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Abstract:

 The paper explored the regulatory role of oligodeoxynucleotides (ODNs) with specific sequences in the proliferation and activation of osteoblast, using human osteoblast-like cell line MG 63 as the model. Through the administration of ODNs to MG 63 cells at a concentration of 1.0 μg/mL, ODN MT01 with positive effects on proliferation and activation of osteoblast was selected from 11 different ODNs by methyl thiazolyl tetrazolium (MTT) assay and alkaline phosphatase (ALP) activity measurement. To get a deeper insight into the molecular mechanism, effects of ODN MT01 treatment on the expression level of Sp7, runx-2, collagen-I, osteoprotegerin (OPG) and RANK ligand (RANKL) were determined using quantitative real time PCR and Western blotting. Remarkably, the mRNA and protein expression levels of Sp7, runx-2, collagen-I and OPG were improved after ODN MT01 treatment. Meanwhile, the protein expression level of RANKL was dramatically decreased. These results suggested that ODN MT01 had a significant impact in facilitating osteogenic proliferation and activation, and provided a direct evidence for the notion that single strand ODN could regulate the balance of bone formation and resorption, and thus was of great potential in the rebuilding of alveolar bone.
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1. Introduction

Orthodontic tooth movement is closely related to the remodeling of alveolar bone, and alveolar bone loss always occurs during orthodontic tooth movement, especially in patients with periodontal disease [1,2]. In addition, the loose and even loss of teeth caused by periodontal disease affects quality of life, even to the extent of forming edentulous jaw. For the edentulous patients with severe alveolar bone absorption, good retention and aesthetics could not be achieved only by dentures. Therefore, the regeneration of alveolar bone is of great significance in oral medicine research.

In physiological conditions, the bone remodeling process is controlled by a complex network of endocrine hormones and local cytokines [3,4]. Two types of cells are involved in bone remodeling: osteoclasts originating from hematopoietic cells are responsible for bone resorption, and osteoblasts originating from mesenchymal cells are responsible for the formation of new bone [5]. Generally, the regeneration of alveolar bone processes as follows: growth factor-inducing bone marrow mesenchymal stem cells or periodontal ligament stem cells differentiate into osteoblast, which then synthesizes the mineralized bone matrix, and ultimately induces the formation of bone in a complex biological route [6]. Over the past few years, research on alveolar bone regeneration has been greatly developed from the general tissue and cell levels to protein and gene levels [7,8]. With the development of alveolar surgery, molecular biology and tissue engineering, more and more new technology has been used for the repair and regeneration of alveolar bone defects, such as distraction osteogenesis [9,10], guided bone regeneration membrane [11], and application of growth factors [12,13]. Since osteoblast is directly associated with the synthesis of mineralized bone matrix, the proliferation and activation of osteoblast using growth factors and other agents will be an attractive issue in the alveolar bone repair and regeneration.

Oligodeoxynucleotide (ODN) is one kind of the unmethylated nucleotide core motif sequences, which are unusual in mammalian genomes but prevalent in prokaryotes. It can also be obtained from the DNA degradation products, and even synthesized and modified in an artificial way. It is usually absorbed by cells in an endocytic manner, and then activates the pathway involving Toll-like receptor-9 (TLR9) [14]. Recent studies have found that specific ODN could regulate the formation and activation of osteoclasts [15–17]. Amcheslavsky et al. reported the effects of ODN on two types of mice osteoclast precursor cells (rich in TLR9 and TLR9 deficient, respectively), and concluded that ODN played a key role in regulating the formation and differentiation of osteoclast in a TLR9 dependent manner [16]. Chang et al. proved that the recognition of ODN CpG-KSK13 via TLR9 could inhibit the osteoclastogenesis by down-regulating the expression of TREM-2 [17]. In 2003, Penolazzi et al. found that a specific sequence of ODN could counteract nuclear factor-κB (NF-κB) to promote the osteoclast apoptosis and inhibit the early differentiation of osteoclast [15]. The receptor activators of NF-κB (RANK), RANK ligand (RANKL) and osteoprotegerin (OPG), constitute the essential regulatory components in the paracrine signaling necessary for osteoclast differentiation, activation and apoptosis, which has been considered as a connection pathway between osteoblast and osteoclastogenesis [18]. Previous research showed that CpG ODNs could modulate the osteoclastogenesis in bone marrow cell/osteoblast co-cultures [19]. As the osteoblast could express the receptor TLR9, upon TLR9 ligation, the RANKL expression level was improved in osteoblast, and could be inhibited by chloroquine, which proved that CpG ODNs induced the osteoclastogenic activity in osteoblast in a RANKL-dependent pattern [19]. However, the effects of ODNs on the activation and proliferation of osteoblast have not been clearly elucidated.

In the present research, we designed and synthesized 11 ODNs of different sequences, and those that could promote the proliferation of osteoblast-like cell line MG 63 were screened by methyl thiazolyl tetrazolium (MTT) assay. Then the ODNs with the ability to promote osteoblastic proliferation and activation were selected by the detection of alkaline phosphatase (ALP) expression level. Using real time PCR and Western blotting analysis, effects of ODNs on the expression level of Sp7, runx-2, collagen-I, OPG and RANKL were investigated to get a deeper insight into the molecular mechanism.



2. Results and Discussion


2.1. MTT Assay

In the present research, we first investigated the effects of 11 different ODNs on the cell viability and proliferation of MG63 osteoblast-like cells using MTT assay (Figure 1). It was shown that the OD495 values of cells co-cultured with ODN BW001, ODN FC002, ODN MT01, ODN YW001 were higher than the control group. After 72 h, compared with the control, the values increased by 15.9%, 23.7%, 25.4% and 19.8%, respectively (P < 0.05). Similar tendency was observed for other treatment time (data not shown). The results indicated that the proliferation efficiency were highly associated with the sequence, and ODN BW001, ODN FC002, ODN MT01 and ODN YW001 could efficiently promote the early proliferation of MG 63 cells in this research.

Figure 1. Effects of 11 different ODNs on the cell viability and proliferation of MG 63 osteoblast-like cells after 72 h treatment. *Statistically significant difference (P < 0.05) between experimental and control groups.
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Previous reports have shown that ODNs could be absorbed into cells through the receptor-mediated pathway without constructing a vector, and applied for evaluating the curative effect on treatment mastitis, allergic rhinitis and conjunctivitis in pre-clinical studies. In addition, specific ODNs could regulate the osteoclast differentiation through different signaling pathways [20,21]. Herein, we modified all the ODNs via phosphorothioic acid to enhance their cellular uptake capability and stability. The above results showed that ODNs of specific sequences could influence the proliferation of osteoblast and further regulate the osteoblast-osteoclast balance through different signaling pathways, which provided a potential way for regulating bone rebuilding using ODNs.



2.2. Effect of ODNs on ALP Activity

To assess the effect of ODNs on osteoblastic activation, MG 63 cells were treated with five ODNs (ODN BW001, ODN FC002, ODN BW006, ODN MT01 and ODN YW001) at a concentration of 1.0 μg/mL, which have been screened from the MTT assay, and then the activities of osteoblast-related marker ALP were assessed. As shown in Figure 2, the ALP activities were associated with the sequence of ODNs and treatment time. At 24 h, the experimental groups of ODN FC002, ODN MT01, ODN YW001 significantly induced ALP activity in MG 63 (P < 0.05). However, after 48 h and 72 h treatment, there were no statistically significant differences between the experimental groups (ODN FC002 and ODN YW001) and control group. However, the ALP activities were remarkably improved compared to the control group after ODN MT01 treatment, with statistically significant differences at 24 h, 48 h and 72 h (P < 0.05).

Figure 2. Effect of ODNs treatment on ALP activity of MG 63 cells, for different time intervals. *Statistically significant difference (P < 0.05) between experimental and control groups at the given time point.
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To date, most research associated with ODN focused on the CG-rich motif ODN (CpG ODN). Recently, Zou et al. found that CpG ODN could regulate the osteoclast formation and differentiation in TLR9 dependent individual through TLR9-mediated molecular pathway [19]. CpG ODN could inhibit the osteoclast differentiation by upregulating the expression of IL-12 to inhibit RANKL, which suggested its potential in preventing the possibility of pathological bone resorption [22]. However, there are no previous reports that ODNs with no CpG motif had effects on the activation and proliferation of osteoblasts. In this paper, using MTT and ALP assay, we first obtained the no CpG ODNs with promising activity for promoting the proliferation and activation of MG 63 cells, and thus provided a novel way for the bone rebuilding research.



2.3. Effect of ODN MT01 on the Morphology of MG 63 Cells

After treatment with 1.0 μg/mL ODN MT01 for 72 h, we used an inverted microscope to evaluate the effect of ODN MT01 on the cellular morphology of MG 63. As shown in Figure 3, good growth state was observed in both the ODN MT01-treated group and control group, which indicated that there were no adverse effects with ODN MT01 treatment.

Figure 3. (A) MG 63 cells cultured in DMEM for 72 h; (B) MG 63 cells cultured in ODN MT01 (1.0 μg/mL)-DMEM for 72 h.
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2.4. Effect of ODN MT01 on Gene Expression of MG 63 Cells

The above results have confirmed that ODN MT01 could efficiently promote the proliferation and activation of osteoblast. Afterwards, we detected the effects of ODN MT01 treatment on the mRNA level of bone-related factors Sp7, runx-2, and collagen-I, using quantitative real time PCR. As shown in Figure 4, compared with control group, mRNA levels of Sp7, runx-2 and collagen-I were increased in MG 63 cells after ODN MT01 treatment. For Sp7, significantly higher mRNA levels were observed at 24 h, 48 h and 96 h after ODN MT01 treatment (Figure 4A); for runx-2 mRNA level, it exhibited an increasing tendency before 48 h and then slightly decreased (Figure 4B). Nevertheless, the collagen-I mRNA level was upregulated in the experimental group with the increase of culture time, and the values were much higher than those of control group after 72 h and 96 h treatment, which provided a direct evidence for the up-regulation of osteoblastic activity (Figure 4C).

Figure 4. Real time PCR analysis of MG 63 cells of experimental group (ODN MT01 treatment) and control group (PBS treatment) at predetermined time. (A) Relative amounts of mRNA for Sp7 were quantified and GAPDH was used as internal control; (B) Relative amounts of mRNA for runx-2 were quantified and GAPDH was used as internal control; (C) Relative amounts of mRNA for collagen-I were quantified and GAPDH was used as internal control. *Statistically significant difference (P < 0.05) between experimental and control groups (n = 3).
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The transcription factor runx-2 has a well-defined role in mediating the final stages of osteoblastic maturation, and is necessary for the normal osteogenesis and usually upregulated during osteoblastic activity. Runx-2 deficiency or mutation could cause severe bone abnormalities in mouse and human [23,24]. In runx-2 null mice, no endochondral or membranous bone was formed, due to an arrest during the early steps of osteoblast differentiation. Here, the mRNA level of runx-2 was greatly influenced by ODN MT01, and higher expression levels at 48 h and 72 h proved that ODN MT01 could promote the early osteoblastic activation of MG 63 cells. Sp7, another transcription factor, was considered as the downstream of runx-2, and could served as an inhibitor of chondrogenesis and chondrocyte maturation, while it promoted the osteoblast maturation [25,26]. Meanwhile, Sp7 expression was up-regulated by BMP-2 in a runx-2-independent pattern [27]. The above results suggested Sp7 might function as a master regulator capable of converting non-osseous mesenchymal cells (e.g., fibroblasts) into cells committed to the osteogenic lineage (i.e., osteoblasts). In addition, Kim et al. demonstrated that the forced expression of Sp7 was not sufficient to convert non-osseous cells into osteoblastic cells, and promote full expression of the mature bone phenotype [28]. In our study, the results showed that ODN MT01 could significantly increase the mRNA level of Sp7, runx-2 and collagen-I at an early stage, which suggested that the proliferation and activation of MG 63 cells after ODN MT01 treatment were probably attributed to the abnormal expression of these osteoblast-related factors.



2.5. Western Blotting Analysis

To get a further insight, MG 63 was treated with ODN MT01 (1.0 μg/mL) for different time, the protein expression levels of Sp7, runx-2, collagen-I, OPG and RANKL were measured using Western blotting technique. As shown in Figure 5, compared with the control group, the protein expression levels of Sp7, runx-2 and collagen-I were obviously increased to a certain degree. Significantly higher expression levels of Sp7 were observed at 24 h and 48 h in the experimental group, and then decreased slightly at 72 h and increased at 96 h, which was consistent with real time PCR analysis. The protein expression levels of runx-2 were slightly increased from 24 to 96 h, and the collagen-I expression levels of the experimental group were significantly higher at 48 h and 96 h. Meanwhile, the OPG expression levels of experimental group were higher at 48 h and 72 h. Nevertheless, RANKL expression level was dramatically decreased.

Figure 5. Western blotting analysis of expression level of Sp7, runx-2, collagen-I, OPG and RANKL in ODN MT01 treatment group and control group at predetermined time.
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Bone remodeling is tightly regulated by a molecular triad composed of OPG/RANK/RANKL, which has been considered as a connection pathway between osteoblast and osteoclastogenesis [29]. RANKL is mainly synthesized by the osteoblastic lineage cells, and is essential for mediating bone resorption through mediating osteoclastogenesis and the activation of mature osteoclasts [29,30]. The Western blotting analysis suggested that ODN MT01 might promote the proliferation and activation of MG 63 cells via the increasing ratio of OPG expression level to RANKL. In the present study, the expression level of OPG was improved, while RANKL expression level was significantly decreased.




3. Experimental Section


3.1. Materials

ODNs were obtained from College of Molecular Biology in Jilin University (Table 1), and then dissolved in axenic phosphate buffered solution (PBS). According to the functional characteristics, these ODNs could be divided into three types: (1) immunostimulant, including BW001 [31], FC001, BW006 [32], FC002, YW001 [33], FC004 and YW002 [34]; (2) immunosuppressant, including SAT05f [35], MT01 [35] and FC003; (3) immunologic inertia, such as MS19 [34]. Among them, BW001, BW006, YW001, YW002, SAT05f, MT01 and MS19 were once reported in our previous research [31–35], and others were first employed in the present research.

Table 1. ODNs (11 different sequences) were used for co-culture with MG 63 cells to screen the ones that could improve the proliferation of cells.


	Number
	Name
	Sequence





	1
	SAT05f
	5′-CCTCCTCCTCCTCCTCCTCCTCCT-3′



	2
	MS19
	5′-AAAGAAAGAAAGAAAGAAAGAAAG-3′



	3
	BW001
	5′-TCGTCGGGTGCGACGTCGCAGGGGGG-3′



	4
	FC001
	5′-TCGGGGACGATCGTCGGGGAC-3′



	5
	FC002
	5′-TCGTCGACGTCGTCGTTCTC-3′



	6
	BW006
	5′-TCGACGTTCGTCGTTCGTCGTTC-3′



	7
	YW002
	5′-TCGCGAACGTTCGCCGCGTTCGAACGCGG-3′



	8
	FC004
	5′-TCGCGTTCGATCGCGATCGACGGTA-3′



	9
	MT01
	5′-ACCCCCTCTACCCCCTCTACCCCCTCT-3′



	10
	YW001
	5′-TCGCGACGTTCGCCCGACGTTCGGTA-3′



	11
	FC003
	5′-TCTCTCTCTCTCTCTCTCTCTCTC-3′








Human osteoblast-like cell line MG 63 was obtained from American Type Culture Collection (ATCC, CRL-1427), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and dimethyl sulphoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Alkaline phosphatase (ALP) kit and micro-BCA assay kit were obtained from Jiancheng Biological Reagent Co. (Nanjing, China). Real time PCR kit was purchased from TaKaRa (Tokyo, Japan). The monoclonal antibodies of anti β-actin, Sp7 and OPG were purchased from Santa Cruz Biotech. Co., and those of anti runx-2, collagen-I and RANKL were purchased from Abcam Co. (USA).



3.2. Cell Culture

The human MG 63 cell line was maintained in Dulbecco’s modified eagle’s medium (DMEM, Sigma, ST. Louis, MO, USA) containing 10% heat-inactivated fetal calf serum, 100 units/mL penicillin and 100 mg/mL streptomycin at 37 °C in a 5% CO2 fully humidified incubator. For subculture, cells at 80–90% confluence were passaged at a ratio of 1:3 after treating with 0.25% trypsin. When the cells (between 3th to 5th passage) have grown to semi-confluence, they were treated with different ODNs at a concentration of 1.0 μg/mL for 24 h, 48 h, 72 h, and 96 h.



3.3. MTT Assay

All the MTT assays were carried out in 96-well plates. Briefly, wells with 5000 cells/well were filled with 100 μL DMEM and 10% fetal calf serum (FCS), and 11 different ODNs (Table 1) were added to each well at a final concentration of 1.0 μg/mL. Control groups received no ODNs. The plates were incubated from 24 h to 96 h at 37 °C. After a brief wash with medium, 10 μL MTT (5 mg/mL) was added to each well, followed by incubation for additional 4 h. Finally, the supernatant was removed, and cells were lysed with 150 μL DMSO. The absorbance at 495 nm of each well was measured using a Bio RAD 550 automatic plate reader. The values were the average of triplicate measurements.



3.4. Measurement of ALP Activity

After treating with ODNs (1.0 μg/mL) for 24 h, 72 h and 120 h, cells were collected and lysed for ALP activity measurement. The experiment was conducted using Alkaline Phosphatase Kit, according to the manufacturer’s instructions. The protein concentration of cell lysates was measured using micro-BCA assay kit, and ALP activity was normalized for total protein concentration. The values were the average of triplicate measurements.



3.5. Real-Time PCR

Total RNA was isolated from MG 63 cells using the TRIzol reagent according to the manufacturer’s instructions. The purity of total RNA was determined by the ratio at 260 nm and 280 nm absorbance. 1 μg of total RNA was subjected to reverse transcription using RT-PCR Array First Strand Kit (SABioscience Co., USA). Following reverse transcription, each sample was diluted so that cDNA corresponding to the produced from 10 ng of total RNA was used in subsequent real-time PCRs. The primers (Table 2) were designed using qPrimerDepot, a primer database for quantitative real-time PCR and subsequently checked for specificity using BLAST ( www.ncbi.nlm.nih.gov/genome/srq/HsBlast.html). PCRs were performed using the ABI Steponeplus (ABI PRISM, USA), which allowed real-time monitoring of the increase in PCR product concentration after every cycle based on the fluorescence of the double-stranded DNA specific dye SYBR green. The number of cycles required to produce a detectable product above background was measured for each sample. These cycle numbers were then used to calculate fold differences in starting mRNA level for each sample using the following method. First, the cycle number difference for GAPDH, a housekeeping gene, was determined in the control sample and appropriate ODN-treated sample. The 2−ΔΔCT method [36] was used for calculating the relative expression levels. The values were the average of triplicate measurements.

Table 2. The primers used for qRT-PCR of various genes.


	Gene Name
	Oligonucleotide UP (5′-3′)
	Oligonucleotide DW (5′-3′)





	GAPDH
	ATG GGG AAG GTG AAG GTC
	TAA AAG CAG CCC TGG TGA CC



	SP7
	CAC AGC TCT TCT GAC TGT CTG CTG
	GTG AAA TGC CTG CAT GGA T



	RUNX-2
	GAG ATC ATC GCC GAC CAC
	TAC CTC TCC GAG GGC TAC C



	COLLAGEN-I
	AGG GCC AAG ACG AAG ACA TC
	AGA TCA CGT CAT CGC ACA ACA










3.6. Western Blotting

MG 63 cells were cultured in 10 cm double dish and treated with the ODN MT01 (1.0 μg/mL) for predetermined time. Then the cells were collected, washed twice with Tris-buffered saline, and centrifuged at 5000 × g for 5 min at 4 °C. Afterwards, the collected cells were suspended in lysis buffer (50 mM Tris, pH 7.6, 0.01% EDTA, 1% Triton X-100, 1 mM PMSF, and 1 μg/mL leupeptin) on ice for 30 min, and centrifuged at 12000 × g for 15 min at 4 °C. The protein concentration was measured using BCA Protein Assay Reagent kit. The samples (40 μg protein) were separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% skim milk in Tris-buffered saline with 0.1% Tween (TBST) for 1 h at room temperature, and followed by incubation with primary antibody at 4 °C overnight. Then the membranes were incubated with secondary antibody at 20 °C for 2 h, and detected using ECL chemiluminescent system. Loading differences were normalized using a monoclonal β-actin antibody.



3.7. Statistical Analysis

All experiments were performed on at least three individuals with each assay. The results were presented as mean ± SD. Using the Student’s t-test to analyze the data concerning the differences of gene expression. One-way ANOVA was applied to analyze the data concerning the cell proliferation and ALP activity. (A probability level of 5%, P < 0.05 was considered statistically significant).




4. Conclusions

In this paper, an ODN with no CpG, ODN MT01, was found to have a significant effect in facilitating osteogenic proliferation and activation, and this was probably due to the increasing ratio of OPG expression level to RANKL. This study provided a direct evidence for the notion that single strand ODN could regulate the balance of bone formation and resorption, and therefore has great potential in the rebuilding of alveolar bone.






Acknowledgments

The research was supported by Natural Science Funds of Jilin Province, China (No. 201015203). Xueju Wang and Yongli Yu are gratefully acknowledged for their helpful advice in the experimental design.



References


	1. 
Verna, C; Zaffe, D; Siciliani, G. Histomorphometric study of bone reactions during orthodontic tooth movement in rats. Bone 1999, 24, 371–379. [Google Scholar]

	2. 
Graves, DT; Kayal, RA; Oates, T. Osteoimmunology in the oral cavity (periodontal disease, lesions of endodontic origin and orthodontic tooth movement). Osteoimmunology 2011, 15, 411–441. [Google Scholar]

	3. 
Ducy, P; Schinke, T; Karsenty, G. The osteoblast: A sophisticated fibroblast under central surveillance. Science 2000, 289, 1501–1504. [Google Scholar]

	4. 
Teitelbaum, SL. Bone resorption by osteoclasts. Science 2000, 289, 1504–1508. [Google Scholar]

	5. 
Kim, SH; Yoo, CI; Kim, HT. Activation of peroxisome proliferator-activated receptor-γ (PPARγ) induces cell death through MAPK-dependent mechanism in osteoblastic cells. Toxicol. Appl. Pharmacol 2006, 215, 198–207. [Google Scholar]

	6. 
Ripamonti, U; Petit, J-C. Bone morphogenetic proteins, cementogenesis, myoblastic stem cells and the induction of periodontal tissue regeneration. Cytokine Growth Factor Rev 2009, 20, 489–499. [Google Scholar]

	7. 
Wikesjö, UME; Huang, YH; Polimeni, G; Qahash, M. Bone Morphogenetic proteins: A realistic alternative to bone grafting for alveolar reconstruction. Oral Maxillofac. Surg. Clin. North Am 2007, 19, 535–551. [Google Scholar]

	8. 
Fischer, J; Kolk, A; Wolfart, S; Pautkeb, C; Warnke, PH; Plank, C; Smeets, R. Future of local bone regeneration—Protein versus gene therapy. J. Cranio-Maxillofac. Surg 2011, 39, 54–64. [Google Scholar]

	9. 
Nada, RM; Sugar, AW; Wijdeveld, MGMM; Borstlap, WA; Clauser, L; Hoffmeister, B; Kuijpers-Jagtman, AM; The Eurocran Distraction Osteogenesis Group. Current practiceof distraction osteogenesis for craniofacial anomalies in Europe: A web based survey. J. Cranio-Maxillofac. Surg 2010, 38, 83–89. [Google Scholar]

	10. 
Vega, LG; Bilbao, A. Alveolar distraction osteogenesis for dental implant preparation: An update. Oral Maxillofac. Surg. Clin. North Am 2010, 22, 369–385. [Google Scholar]

	11. 
Lee, E-J; Shin, D-S; Kim, HE; Koh, Y-H; Jang, J-H. Membrane of hybrid chitosan-silica xerogel for guided bone regeneration. Biomaterials 2009, 30, 743–750. [Google Scholar]

	12. 
Park, KH; Han, DI; Rhee, Y-H; Jeong, S-J; Kim, SH; Park, YG. Protein kinase C βII and δ/θ play critical roles in bone morphogenic protein-4-stimulated osteoblastic differentiation of MC3T3-E1 cells. Biochem. Biophys. Res. Commun 2010, 403, 7–12. [Google Scholar]

	13. 
Yang, DH; Guo, J; Divieti, PF; Bringhurst, R. Parathyroid hormone activates PKC-δ and regulates osteoblastic differentiation via a PLC-independent pathway. Bone 2006, 38, 485–496. [Google Scholar]

	14. 
Heikenwalder, M; Polymenidou1, M; Junt, T; Sigurdson, C; Wagner, H; Akira, S; Zinkernagel, R; Aguzzi1, A. Lymphoid follicle destruction and immunosuppression after repeated CpG oligodeoxynucleotide administration. Nat. Med 2004, 10, 187–192. [Google Scholar]

	15. 
Penolazzi, L; Lambertini, E; Borgatti, M. Decoy oligodeoxynucleotides targeting NF-kappaB transcription factors: induction of apoptosis in human primary osteoclasts. Biochem. Pharmacol 2003, 66, 1189–1198. [Google Scholar]

	16. 
Amcheslavsky, A; Zou, W; Bar-Shavit, Z. Toll-like receptor 9 regulates tumor necrosis factor-α expression by different mechanisms implications for osteoclastogenesis. J. Biol. Chem 2004, 279, 54039–54045. [Google Scholar]

	17. 
Chang, J-H; Chang, E-J; Kim, H-H; Kim, S-K. Enhanced inhibitory effects of a novel CpG motif on osteoclast differentiation via TREM-2 down-regulation. Biochem. Biophys. Res. Commun 2009, 389, 28–33. [Google Scholar]

	18. 
Jacobson, A; Johansson, S; Branting, M; Melhus, H. Vitamin A differentially regulates RANKL and OPG expression in human osteoblasts. Biochem. Biophys. Res. Commun 2004, 322, 162–167. [Google Scholar]

	19. 
Zou, W; Amcheslavsky, A; Bar-Shavit, Z. CpG Oligodeoxynucleotides Modulate the Osteoclastogenic Activity of Osteoblasts via Toll-like Receptor 9. J. Biol. Chem 2003, 278, 16732–16740. [Google Scholar]

	20. 
Amcheslavsky, A; Hemmi, H; Akira, S; Bar-Shavit, Z. Differential contribution of osteoclast- and osteoblast-lineage cells to CpG-oligodeoxynucleotide (CpG-ODN) modulation of osteoclastogenesis. J. Bone Miner. Res 2005, 20, 1692–1699. [Google Scholar]

	21. 
Nørgaard, NN; Holien, T; Jonsson, S; Hella, H; Espevik, T; Sundan, A; Standal, T. CpG-Oligodeoxynucleotide inhibits Smad-dependent bone morphogenetic protein signaling: Effects on myeloma cell apoptosis and in vitro osteoblastogenesis. J. Immunol 2010, 185, 3131–3139. [Google Scholar]

	22. 
Yoshimatsu, M; Kitaura, H; Fujimura, YJ; Eguchi, T; Kohara, H; Morita, Y; Yoshidaa, N. IL-12 inhibits TNF-α induced osteoclastogenesis via a T cell-independent mechanism in vivo. Bone 2009, 45, 1010–1016. [Google Scholar]

	23. 
Choi, JY; Pratap, J; Javed, A; Zaidi, SK; Xing, LP; Eva Balint, E; Dalamangas, S; Boyce, B; Van Wijnen, AJ; et al. Subnuclear targeting of Runx/Cbfa/AML factors is essential for tissue-specific differentiation during embryonic development. Proc. Natl. Acad. Sci. USA 2001, 98, 8650–8655. [Google Scholar]

	24. 
Pratap, J; Pratap, J; Galindo, M; Zaidi, SK; Vradii, D; Bhat, BM; Robinson, JA; Choi, J-Y; Komori, T; Stein, JL; Lian, JB; et al. Cell growth regulatory role of Runx2 during proliferative expansion of preosteoblasts. Cancer Res 2003, 63, 5357–5362. [Google Scholar]

	25. 
Nakashima, K; Zhou, X; Kunkel, G; Zhang, Z; Deng, JM; Behringer, RR; de Crombrugghe, B. The novel zinc fingercontaining transcription factor osterix is required for osteoblast differentiation and bone formation. Cell 2002, 108, 17–29. [Google Scholar]

	26. 
Kaback, LA; Soung, DY; Naik, A; Smith, N; Schwarz, EM; O’Keefe, RJ; Drissi, H. Osterix/Sp7 regulates mesenchymal stem cell mediated endochondral ossification. J. Cell. Physiol 2008, 214, 173–182. [Google Scholar]

	27. 
Lee, MH; Kwon, TG; Park, HS; Wozney, JM; Ryoo, HM. BMP-2-induced Osterix expression is mediated by Dlx5 but is independent of Runx2. Biochem. Biophys. Res. Commun 2003, 309, 689–694. [Google Scholar]

	28. 
Kim, Y-J; Kim, H-N; Park, E-K; Lee, B-H; Ryoo, H-M; Kim, S-Y; Kim, I-S; Stein, JL; Lian, JB; Stein, GS; et al. The bone-related Zn finger transcription factor Osterix promotes proliferation of mesenchymal cells. Gene 2006, 366, 145–151. [Google Scholar]

	29. 
Khosla, S. Minireview: the OPG/RANKL/RANK system. Endocrinology 2001, 142, 5050–5055. [Google Scholar]

	30. 
Tat, SK; Padrines, M; Theoleyre, S; Heymann, D; Fortun, Y. IL-6, RANKL, TNF-alpha/IL-1: Interrelations in bone resorption pathophysiology. Cytokine Growth Factor Rev 2004, 15, 49–60. [Google Scholar]

	31. 
Bao, M; Zhang, Y; Wan, M; Dai, L; Hu, XP; Wu, XL; Wang, L; Deng, P; Wang, JZ; Chen, JZ; et al. Anti-SARS-CoV immunity induced by a novel CpG oligodeoxynucleotide. Clin. Immunol 2006, 118, 180–187. [Google Scholar]

	32. 
Wang, X; Bao, M; Wan, M; Wei, HF; Wang, L; Yu, HT; Zhang, XS; Yu, YL; Wang, LY. A CpG oligodeoxynucleotide acts as a potent adjuvant for inactivated rabies virus vaccine. Vaccine 2008, 26, 1893–1901. [Google Scholar]

	33. 
Yang, L; Sun, LG; Wu, XL; Wang, L; Wei, HF; Wan, M; Zhang, PY; Yu, YL; Wang, LY. Therapeutic injection of C-class CpG ODN in draining lymph node area induces potent activation of immune cells and rejection of established breast cancer in mice. Clin. Immunol 2009, 131, 426–437. [Google Scholar]

	34. 
Sun, R; Sun, LG; Bao, MS; Zhang, YS; Wang, L; Wu, XL; Hu, DL; Liu, YJ; Yu, YL; Wang, LY. A human microsatellite DNA-mimicking oligodeoxynucleotide with CCT repeats negatively regulates TLR7/9-mediated innate immune responses via selected TLR pathways. Clin. Immunol 2010, 134, 262–276. [Google Scholar]

	35. 
Yang, G; Wan, M; Zhang, YS; Sun, LG; Sun, R; Hu, DL; Zhou, XJ; Wang, L; Wu, XL; Wang, LY; Yu, YL. Inhibition of a C-rich oligodeoxynucleotide on activation of immune cells in vitro and enhancement of antibody response in mice. Immunology 2010, 131, 501–512. [Google Scholar]

	36. 
Schmittgen, TD; Livak, KJ. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc 2008, 3, 1101–1108. [Google Scholar]





















© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
72

[ 1ODNmt0] treatment

48

&

A

Q

5+ EE Control

T ¥ T T T ¥ T
< o (o] —

-XUNI JO [2A9] VNRIW QAR

1
()

Time (h)

[ ODNmt01 treatment

&)

S

5+ @ Control

T L T X T T T
< o (o} -

[-US3R[[02 JO [OA] YNJW QATIE[RY

(0

Time (h)





nav.xhtml


  ijms-12-02543


  
    		
      ijms-12-02543
    


  




  





media/file5.png
24h 48
[ ||

h 72h 9 h

- - |
Sp7 "-q&-
runx-2 -----.—--
collagen- |
OPG
RANKL & e o e e e o -
B -actin - D TS e Swp e CEED G

1.0 0 10 0 10 0 10 0
Concentration of ODN MTO01 (pg/ml)





media/file3.png
5+ [ Control

[ ODNmtO] treatment

1dS JO 1A VARIW SATRIN]





media/file0.png
0D495

9

10

11 PBS





media/file1.png
[—]ODN302
| ez ODN685

E=ODNO0200

res

IO IO
# §\§§§§ o

~

120 + < ODNmt01

(8/n) Ananoe g1V

Time (h)





media/file2.png





media/file6.png





