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Abstract

DICER is the central enzyme that cleaves precursor microRNAs (miRNAs) into 21-25 nucleotide 

duplex in cell lineage differentiation, identity and survival. In the current study, we characterized 

the specific bone metabolism genes and corresponding miRNAs and found that DICER and Runt-

related transcription factor 2 (Runx2) expressions increased simultaneously during osteogenic 

differentiation. Luciferase assay showed that Runx2 significantly increased the expression levels 

of DICER luciferase promoter reporter. Our analysis also revealed weaker DICER expression in 

embryos of Runx2 knock out mice (Runx2 −/−) compared with that of Runx2 +/− and Runx2 +/+ 

mice. We further established the calvarial bone critical-size defect (CSD) mouse model. The bone 

marrow stromal cells (BMSCs) transfected with siRNA targeting DICER were combined with silk 

scaffolds and transplanted into calvarial bone CSDs. Five weeks post-surgery, micro-CT analysis 

revealed impaired bone formation and repairing in calvarial defects with the siRNA targeting 

DICER group. In conclusion, our results suggest that DICER is specifically regulated by 

osteogenic master gene Runx2 that binds to the DICER promoter. Consequently, DICER cleaves 

precursors of miR-335-5p and miR-17-92 cluster to form mature miRNAs, which target and 

decrease the Dickkopf-related protein 1 (DKK1) and proapoptotic factor BIM levels, respectively, 

leading to an enhanced Wnt/β-catenin signaling pathway. These intriguing results reveal a central 

mechanism underlying lineage-specific regulation by a Runx2/DICER/miRNAs cascade during 
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osteogenic differentiation and bone development. Our study also suggests a potential application 

of modulating DICER expression for bone tissue repair and regeneration.
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Introduction

MicroRNAs (miRNAs) are a family of noncoding, small RNAs that represent a sophisticated 

level of gene regulation that coordinates a broad spectrum of biological processes, such as 

cell differentiation, growth, and metabolism (Ambros, 2004; Bartel, 2004). miRNAs have a 

role in the regulation of bone remodeling by pairing with specific sequences in the 3’UTR of 

target mRNAs to induce post-transcriptional gene silencing. Functional mature miRNAs 

arise through several post-transcriptional processing steps including cleavage by Drosha/

DGCR8 to pre-miRNA, export, and digestion by the RNaseIII endonuclease DICER, which 

also mediates loading onto RISC complexes (Bushati and Cohen, 2007; Filipowicz et al., 

2008; Kim et al., 2009; Schickel et al., 2008; Winter et al., 2009). In the current literature, 

there is no report of DICER-independent miRNAs, suggesting that DICER is indispensable 

for miRNA biogenesis (Levy et al., 2010). DICER cleavage activity and mature miRNA 

expression in mammals are restricted to certain tissues and cell types, suggesting tissue-

specific regulation of its activity (Obernosterer et al., 2006). Ablation of DICER in 

osteoprogenitors prevents their differentiation and compromises fetal survival at E15.5 while 

excision in differentiated osteoblasts increases adult bone mass in mice (Gaur et al., 2010). 

Runt-related transcription factor 2 (Runx2), is identified as a “master gene” required for 

osteoblastic differentiation process from mesenchymal precursors (Tu et al., 2007b; Vimalraj 

et al., 2015; Wysokinski et al., 2015). Our previous studies showed that haploinsufficiency 

of Runx2 results in decreased bone formation and changes in BSP expression patterns (Li et 

al., 2005a; Tu et al., 2009; Tu et al., 2007b; Tu et al., 2008). Our recent studies have shown a 

feedback link connecting Runx2, SATB2, and the miR-23a~27a~24-2 cluster (Hassan et al., 

2010), and found that Runx2 negatively regulates expression of the miR cluster 

23a~27a~24-2 that each miR directly targets the 3′-UTR of SATB2. However, 

transcriptional regulation of DICER expression by transcription factors particularly in bone 

development and regeneration remains incompletely understood.

We analyzed the DICER promoter region sequence and identified one consensus Runx-

binding site (TGTGGT) (Dalle Carbonare et al., 2012; Wu et al., 2014) upstream of the 

previously characterized transcription start site. These findings prompted us to examine the 

regulation and functional activity of DICER in osteoblasts and in relation to Runx2, which is 

required for osteogenesis.

Here, we demonstrate that DICER and Runx2 expressions increased simultaneously during 

osteogenic differentiation. Significantly, embryos from Runx2 −/− mice showed weak 

DICER expression compared with embryos from Runx2 +/+ and Runx2 +/− mice. 

Additionally, we found that Runx2 directly increases the luciferase levels of DICER 
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luciferase promoter reporter. BMSCs transfected with siRNA targeting DICER were then 

combined with silk scaffolds and transplanted into calvarial bone CSDs of mice expressed 

poor new bone formation compared with control groups. Our studies have identified a 

regulatory circuit involving Runx2, DICER, and the miRNAs, which has a critical and 

central role in controlling progression and attenuation of a specific cell phenotype.

Materials and Methods

Cell culture

C3H10T-1/2 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and antibiotics. MC3T3-E1 cells were 

maintained in a modified essential medium (a-MEM) with 10% FBS and antibiotics. 

Additionally, calvarial cells from Runx2−/− embryos were cultured in α-MEM with 10% 

FBS and antibiotics. Osteogenesis was induced with 50 mg/mL of ascorbic acid for 1, 4, 7 

and 10 days. BMSCs were cultured as described previously (Tu et al., 2007a). Briefly, 

BMSCs were obtained from femurs and tibias of 6- to 8-week-old male WT mice, and 

maintained in DMEM with 20% FBS, 1% penicillin-streptomycin.

Plasmids and transfection experiments

Plasmid pCMV-Runx2 was provided by Dr. Gerard Karsenty (Bayer College of Medicine, 

Houston, TX). Plasmid overexpression vector for DICER and siRNA targeting DICER was 

purchased from Addgene (Cambridge, MA). The empty vector was used as a control 

plasmid in transfection experiments. Transfection of plasmids was performed using 

Lipofectamine 2000 (Life Technologies) following the manufacturer’s recommendations.

Real-time RT-PCR for mRNA and miRNA analysis

Bone metabolism genes mRNA analysis was performed by quantitative real-time reverse-

transcriptase PCR (qRT-PCR) assay using iQ SYBR Green Supermix (Bio-Rad 

Laboratories, Hercules, CA, USA) on a Bio-Rad iQ5 thermal cycler (Bio-Rad Laboratories). 

The evaluation of PCR product amounts relative differences was carried out by the 

comparative cycle threshold method using GAPDH as a control. For miRNA analysis, total 

RNA was extracted using the miRNeasy Mini Kit (Qiagen), cDNA synthesis was performed 

with 1μg of total RNA, using an NCode miRNA First-Strand cDNA Synthesis Kit 

(Invitrogen) according to the manufacturer’s protocol. qRT- PCR was performed on a Bio-

Rad iQ5 thermal cycler using an NCode Express SYBR GreenER miRNA qRT-PCR Kit 

(Invitrogen). Expression levels of PCR product amounts were evaluated by the comparative 

cycle threshold method using U6 snRNA as a control (Table 1).

Western blot

Whole protein lysates for western blotting were prepared with RIPA lysis buffer (Santa Cruz 

Biotechnology, Inc.) supplemented with 1 mM PMSF. SDS-PAGE and Western blot analyses 

were then performed using NuPAGE 4–12% Bis-Tris gradient gels and 0.45μm 

polyvinylidene fluoride membranes (Invitrogen). Antibodies for DICER (1:400), RUNX2 

(1:800), SATB2 (1:1000), Dickkopf-related protein 1 (DKK1) (1:1000), and β–actin 

(1:1000) were obtained from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA, USA). The 
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secondary antibodies were horseradish peroxidase (HRP)–linked goat-anti rabbit IgG (Santa 

Cruz Biotechnologies, Inc.). Blots were visualized using ECL chemiluminescence reagents 

from Pierce Biotechnology (Rockford, IL, USA).

Luciferase assay

Cell was co-transfected with the DICER luciferase promoter reporter (from David E. Fisher, 

Cutaneous Biology Research Center, Mass. General Hospital, Harvard Medical School), 

pMIR-beta-gal and transcriptional factor cDNA plasmids (RUNX2, Osterix, or SATB2, 

respectively). Luciferase levels were determined by luminometer and normalized to β-

galactosidase activity. The luciferase assay was performed using a Lumat LB9501 

luminometer (Berthold Technologies) as described previously (Tu et al., 2008).

Immunohistochemistry analysis

Runx2 +/+, Runx2 −/−, Runx2 +/− E.16 embryos from Runx2 mutant mice (a generous gift 

from Dr. Michael Owen, Imperial Cancer Research Fund, London, UK) were fixed in 10% 

formalin at 4°C overnight and demineralized in a 10% ethylenediaminetetraacetic acid 

(EDTA)-buffered solution (pH 7.0) for 14 days at room temperature. Samples were 

embedded in paraffin and serial sections of 5-μm thickness were obtained in a mesial-distal 

direction. The tissue slides were first deparaffinized and rehydrated, and then submerged in 

hydrogen peroxide for peroxidase quenching. Before using the primary antibodies, the slides 

were incubated with normal serum to block the nonspecific bindings. Antibody against 

DICER (Santa Cruz, CA, USA) was then used at a dilution of 1:200. After overnight 

incubation, the biotinylated secondary antibodies were applied to the slides. Finally, the 

substrate-chromogen 3-Amino-9-ethylcarbazole (AEC) was applied and the slides were 

counterstained with hematoxylin and mounted.

Silk scaffold preparation and cell seeding

The water based silk fibroin scaffolds (pore size 500-600 microns, disk-shaped, 4mm 

diameter and 2mm thick) were prepared as we previously described (Ye et al., 2011). For 

cell seeding, BMSCs transfected with siRNA targeting DICER after 3 days cultured in 

differentiation medium and were released from the culture substratum using trypsin/EDTA 

(0.25% w/v trypsin, 0.02% EDTA) and concentrated to 2×107cells/mL in serum-free 

medium. Then BMSCs were seeded onto the silk scaffold by pipetting the cell suspension 

onto the materials. The BMSCs/silk scaffold (SS) construct was incubated for an additional 

4h to allow for cell attachment in vitro before implantation.

Mice and experimental calvarial bone CSDs model

This study was performed in accordance with the animal protocol approved by the 

Institutional Animal Care and Use Committee at Tufts University, as well as the Animal 

Research: Reporting In Vivo Experiments (ARRIVE) guidelines for animal research. 16 6-

week-old male C57BL/6J mice (Stock Number 000664, The Jackson Laboratory, Bar 

Harbor, ME, USA) were anesthetized, and then a 4-mm-diameter calvarial bone CSD was 

created on each side of the calvarial bone using a dental bur attached to a slow-speed hand 

piece with minimal invasion of the dura mater. Following the CSDs surgery, mice were 
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randomly divided into 4 groups: defects unfilled, defects filled with blank scaffolds, defects 

filled with scaffolds seeded with BMSCs, defects filled with scaffolds seeded with BMSCs 

transfected with siRNA targeting DICER (n=5).

Micro-CT measurement

Healing of calvarial defects was examined by micro-CT 4 weeks after surgery. The 

morphology of the reconstructed cranium was assessed using a micro-CT system (CT-40, 

Scanco Medical, Bassers-dorf, Switzerland). The CT settings were used as follows: pixel 

matrix, 1024*1024; slice thickness, 20mm. After scanning, the micro-CT images were 

segmented using a nominal threshold value of 225 as reported previously,(Yost et al., 1996) 

and a three dimensional (3D) histomorphometric analysis was performed automatically. The 

parameters of bone volume fraction (bone volume/total volume, BV/TV), volume of newly 

regenerated bone, and bone volume were used for comparison in this study.

Results

miRNA expression during osteogenesis

Our previous study has proved that miR-335-5p specifically targets DKK1 3’ UTR and 

controls DKK1 expression, canonical Wnt signaling activity, and osteogenic differentiation 

(Zhang et al., 2011a). Here miR-335-5p mRNA levels are increased initially when 

osteogenic differentiation is initiated in C3H10T1/2 cells, and the target gene DKK1 

expression decreased (Fig. 1A). The same trend was observed during osteogenesis in 

MC3T3 and C3H10T1/2cells (Fig. 1B). The miR-17~92 cluster encodes six miRNAs 

(miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92-1), which are highly 

conserved in all vertebrates. Germline hemizygous deletions of miR-17~92 cluster were 

accounted for microcephaly, short stature and digital abnormalities(de Pontual et al., 2011; 

Zhou et al., 2014). In this study, miR-17~92 cluster increased during osteogenesis in 

C3H10T1/2cells (Fig. 1C), suggesting that they critically regulate osteoblast differentiation.

DICER and Runx2 protein and mRNA levels are upregulated simultaneously during 
osteogenesis

A striking increase was observed in DICER protein level in stimulated C3H10T1/2 cells, 

which occurred simultaneously with upregulation of Runx2 (Fig. 2Aa). In addition to 

elevated protein levels, DICER mRNA levels also increased upon osteoblast differentiation 

(Fig. 2Ab). In MC3T3-E1 cells, the Runx2 and DICER protein and mRNA expressions were 

parallel (Fig. 2B), suggesting that some direct relationship might exist between them. In the 

luciferase assay, DICER luciferase activity dramatically increased after cotransfection with 

Runx2 when compared with the empty vector control (Fig. 2C). Special AT-rich sequence-

binding protein 2 (SATB2), a DNA-binding protein that regulates chromatin organization 

and gene expression including Runx2 expression (Alcamo et al., 2008; Zhang et al., 2011b), 

was also included as a control. The results suggested that if Runx2 can directly regulate 

DICER, it might bind the DICER transcription start site.
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Gain-and-loss of function analyses

C3H10T1/2 and MC3T3 cells were transiently transfected with Runx2 overexpression 

vector or empty vector. Runx2 overexpression in C3H10T1/2 (Fig. 3A) and MC3T3 (Fig. 

3B) cells led to 5- and 3- fold increases in DICER expression, respectively. In vivo excision 

of Runx2 impaired bone formation at E16.5 and induces embryonic lethality. 

Immunohistochemistry of femurs and mandible mesenchyme that surrounds Meckel's 

cartilage, and embryos showed severely delayed mineralization and less DICER expression 

in Runx2 −/− mice compared with Runx2 +/+ mice (Fig. 4A). The embryos from Runx2 −/− 

mice showed weak DICER expression compared with embryos from Runx2 +/+ and Runx2 

+/− mice (Fig. 4B). Calvarial cells from Runx2-/− embryos were cultured in vitro, and were 

transiently transfected with DICER cDNAs or empty vector. The overexpression of DICER 

was confirmed by Immunohistochemical analysis (Fig. 5A). The expression of proapoptotic 

factor BIM that was previously found to be a direct target of the miR-17-92 cluster 

decreased by 2-3 folds while miR-17-92 cluster increased, suggesting that DICER 

overexpression increased the miR17-92 cluster expression, which may directly target BIM to 

rescue the osteogenesis in Runx2−/− cells (Fig. 5B).

Effect of DICER in bone regeneration of mouse CSDs

A non-healing full thickness defect of 4 mm in diameter was made on both sides of the 

cranial bone and defects were differently treated in all groups (defects unfilled, defects filled 

with scaffolds alone, defects filled with scaffolds seeded with BMSCs, defects filled with 

collagen seeded with BMSCs transfected with siRNA targeting DICER) (Fig. 6A). The 

morphology of the newly formed bone was reconstructed using micro-CT imaging, and the 

representative images from each group were shown in Fig. 6B. No obvious evidence of new 

bone growth was observed in the defects treated with BMSCs transfected with siRNA 

targeting DICER or scaffold alone or unfilled groups, only minimal amount of bone was 

visible in the periphery of the defect. The implantation of untransduced BMSCs culturing 

with scaffolds showed the formation of scattered new bone in the defect sites. To quantify 

the new bone regeneration within the calvarial defects, the ratio of bone volume to total 

volume (BV/TV), bone volume was measured. BV/TV was significantly higher for the 

untransduced BMSCs group when compared to BMSCs transfected with siRNA targeting 

DICER group (Fig. 6Ca). Significantly more bone volume was observed in the untransduced 

BMSCs group, and bone volume were also higher than the BMSCs transfected with siRNA 

targeting DICER group (Fig. 6Cb).

DISCUSSION

Expression of specific miRNAs may be transcriptionally regulated upon cell stimulation 

(Ozsolak et al., 2008; Sempere et al., 2003). However, like other RNAs, miRNA expression 

can be also regulated at the posttranscriptional level in either a tissue-specific or a 

developmentally regulated fashion (Winter et al., 2009). miRNAs are generated from long 

primary transcripts (pri-miRNAs) through multiple processing steps (Levy et al., 2010). pri-

miRNAs are cleaved into small-hairpin pre-miRNAs by the microprocessor complex 

containing Drosha and DGCR8. Pre-miRNAs are exported into the cytoplasm, where the 

RNase III, DICER, removes the loop region of the hairpin. This step is essential for 
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generation of mature miRNAs. It was previously shown that DICER cleavage activity is 

restricted to certain tissues and cell types, albeit by an unknown mechanism (Obernosterer et 

al., 2006). To explore the transcriptional regulation of DICER expression during 

osteogenesis, we detected DICER and Runx2 expressions and found that they were 

increased simultaneously during osteogenic differentiation.

To further determine the relationship between Runx2 and DICER, we identified one 

consensus Runx2-binding site (TGTGGT) within 2.5 kb upstream of the DICER 

transcription start site. We then conducted the luciferase assay and showed Runx2 

overexpression could increase the luciferase activity of DICER promoter driven luciferase 

reporter.

Canonical Wnt signals are transmitted through stabilizing β-catenin protein by inhibiting 

GSK3b-mediated β-catenin phosphorylation (Balemans and Van Hul, 2007; Boyden et al., 

2002; Galindo et al., 2005; Little et al., 2002; Lucero et al., 2013). DKK1 is essential to 

maintain skeletal homeostasis as an inhibitor of Wnt signaling and osteogenic differentiation 

(Glinka et al., 1998; Li et al., 2005b; Mukhopadhyay et al., 2001; Zhang et al., 2011a). 

MiR-335-5p has been proved to be a potential and useful targeting molecule for promoting 

bone formation and regeneration. MiR-335-5p activates Wnt signaling via directly binding 

to DKK1-3’UTR to downregulate DKK1 expression (Zhang et al., 2011a). In the current 

study, miR-335-5p levels are increased initially when osteogenic differentiation is initiated, 

while the target gene DKK1 expression decreased.

Although functions of canonical Wnt signaling in Runx2 expression and activation are still 

controversial, it is evident that Runx2 is the first transcription factor required for 

determination of the osteoblast lineage, while canonical Wnt signaling further directs the 

fate of mesenchymal cells to osteoblasts (Behrens et al., 1996; Moon et al., 2002; Nelson 

and Nusse, 2004; Takahashi-Yanaga and Sasaguri, 2007; Yost et al., 1996). In the current 

study, Runx2 deficient mice (Runx2−/−) is associated to incomplete bone mineralization. In 

Runx2−/− mice, there is a complete lack of mineralized bone and the weak DICER 

expression, which is consistent with an early block in osteogenic development in these mice.

The miR-17~92 cluster encodes six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, 

miR-19b-1, and miR-92-1), which are highly conserved in all vertebrates (Northcott et al., 

2009; Tagawa and Seto, 2005; Uziel et al., 2009; Ventura et al., 2008). Germline 

hemizygous deletions of miR-17~92 clusters were accounted for microcephaly, short stature 

and digital abnormalities (de Pontual et al., 2011). In this study, we found that miR-17~92 

cluster increased during osteogenesis, suggesting that they may critically regulate osteoblast 

differentiation. Furthermore, DICER overexpression significantly upregulated miR-17~92 

cluster expression and downregulated the proapoptotic factor BIM which was previously 

found to be a direct target of the miR-17-92 cluster (Fontana et al., 2008; Koralov et al., 

2008; Ventura et al., 2008).

In our in vivo study, the calvarial bone CSD mouse model was established and the BMSCs 

transfected with or without siRNA targeting DICER were combined with silk scaffolds and 
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transplanted into calvarial bone CSDs. Four weeks post-surgery, micro-CT analysis revealed 

impaired new bone formation in calvarial defects in siRNA targeting DICER group.

In conclusion, our results suggest that DICER processed miRNAs control commitment and 

differentiation of osteoblasts during bone development, which is mechanistically dependent 

upon transcriptional regulation of DICER by Runx2 (Fig. 7). Runx2 is able to 

transcriptionally regulate DICER potentially by binding to DICER promoter. Consequently, 

DICER cleaves precursors of miR-335-5p and miR-17-92 cluster to form mature miRNAs, 

which target and decrease the DKK1 and BIM levels, respectively. Therefore, Wnt-β-catenin 

signaling pathway is enhanced. These observations reveal a central mechanism underlying 

lineage-specific regulation by miRNAs during osteogenic differentiation and bone 

development. This cell- and development-specific regulation is essential and mandatory for 

the initiation and progression of osteogenic differentiation. Furthermore, our study also 

suggests a potential application of specifically regulating DICER for bone tissue repair and 

regeneration.
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Figure 1. 
Gene and miRNA expressions during osteogenesis. (A) miR-335-5p (a), Dkk1 and BIM (b) 

expression in C3H10T1/2 cells. (B) miR-335-5p (a), Dkk1 and BIM (b) expression in 

MC3T3-E1 cells. (C) miR-17~92 cluster expression in C3H10T1/2 cells. Cells were induced 

in osteogenic medium with 50 mg/mL of ascorbic acid for 1, 4, 7 and 10 days, respectively. 

mRNA and miRNA expression were detected by quantitative RT-PCR. These data are 

expressed as the mean ± SD (n=3). * p < 0.05, versus day 0 before induction.
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Figure 2. 
Parallel upregulation of DICER and Runx2 protein and mRNA levels during osteogenesis. 

(A) Protein (a) and mRNA (b) levels in stimulated C3H10T1/2 cells. (B) Protein (a) and 

mRNA (b) levels in stimulated MC3T3 cells. Cells were induced in osteogenic medium for 

1, 4, 7 and 10 days, respectively. Proteins were detected by Western blot, and mRNA and 

miRNA expressions checked by quantitative RT-PCR. (C) Luciferase assay. (a) MC3T3-E1 

or T293 cells was co-transfected with the DICER promoter driven luciferase reporter, pMIR-

beta-gal and transcriptional factor (TF) cDNA plasmids (RUNX2, Osterix, or SATB2, 

respectively). Empty vectors without harboring TF cDNAs were used as a control. 

Luciferase activity was detected 48 hours after transfection. (b) MC3T3 cells were induced 

in osteogenic medium for 1, 4, 7 and 10 days, respectively. The cells were cotransfected as 

described in Figure 2Ca one day before the induction was due. Luciferase activity was 

detected 48 hours after transfection. β-actin level was used for normalization of gene 

expression. These data are expressed as the mean ± SD (n=3). * p < 0.05, versus control.
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Figure 3. 
Upregulation of Dicer expression by Runx2 overexpression. (A) (a) Runx2 and DICER 

protein were detected by Western blot; (b) mRNA levels of Runx2 and DICER were 

detected by qRT-PCR in C3H10T1/2 cells. The cells were induced in ostegenic medium for 

4 days, and collected 48 hours after Runx2 cDNA or empty vector transfection. (B) (a) 

DICER protein was detected by Western blot in MC3T3-E1 cells. The cells were induced in 

ostegenic medium for 0 and 4 days, respectively, and collected 48 hours after Runx2 cDNAs 

or empty vector transfection. (−), untransfected cells as a internal control. (b) mRNA levels 

of Runx2 and DICER were detected by qRT-PCR in MC3T3-E1 cells transfected with 

Runx2 cDNAs or empty vector. The cells were induced in ostegenic medium for 4 days. 

These data are expressed as the mean ± SD (n=3). * p < 0.05 versus empty vector group.
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Figure 4. 
Immunohistochemical analysis of Dicer (AEC) in Runx2 +/+, Runx2 +/− and Runx2 −/− 

mice (E16.5). (A) Representative pictures of femurs (a1-b3) and mandible mesenchyme that 

surrounds Meckel's cartilage (c1-d3) showed severely impaired mineralization and less 

DICER expression in Runx2 −/− mouse compared with Runx2 wt/wt mouse.(E16.5, scale 

bars, 20 µm). (B) The Specimens of Runx2 wt/wt, Runx2 +/− and Runx2 −/− mouse (E16.5, 

scale bars, 1 mm).
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Figure 5. 
miRNA and gene expression in calvarial cells from Runx2−/− embryos. after transfected 

with overexpression vector for Dicer or empty vector. (A) Runx2−/− cells were transfected 

with Dicer cDNA plasmids or empty vector. Immunohistochemical analysis was performed 

to confirm increased expression of DICER in Dicer cDNA group compared to with empty 

vector control (intense red signals, x200). (B) miRNA and gene expressions were detected 

by qRT-PCR in Runx2−/− cells transfected with DICER cDNAs or empty vector. These data 

are expressed as the mean ± SD (n=3). * p < 0.05, versus empty vector control.
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Figure 6. 
Bone regeneration of calvarial bone critical-size defects (CSDs) in mice. (A) The non-

healing full thickness defect of 4 mm in diameter was made in both sides of the cranial bone 

and filled with a silk scaffold seeded with gene-modified BMSCs. (B) Representative 

pictures of the morphology of the newly formed bone was reconstructed using micro-CT 

imaging in 4 groups (control, defects unfilled; scaffolds only, defects filled with scaffolds 

alone; BMSCs, defects filled with scaffolds seeded with BMSCs; BMSCs with siDicer, 

defects filled with scaffolds seeded with BMSCs transfected with siRNA targeting Dicer). 

(C) To quantify the new bone regeneration within the calvarial defects, the ratio of bone 

volume to total volume in region of interest (BV/TV) (a), bone volume (b) were measured in 

microCT scanned images 4 weeks after surgery. These data are expressed as the mean ± SD 

(n=4). * p < 0.05, versus control.
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Figure 7. 
Abridged general view for the interplay among Runx2/Dicer/miRNA pathway in 

osteogenesis. MiR-335-5p acts as a suppressor by targeting DKK1, which activates Wnt 

signaling and promotes osteogenic differentiation. MiRNA 17-92 cluster directly targets the 

proapoptotic factor BIM to downregulate BIM expression.
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Table 1

The primers for real-time PCR.

Primer of target Sequence (5' to 3')

DICER forward:5'- GTCAGCCGTCAGAACTCACTC-3'

reverse:5'-ACAGTCAAGGCGACATAGCAA-3'

Runx2 forward: 5'-CAGTCACCTCAGGCATGTCC-3'

reverse: 5'-GTGCTGCTGGTCTGGAAGG-3'

SATB2 forward : 5'-GAGATGAGTTGAAGAGGGCTAGTG–3'

reverse : 5'-CCCTGTGTGCGGTTGAAT -3'

OSX forward: 5'-ATGGCGTCCTCTCTGCTTG-3'

reverse: 5'-TGAAAGGTCAGCGTATGGCTT-3'

DKK1 forward:5’-CTCATCAATTCCAACGCGATCA-3’

reverse:5’-GCCCTCATAGAGAACTCCCG-3’

GAPDH forward: 5'-AGGTCGGTGTGAACGGATTTG-3'

reverse: 5'-TGTAGACCATGTAGTTGAGGTCA-3'

miR-335-5p 5'- GCGTCAAGAGCAATAACGAAAAATGT-3'

miR-342-3p 5'-ACACAGAAATCGCACCCGT-3'

miR-17 5'-GCAAAGTGCTTACAGTGCAGGTAG-3'

miR-18a 5'-CGCTAAGGTGCATCTAGTGCAGATAG-3'

miR-19a 5'-CGCTGTGCAAATCTATGCAAAACTGA-3'

miR-20a 5'-GCGTAAAGTGCTTATAGTGCAGGTAG-3'

miR-19b-1 5'-CGTGTGCAAATCCATGCAAAACTGA-3'

miR-92-1 5'-TATTGCACTTGTCCCGGCCTG-3'

U6 snRNA 5'- CTTCGGCAGCACATATACTAAAATT-3'
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