentiation 

in-vitro. Furthermore, it was identified that Runx2 is a direct target of miR-628–3p, which 

suppressed Runx2 mRNA and protein levels through 3’UTR binding. These data indicate 

that miR-628–3p negatively regulates Runx2, and may contribute to osteopathologies such 

as atrophic non-union fracture[46].

In an investigation seeking to identify miRNA that are regulated by mechanical stimulation, 

Zuo et al. identified miR-103a to be down regulated during cyclic mechanical stretch 

(CMS)-induced osteoblast differentiation. Furthermore, miR-103a was shown to target 

Runx2 and negatively regulate its expression through binding its 3’UTR. In-vitro 

experimentation revealed miR-103a over expression to inhibit osteoblast differentiation in a 

CMS model; conversely miR-103a knockdown stimulated osteoblast differentiation. In-vivo, 

miR-103a plays an inhibitory role in bone formation during hind limb unloading in mice. 

Mice pretreated with a miR-103a antagonist were partly rescued from osteoporosis caused 

by mechanical unloading. These findings suggest that miR-103a is a mechanosensitive 

miRNA that targets Runx2 to inhibit osteoblast differentiation[47]. Additional studies 

indicate that miR-103a-3p regulates the growth and osteogenic differentiation of human 

derived stromal cells (hADSCs) by direct targeting of CDK6 and DICER1 partly[48].

In human osteosarcoma (OS)RUNX2 is often highly expressed. Depletion of RUNX2 

inhibits growth of human OS cells. It has been reported that expression of RUNX2 is 

inversely linked to loss of tumor suppressor p53 in normal osteoblasts and OS cell lines. 

Similarly, RUNX2 protein levels decrease upon stabilization of p53. Interestingly, p53-

dependent microRNA, miR-34c is significantly down regulated in OS that directly targets 

and represses RUNX2[49].

In normal prostate cells miR-203 repressed a cohort of pro-metastatic genes (ZEB2, Bmi 

and Survivin)[50], including master regulator of bone metastasis Runx2[51]. During prostate 

cancer bone metastasis miR-203 expression is significantly lower suggesting a fundamental 
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anti metastatic role for this miRNA[50]. High expression of the transcription factor Runx2 is 

linked to breast cancer metastasis to bone. The expression profile of metastatic MDA-

MB-231 revealed an undetected level of miR-203 where Runx2 is highly expressed. MDA-

MB-231 cells with miR-203 over expressed results in decreased Runx2 and concomitant 

decreased expression of the metastasis-promoting Runx2 target genes [52].

Recently, in a cellular reconstitution assay using miR-135 Taipaleenmäki et al, showed that 

bone metastatic MDA-MB-231 cells had reduced abundance of Runx2 along with reduced 

expression of the metastasis-promoting Runx2 target genes. Additionally, orthotopic 

implantation of MDA-MB-231 cells delivered with miR-135, followed by an intratumoral 

administration of the synthetic miRNAs, reduced the tumor growth and spontaneous 

metastasis to bone[52]. In mesenchymal cells, miR-135 is expressed in a lineage-related 

pattern and during both osteogenic and chondrogenic differentiation, miR-135 strongly 

inhibits Runx2 protein expression[24].

Chang et al. identified that RUNX2 is commonly up regulated in the head and neck 

squamous cell carcinoma (HNSCC) based on micro-array analysis of patient samples. It was 

identified that miR-376c-3p bound to the 3’-untranslated region of RUNX2 played a pivotal 

role in regulating RUNX2 expression in highly metastatic HNSCC cells. Indeed, 

miR-376c-3p was commonly down regulated in HNSCC samples, showing an inverse 

correlation with RUNX2. In-vitro studies identified that restoring miR-376c-3p expression 

suppressed both expression of RUNX2 and metastatic capability. miR-376c-3p was shown to 

bind to the 3’UTR of Runx2 resulting in translational repression. Taken together, these data 

reveal tumor suppressive activity of miR-376c-3p in which this microRNA negatively 

regulates Runx2 to inhibit HNSCC metastasis[53].

Future perspective

This review addresses an emerging concept of miRNA regulation associated with Runx2 

function during osteogenesis and bone metastasis (Fig. 1C). It is predicted that miRNAs 

regulate one third of the human genome. Yet in the bone development field, there is not a 

clear understanding of the role miRNAs play in cellular systems controlling osteoblast 

development and maintenance. One miRNA can bind hundreds of target mRNAs including 

Runx2, also Runx2 mRNA can have at 10s of different miRNA binding sites and can act 

distinctively or collectively in bone. These two basic properties predict that osteo-miRs 

function as powerful molecular designators that precisely modulate Runx2 functional 

network. Hence, detailed characterization of miRNAs that control Runx2 will provide 

insights for the fundamental epigenetic basis of physiological bone formation and pathologic 

disorders of the skeleton due to Runx2 dysregulation.

We have summarized the current understanding of miR-Runx2 regulation, yet most of these 

findings have been characterized using in-vitro systems. Important questions to ask next 

include: is the miRNA regulation of osteogenesis biologically relevant; is it establishing 

indispensable regulation for proper bone formation and maintenance? Do osteoblast specific 

signaling pathways control miRNA expression and function tailor gene expression necessary 

for developing bone?
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Skeletal phenotypes resulting from miRNA knockdown in animal models are necessary for 

elucidating biological function. Science’s understanding of the fundamental mechanism of 

microRNA mediated repression of target genes is sound; and as communicated in this 

publication, there is also a firm handle on the identification of microRNA that target the 

master transcription factor of osteogenesis: RUNX2. Moving forward, these authors believe 

that there are two major focuses that will more forward our understanding of miRNA 

function during osteogenesis. 1) To more fully understand the role of miRNA in modulating 

osteoblast specific signaling systems biology. Investigators can continue to push forward this 

endeavor by reproducibly identifying unstudied miRNA that regulate the osteoblast specific 

transcription program. 2) More importantly, to elucidate the biological relevance of 

purported osteo-miRs through identification of skeletal phenotypes resulting from miRNA 

knockdown in animal models. The ultimate goal of biomedical research is to identify crux 

targets for therapeutic intervention in diseases. We must push the field of osteo-microRNA 

forward to elucidate if and how specific miRNA can be wielded clinically to intervene in 

diseases of skeletal development and maintenance.
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Figure 1. MiRNA Regulation of Runx2 in Skeletal Cells.
(A) Cellular signaling-miRNAs-Runx2 axis controls osteogenesis. BMP2 signaling 

increased the expression of miR-3960, miR-2861, which target HoxA2 and Hdac5 

(inhibitors of Runx2), however, decreased the expression miR-133, miR-135 and miR-30, 

which directly target Runx2, Smad1 and Smad5 hence, in multiple way protectedRunx2 

function that promote matrix formation and mineralization during osteoblast differentiation. 

(B, left) Negative regulation by Runx2 of inhibiting miRNAs, miR-23a cluster, miR-665 and 

miR-31 to relieve the inhibition of Runx2, Satb2, Dlx3 and Kat6a to promote osteoblast, 

odontoblast and dental follicular cell differentiation. (B, right) Positive regulation by Runx2 

of activating miRNAs, miR-3960 and miR-2861which target inhibitors of Runx2, Hdac5, 

HoxA2; miR-302a targets COUP-TFII, and miR-690 targets p65 generates a feed forward 

circuit to induce osteogenesis. (C) miRNA-mediated inhibition of Runx2 expression. The 
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illustration of 4 kb Runx2 3′ untranslated region (black solid line). In upper panel, a subset 

of Runx2-targeting miRNAs (Osteo miRNAome) express in osteoblasts, odontoblasts, bone 

marrow stromal cells and dental follicular cells at stages of growth and differentiation (blue 

box) control Runx2 mRNA stability and regulate osteogenesis and alter mesenchymal 

phenotypes. In lower panel, another subset of miRNAs (Metastasis miRNAome) express in 

breast, prostate, bone and head and neck cancer cells control Runx2 post transcriptionally to 

accelerate bone metastasis and osteolysis.
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Table 1:

miRNA regulation of Runx2 expression in osteogenesis:

miRNA Regulatory Function Mode of Action Target Gene/Pathway References

MiR-10a Promotes Promotes ossification ID3/Runx2 axis [54]

MiR-15b Promotes Promotes osteoblast differentiation Protects Runx2 protein from 
Smurf1 mediated degradation [55, 56]

MiR-23a-27a-24–2 Inhibits Inhibits osteoblast differentiation and 
apoptosis Runx2, Satb2, FAK [19, 24]

Mir-29b Promotes Promotes osteogenic differentiation Induces Runx2 expression [57]

MiR-30c Inhibits Inhibits osteoblast differentiation Runx2, Smad1 [24]

MiR-31 Inhibits Inhibits osteoclast and osteoblast 
differentiation

Suppressed by Runx2, targets 
Satb2, Sp7, OSX [58–61]

MiR-34c Inhibits Inhibits proliferation and differentiation Runx2, SATB2, Notch 
Pathway [24, 62, 63]

MiR-103a Inhibits Inhibits osteogenesis Runx2 [47]

MiR-133a Inhibits Inhibits osteoblast differentiation Runx2 [24]

MiR-135a Inhibits Inhibits osteoblast differentiation Runx2 [24]

MiR-137 Inhibits Inhibits osteoblast differentiation Runx2 [24]

Mir-146 Promotes Promotes osteogenesis Targets Smad3, enhances 
Runx2 [64, 55]

MiR-203 Inhibits Inhibits heterotopic ossification Runx2 [65]

MiR-204/211 Inhibits Inhibits osteoblast differentiation Runx2,Sost2 [24]

MiR-205 Inhibits Inhibits osteoblast differentiation Runx2 [24]

MiR-217 Inhibits Inhibits osteoblast differentiation Runx2 [24]

MiR-218 Inhibits Inhibits osteoblast differentiation Runx2 [24]

MiR-221 Inhibits Inhibits osteoblast differentiation and 
bone formation Runx2 [44]

MiR-320 Suppresses Suppresses osteogenic differentiation Runx2 [66, 42]

MiR-322 Promotes Promotes osteogenesis in response to 
BMP-2

Enhances expression of 
Runx2, Osx, [67]

MiR-338 Inhibits Inhibits osteoblast differentiation Runx2, Sfrp2, Dkk2 [24]

MiR-370 Inhibits Inhibits osteoblast differentiation Runx2 [68]

MiR-455–3p Promotes and suppresses Promotes early chondrogenic 
differentiation and suppress maturation Runx2 [66, 69]

MiR-467g Negatively regulates Negatively regulates osteogenesis Ihh/Runx2 signalling [70]

MiR-628–3p Inhibits Inhibits osteogenesis Runx2 [46]

MiR-690 Positively affects Positive effect on osteogenic 
differentiation Regulated by Runx2 [22]

MiR-705 Inhibits Enhances adipogenic differentiation Runx2 and HoxA10 [71, 55]

MiR-2861 Promotes Promotes osteoblast differentiation by 
BMP-2 Regulates Runx2 via HDAC5 [72, 55]

MiR-3077–5p Inhibits Inhibits osteoblast differentiation Runx2 and HoxA10 [71]

MiR-3960 Induces Induces osteoblast differentiation Suppresses HoxA2 which 
inhibits Runx2 [14, 55]
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