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The combined effects of BMPs and ATRA on osteoclastogenesis 

Abstract 

Bone regenerative heterodimeric bone morphogenetic protein 2/7 (BMP2/7) enhances and all-trans retinoic acid 

(ATRA) inhibits osteoclastogenesis. In this study, we aimed to test the combined effect of BMP2/7 and ATRA 

on osteoclast formation and activity. ATRA (1µM) ± BMP2/7 (5 or 50ng/ml) was added in murine pre-

osteoclasts cell line RAW264.7 culture. Osteoclastic gene expression, osteoclast formation and activity were 

analyzed. BMP2/7 robustly enhanced osteoclastogenic gene expression, TRAP activity, osteoclastogenesis, and 

osteoclast activity. Interestingly, ATRA completely inhibited osteoclast formation and activity in presence or 

absence of BMP2/7. Pan-antagonist of retinoic acid receptors (RARs) and antagonist of RARα, β or γ also failed 

to reverse the inhibitory effect of ATRA on osteoclastogenesis suggesting that the inhibitory effect of ATRA on 

osteoclastogenesis was not via RA-RARs signaling. ATRA strongly inhibited Rank and Nfatc1 expression. In 

conclusion, ATRA inhibits BMP2/7 induced osteoclast formation and activity possibly via RANK-RANKL 

pathway. Our findings from previous and current study suggest that combination of ATRA and BMP2/7 could 

be a novel approach to treat hyperactive osteoclast-induced bone loss such as in inflammation induced severe 

osteoporosis and bone loss caused by cancer metastasis to bone.  

Keywords: Heterodimeric bone morphogenetic protein 2/7; all-trans retinoic acid; osteoclastogenesis; 

osteoclast activity; bone loss; bone regeneration  
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Introduction 

Bone remolding is a tightly regulated process relying on balanced actions of bone-resorbing osteoclasts and 

bone-forming osteoblasts. A delicate regulation of this process is a prerequisite for normal bone homeostasis, 

and an imbalance is often linked to metabolic bone diseases, such as osteoporosis and osteophytes [1]. During 

osteoporosis, osteoclast activity is often elevated leading to bone destruction. Oral inflammatory disease 

periodontitis and other systemic inflammatory diseases such as rheumatoid arthritis stimulate the formation and 

activity of osteoclasts, resulting excessive bone loss [2, 3]. Hyperactive osteoclast activity cause osteolysis and 

bone loss during cancer metastasis to bone [4].Currently available bone anabolic therapeutic agents such as 

parathyroid hormone and vitamin D promote bone regeneration via activation of osteoblast activity [5, 6]. 

Considering the fact that bone loss during systemic inflammation is caused by less osteoblast activity and high 

osteoclast activity, combined drug therapy that enhances osteoblast activity and inhibits osteoclast activity might 

be a smart approach. 

BMPs are members of TGF-β superfamily, which are considered to be a positive regulator of bone 

formation and have been shown in numerous studies as stimulators of osteogenesis [7]. BMPs bind to BMP 

receptor type I and II and initiate downstream signaling mainly SMADs [8]. BMPs signaling also occurs 

through SMAD-independent pathways via mitogen-activated protein kinases i.e., ERK, p38MAPKs, JNK [9, 

10]. Genetic engineering allows the production of large amounts of BMPs for clinical use, and clinical trials 

have shown the benefits of FDA-approved recombinant human BMP2 and BMP 7 [11]. BMP2/7 not only has 

bone anabolic effect, but also inhibits breast cancer metastasis [12]. In our previous studies, we reported that 

BMP2/7 heterodimer at low-dose (5–50ng/mL), on one hand, robustly enhance osteoblastogenesis compared to 

BMP2 or BMP7 alone [13], on other hand enhance the RANKL-mediated osteoclastogenesis [14].This double 

edge sword like properties of BMPs is a serious concern about use of BMPs as therapeutic agents for bone 

regeneration during osteoclast-induced bone loss. Therefore, a therapeutic agent that can reverse pro-

osteoclastogenic effect of BMP2/7 without affecting osteoblast differentiation might address this concern. 

ATRA, an active metabolite of vitamin A, is required for normal growth and is an important factor for 

skeletal development and metabolism [15-19]. In our previous study, we found that ATRA has a moderate 

inhibitory effect on osteogenic differentiation of precursor cells and BMP2/7 almost reveres this effect [20]. 

Retinoic acid (RA) inhibits osteoclast formation via inhibition of NFATc1 and RANK [21-23]. If ATRA could 

reverse the stimulatory effect of BMP2/7 on osteoclast formation and activity, ATRA might be a novel drug to 

combine with BMP2/7 for bone regeneration in hyperactive osteoclast-induced bone loss. However, the effect of 

combination of ATRA and BMP2/7 on osteoclast formation and activity has not been investigated. 

In this study, we hypothesized that ATRA inhibits physiological as well as BMP2/7 induced 

osteoclastogenesis, and ATRA and BMP2/7 combined therapy could be a novel approach for bone regeneration 

in hyperactive osteoclast-induced bone loss. We cultured osteoclast precursors in presence of BMP2/7 and/or 

ATRA and analyzed the effects of osteoclast formation and activity. Tartrate resistant acid phosphatase (Acp5), 

calcitonin receptor (Calcr), cathepsin K (Ctsk), Nfatc1, and Rank regulate osteoclastogenesis and osteoclast 

activity [24-27]. We analyzed the effect of BMP2/7 and/or ATRA treatment on Acp5, Calcr, Ctsk, Nfatc1 and 

Rank gene expression. ATRA is suggested to mediate the cellular effects via binding with nuclear retinoic acid 

receptors (RARα, β, γ) [28]. We investigated the role of RA-RARs signaling to understand the mechanism of 

anti-osteoclastogenic effect of ATRA.  
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Material and methods 

Cell culture 

Murine pre-osteoclasts cell line(RAW264.7, ATCC, Cell Bank of Chinese Academy of Sciences), were cultured 

in Dulbecco’s minimum essential medium (Gibco, Invitrogen) containing 10% fetal bovine serum (FBS, Gibco 

Invitrogen Corp., Grand Island, NY), and the medium was changed every three days. Cultures at ~80% 

confluency were trypsinized and used for different experiment described below. The medium was replaced 

every 3 days.  

Cell viability assay 

Cells were seeded at a concentration of 2x104 cells/well in 48-well plates. Cultures were treated with or without 

ATRA (1μΜ, Sigma-Aldrich, St. Louis, MO, USA) and BMP2/7 (5 or 50ng/ml, R&D Systems Inc., 

Minneapolis, MN). Cell viability was determined at day 1, 3, 5 and 7 using alamar blue cell viability assay 

(Invitrogen Corporation, Carlsbad, CA, USA).The fluorescent intensity was measured using a fluorescence 

spectrometer (Spectra Max M5 Molecular Devices, Sunnyvale, CA, USA) at EX 540nm/EM 590nm. 

Real-time RT-PCR for osteoclast-specific gene 

Cells were seeded at concentration of 2x105 cells/well in six-well plates. Cultures were treated with BMP2/7 (5 

or 50ng/ml) and rhRANKL (50ng/ml) ± ATRA (1μΜ) for 7 days. To analyze whether ATRA-mediated effect on 

osteoclast formation is via RARs activation, we added pan-RAR antagonist AGN (10nM, apexbt 194310) in 

some cultures for 4 days. Total RNA was extracted using RNeasy Mini Kit and RNase-Free DNase Set (Qiagen 

GmbH, Hilden, Germany). Real-time-PCR was performed using Prime Script TM RT Reagent Kit, SYBR Premix 

ExTaq TM (TaKaRa Biotechnology, Dalian, China), and ABI PRISM 7900HT Fast Real-Time PCR System with 

384-Well Block Module (Applied Biosystems, Foster City, CA) to quantify the osteoclastic gene expression. We 

also quantified the expression of Rarα, Rarβ, and Rarγ in osteoclast proginetors. To assess the quality of the 

extracted RNA and as an internal Real-time PCR standard, all results were normalized to the housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (Gapdh). The primers’ sequences (synthesized by Haojia 

Biotechnology Co., Ltd. Shanghai, China) were used (Table 1).  
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Gene Accession No. Primers (F=forward; R=reverse) 

Acp5 

(Acid 

Phosphatise5, 

Tartrate 

resistant) 

NM_007388.2 F: 5’- GGAAATGGCCAATGCCAAAG-3’;  

R: 5’- ATCATGGTTTCCAGCAGCAC-3’ 

Ctsk 

(Cathepsin K) 

NM_007802.3 F: 5’- CAGCAGAACGGAGGCATTGA-3’;  

R: 5’- CTTTGCCGTGGCGTTATACATACA-3’ 

Calcr 

(Calcitonin 

Receptor) 

Rank 

 

Nfatc1 

 

Rarα 

 

 

Rarβ 

 

Rarγ 

 

 

NM_007588.2 

 

 

AF_019046.1 

 

EU_887572.1 

 

NM_001177302 

 

 

NM_001042727 

 

NM_001042727 

F: 5’- TTACCGACGAGCAACGCCTAC-3’;  

R: 5’- AGCAAGTGGGTTTCTGCACTCA-3’ 

 

F: 5’- CACACCCAGGACTATCATCAT-3’; 

R: 5’- CCCACCAAAGCATCTTCTGA -3’ 

F: 5’- TGGTGGCTTACCTTTCCCAA-3’; 

R: 5’-GCTCTTCACAGTCGTGCGAA-3’ 

F: 5’- AGCAGGCTCTACCTTGCCCT-3’; 

R: 5’-CAGTGGAAACCCAGCAGGAA-3’ 

F: 5’-AAGTTAGTCTGCCGTCTGGAC-3’; 

R: 5’-TTGCCCATACCTTCAAGCAT-3’ 

F: 5’-TGTGTTCATCCCTGTCCTGT-3’; 

R: 5’-CGAAAGGCAGTGCTGAGATT-3’ 

Gapdh NM_007393 F: 5’-TGCCAGCCTCGTCCCGT GAC-3’; 

R: 5’-CCTCACCCCATTTGATGTTAG-3’ 

Table 1. Primer sequences for real-time quantitative polymerase chain reaction analysis of the expression of Acp5 (Acid 

Phosphatise5, Tartrate resistant), Ctsk (Cathepsin K), Calcr (Calcitonin Receptor), Rank,Nfatc1 (nuclear factor of activated 

T-cells cytoplasmic 1, Rarα ( retinoic acid receptor), Rar,  and Rarγ genes. 

TRACP activity assay 

Cells were seeded at a concentration of 2x104 cells/well in 48-well plates. Cultures were treated with BMP2/7 (5 

or 50ng/ml) and rhRANKL (50ng/ml, PeproTech Inc., Rocky Hill, NJ) ± ATRA (1μΜ) for 7 days. At day 7 cell 

lysate was prepared in 200μl/well of 0.2% Triton X-100. Relative TRACP activity was determined using 

TRACP detection solution as described previously [29]. The total protein content was measured using a 

commercial BCA Protein Assay kit (Beyotime Institute of Biotechnology, Shanghai, China). The relative 

TRACP activity was normalized by total protein content. 

Osteoclast number and histomorphological analysis 

Cells were seeded at concentration of 1.5x104 cells/well in 96-well plates. Cultures were treated by BMP2/7, 

BMP2 homodimer, or BMP7 homodimer (50ng/ml), rhRANKL ± ATRA (1μΜ). To test the role of individual 

RAR on ATRA-mediated inhibition of osteoclast formation, we added the RARα-antagonist ER50891 (1.5μΜ, 

http://en.wikipedia.org/wiki/Polymerase_chain_reaction
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Cat.No.3823, TOCRIS.), RARβ-antagonist LE135 (1.5μΜ, Cat.No.2021, TOCRIS.) or RARγ-antagonist 

MM11253 (1.5μΜ, Cat.No.3822, TOCRIS.) in some cultures. After 7 days of culture, the cells were processed 

to TRACP staining (TRACP kit, Sigma-Aldrich). TRACP positive (brown-red staining) multinucleated cells (≥3 

nuclei) were regarded as osteoclasts.  Applying a random sampling protocol, the number of TRACP positive 

multinucleated cells were counted using a combination of light and fluorescence microscopy (Leica DFC320; 

Leica Microsystems, Wetzlar, Germany) at a final magnification of 100x, and cells were categorized into 1 of 

the following groups: total number of osteoclasts with ≥3 nuclei, and osteoclast categorized based on number of 

nuclei: 3–5 nuclei, 6–10 nuclei and >10 nuclei. Total surface area of osteoclasts and surface area of an osteoclast 

were also analyzed. 

Osteoclast activity assay 

Cells were seeded at a concentration of 4x104 cells/well in 24-well Osteoclast Activity Assay Substrate plates 

(OAAS, OCT USA, Inc., Irvine, CA). Cultures were treated with BMP2/7 (5 or 50ng/ml) and rhRANKL 

(50ng/ml) ± ATRA (1μΜ) for 7 days. Cultures were washed with 6% sodium hypochlorite solution to remove 

the cells. The wells were examined in a Nikon microscope with NIS-Elements F2.20 and photographed in color 

at a final magnification of 100X. Approximately 24 photomicrographs were collected per well using a 

systematic random-sampling strategy. The photomicrographs were printed in color for histomorphometric 

analysis. The resorption areas that exhibited white color on the pale brown background were measured using the 

point-counting technique [30].  

Statistical analysis 

Each experiment was performed 3 times, and each time in triplicates. All the data are presented as mean±SD. 

Comparisons among the groups were made by one-way analysis of variance (ANOVA). Post Hoc comparisons 

were made using Bonferroni corrections. The level of significance was set at p<0.05. SPSS software (version 20) 

for a Windows computer system was employed for the statistical analysis. 

 

Results 

ATRA reduced cell viability on day 3, 5 and 7 

BMP2/7 and/or ATRA treatment did not affect the cell viability at day 1. BMP2/7 (50ng/ml) treatment enhanced 

cell viability by 1.2-fold compared to control group at day 3, and ATRA reversed this effect. BMP2/7 (5 or 50 

ng/ml) treatment did not affect cell viability at other time points. ATRA treatment reduced cell viability at day 3, 

5 and 7 compared to control group (Figure 1). Cell viability was lower in ATRA+BMP2/7 (5 ng/ml), 

ATRA+BMP2/7 (50 ng/ml) groups compared to BMP2/7 (5 ng/ml) and BMP2/7 (50 ng/ml) group respectively 

(Figure 1).  
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Figure 1. ATRA (1 µM) inhibited osteoclast precursor cell proliferation in presence or absence of BMP2/7 (5 or 50 

ng/ml). Values are mean ± SD, from 3 independent experiments, n=9. Significant effect of ATRA or BMP2/7 treatment, 

****: p<0.001, n.s.: no significant difference.  

 

ATRA reduced TRACP activity  

TRACP activity was increased exponentially from day 1 to day 7 in control and BMP2/7 (5 or 50 ng/ml) groups 

(Figure 2). On day 3, 4, 5, 6, and 7, ATRA brought the TRACP activity back to the level of day 1, in presence or 

absence of BMP2/7 (5 or 50 ng/ml) (Figure 2). 

 
Figure 2. ATRA (1 µM) inhibited TRACP activity in osteoclastogenesis cultures, in presence or absence of BMP2/7 

(5 or 50 ng/ml). Values are mean ± SD, from 3 independent experiments, n=9.  
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ATRA treatment down regulated Calcr, Acp5, and Ctsk gene expression levels in both presence and 

absence of BMP2/7 

Calcr, Acp5, and Ctsk gene expression was upregulated on day 4 and 7 compared to day 1 in control group 

(Figure 3A). BMP2/7 (5 or 50ng/ml) upregulated Calcr gene expression compared to control group on day 4 

(Figure 3A). BMP2/7 (50ng/ml) upregulated Acp5 gene expression on day 4 and 7 compared to control group 

(Figure 3B). BMP2/7 (50ng/ml) upregulated Ctsk gene expression on day 4 and 7 compared to control and 

BMP2/7 (5ng/ml) groups (Figure 3C). ATRA treatment did not affect Calcr, Acp5, and Ctsk gene expression 

(Figure 3A, 3B and 3C) at day 1. ATRA treatment downregulated Calcr, Acp5, and Ctsk gene expression on day 

4 and 7 compared to control and BMP2/7 (5 or 50ng/ml) groups (Figure 3A, 3B and 3C). 

 
Figure 3. BMP2/7 (5 or 50 ng/ml) ± ATRA (1 µM) modulated Acp5, Calcr, and Ctsk expression in RAW264.7 cells at 

day 1, 4 and 7. Values are mean ± SD, from 3 independent experiments, n=9. Significant effect of the treatment *P<0.05, 

**P<0.01, **** p<0.001, n.s.: no significant difference.   

 

BMP2/7 treatment enhanced osteoclast formation and ATRA completely block osteoclast formation 

In this study, osteoclast size varied from Ø20 to Ø1500 μm. In the BMP2/7 group osteoclast mean size was 

Ø1000μm. BMP2/7 5 ng/ml-group has more osteoclasts compared to control-group (Figure 4A and 4B). More 

osteoclasts with higher TRACP intensity were observed in BMP2/7 50 ng/ml-group compared to those in 

control-group and BMP2/7 5 ng/ml-group (Figure 4A, 4B and 4C). In ATRA treated group osteoclasts were 

hardly observed (Figure 4D). Osteoclasts total surface area was slightly higher in BMP2/7 5ng/ml-group 

compared to control group (Figure 4E). Osteoclast total surface area was 2-fold and 1.7-fold higher in BMP2/7 

50 ng/ml-group compared to control and BMP2/7 5 ng/ml-group respectively (Figure 4E). Number of 

osteoclasts in BMP2/7 50 ng/ml-group was 2-fold higher compared to control and BMP2/7 5 ng/ml-group 
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respectively (Figure 4F). BMP2/7 (5 or 50 ng/ml) treatment did not affect average surface area/osteoclast 

(Figure 4G). Total surface area of osteoclasts, numbers of osteoclasts and average surface area/osteoclasts were 

almost nil in ATRA treated groups (Figure 4E, 4F and 4G).  

BMP2 or BMP7 homodimers did not influence total osteoclastogenesis (Figure 5A and 5B). BMP2/7 

enhanced osteoclastogenesis by 1.4-fold compared to control group (Figure 5B). Interestingly, ATRA was able 

to block osteoclastogenesis in presence of BMP2, BMP7 or BMP2/7 (Figure 5A and 5B). Higher number of 

nuclei and surface area of osteoclasts indicates higher osteoclast activity. Number of osteoclasts with >10 nuclei 

in BMP2/7-group was 5.5-, 2.3-, and 3.6-fold higher compared to in control, BMP2 and BMP7-group 

respectively (Supplementary Figure 1). However, among these groups, there was no difference in number of 

osteoclasts with 3-5 and 6-10 nuclei (Supplementary Figure 1). 

 
Figure 4. BMP2/7 (5 or 50 ng/ml) ± ATRA (1 µM) modulated osteoclast morphology. (A to D) Representative 

microscopic image of osteoclast morphology in different groups: (A) control, (B) 5 ng/ml BMP2/7, (C) 50ng/ml BMP2/7, 

and (D) 50 ng/ml BMP2/7+ATRA. (E to G) Semi-quantitative analysis of osteoclast morphology: (E) surface area of 

osteoclasts, (F) number of osteoclasts, and (G) average surface area of an osteoclast. Whitish circular structure with TRACP 

positive dark brown nuclei is osteoclast. All data are presented as mean ± SD, from 3 independent experiments, n=9. 

Significant effect of the treatment, *P<0.05, ****p<0.001.  
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Figure 5. BMP2/7 (5 or 50 ng/ml) ± ATRA (1 µM) modulated osteoclastogenesis. (A) Representative microscopic 

image of osteoclast formed in different groups: Control, 5 ng/ml BMP2/7, 50 ng/ml BMP2/7, and 50 ng/ml BMP2/7+ 1 µM 

ATRA. Red arrow indicates the TRACP-positive multinucleated osteoclast. (B) Semi-quantitative analysis osteoclast 

numbers. All data are presented as mean ± SD, from 3 independent experiments, n=9. Significant effect of the treatment, 

****p<0.001, Significant difference also existed compared to the indicated group: a no BMP2/7 + ATRA, 27 BMP2/7 + no 

ATRA, 27a BMP2/7 + ATRA, 2 BMP2 + no ATRA, 2a BMP2 + ATRA, 7 BMP7 + no ATRA, 7a BMP7 + ATRA.  

 
Supplementary Figure 1. Semi-quantitative analysis of osteoclast numbers based on number of nuclei in different 

groups from Figure 5A: 50 ng/ml BMP2/7, 50 ng/ml BMP2, 50 ng/ml BMP7 in presence or absence of 1 µM ATRA. All 

data are presented as mean ± SD, from 3 independent experiments, n=9. Significant effect of the treatment, ****p<0.001, 

Significant difference also existed compared to the indicated group: a no BMP2/7 + ATRA, 27 BMP2/7 + no ATRA, 27a 

BMP2/7 + ATRA, 2 BMP2 + no ATRA, 2a BMP2 + ATRA, 7 BMP7 + no ATRA, 7a BMP7 + ATRA. 

 

BMP2/7 enhanced and ATRA completely blocked osteoclast activity 
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More calcium phosphate resorption pits were visualized in BMP2/7 5 ng/ml-group compared to control group 

(Figure 5A and 5B). Similarly, calcium phosphate resorption pits were more in BMP2/7 50 ng/ml-group 

compared to in control and BMP2/7 5 ng/ml-group (Figure 6A, 6B and 6C). Calcium phosphate resorption pits 

were not observed in ATRA treated groups (Figure 6D). Quantitative analysis of surface area of calcium 

phosphate resorption pits indicated that resorption pits surface area was 2.4-fold higher in BMP2/7 5 ng/ml-

group compared to control-group (Figure 6E). Moreover, in BMP2/7 50 ng/ml-group resorption pits area was 

3.4-fold and 1.4-fold higher compared to in control and BMP2/7 5 ng/ml-group respectively (Figure 6E), 

showing dose dependent effect of BMP2/7 on osteoclast activity. Resorption pit surface area was almost zero in 

ATRA treated groups (Figure 6E). 

 
Figure 6. BMP2/7 (5 or 50 ng/ml) ± ATRA (1 µM) modulated osteoclast activity. Representative microscopic image 

of calcium phosphate resorption by osteoclasts in different groups: (A) control, (B) 5 ng/ml BMP2/7, (C) 50ng/ml BMP2/7, 

and (D) 50 ng/ml BMP2/7+ATRA. (E) Semi-quantitative analysis of area of resorption pits. All data are presented as mean ± 

SD, from 3 independent experiments, n=9. Significant effect of the treatment Significant effect of the treatment, 

****p<0.001. 

 

Inhibitory effect of ATRA on osteoclastogenesis was independent to RARs activation 

We found that Rarα, Rarβ, and Rarγ were expressed in RAW264.7 cells. ATRA+BMP2/7 treatment upregulated 

Rarα expression compared to in control, ATRA, and BMP2/7 groups (Supplementary Figure 2). ATRA and/or 

BMP2/7 did not affect Rarβ expression. ATRA upregulated Rarγ expression, but BMP 2/7 downregulated Rarγ 

compared to in ATRA+BMP2/7 group (Supplementary Figure 2). 

              BMP2/7 (50 ng/ml) upregulated Rank and Nfatc1 gene expression by ~3-fold compared to control 

group. ATRA treatment nullified this effect. The expression of Rank and Nfatc1 gene was decreased in the 

presence of ATRA even with BMP2/7 and/or ANG (pan-RAR antagonist). AGN did not rescue the inhibitory 

effect of ATRA on Rank and Nfatc1 gene expression (Figure 7), indicating that anti-osteoclastogenic effect of 

ATRA is not via activation of RARs signaling.  

Slightly higher number of osteoclasts was observed in RARα-antagonist ER50891 treated group 
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compared to the groups treated with other RAR antagonists (Figure 8A). However, no osteoclast was observed 

when RARα-antagonist ER50891, RARβ-antagonist LE135, and RARγ-antagonist MM11253 were added in 

culture in combination with ATRA (Figure 8A). Quantitative analysis of osteoclast number indicated that 

RARα-antagonist ER50891 stimulated osteoclast formation, but ER50891 was unable to rescue the ATRA-

mediated inhibition in osteoclast formation (Figure 8A and 8B). RARβ-antagonist LE135 or RARγ-antagonist 

MM11253, did not affect osteoclast formation when treated individually or in combination with ATRA (Figure 

8A and 8B). This finding clearly indicates that ATAR-mediated inhibition in osteoclastogenesis was not via 

RARα, RARβ, RARγ. Numbers of osteoclasts with different numbers of nuclei (3-5, 6-10 and >10) due to effect 

of different RARs- antagonists or inhibitors ± ATRA are shown in Supplementary Figure 3. 

 
Supplementary figure 2. Expression of Rarα, Rarβ, and Rarγ in RAW264.7 cells. All data are presented as mean ± SD, 

from 3 independent experiments, n=9. Significant difference with compared to the indicated group, 27 BMP2/7, 27a BMP2/7 

+ ATRA. Rarα: retinoic acid receptor α, Rarβ: retinoic acid receptor β, Rarγ: retinoic acid receptor γ. 

 

 
Figure 7. ATRA reverserd BMP2/7-induced Rank and Nfatc1 gene expression in osteoclast proginetors. All data are 

presented as mean ± SD, from 3 independent experiments, n=9. Significant effect of the treatment compared to the indicated 

group: 27 BMP2/7. AGN: pan-RAR antagonist AGN. 
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Figure 8. Individual RAR antagonist and pan-RAR antagonist were unable to rescue the inhibitory effect of ATRA on 

osteoclastogenesis. (A) Representative microscopic image of osteoclast formed in presence of BMP2/7 and/or ATRA ± 1.5 

μΜ ER or 1.5 μΜ LE, or 1.5 μΜ MM at day 7. Red arrow indicates the TRAP-positive multinucleated osteoclast. (B) Semi-

quantitative analysis of osteoclast numbers from the groups mentioned in Figure 8A. All data are presented as mean ± SD, 

from 3 independent experiments, n=9. Significant effect of the treatment, ****p<0.001, Significant difference also existed 

compared to the indicated group: a ATRA, e ER + no ATRAP, ea ER + ATRA, l LE + no ATRA, la LE + ATRA, m MM + no 

ATRA, ma MM + ATRA. ER: RARα-antagonist ER50891, LE: RARβ-antagonist LE135, and MM: RARγ- antagonist 

MM11253. 
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Supplementary Figure 3. Semi-quantitative analysis of osteoclast numbers from the groups mentioned in Figure 8A 

based on number of nuclei. All data are presented as mean ± SD, from 3 independent experiments, n=9. Significant effect of 

the treatment, ****p<0.001, Significant difference also existed in compared to indicated group: a ATRA, e ER + no 

ATRAP, ea ER + ATRA, l LE + no ATRA, la LE + ATRA, m MM + no ATRA, ma MM + ATRA. ER: RARα-antagonist 

ER50891, LE: RARβ-antagonist LE135, and MM: RARγ- antagonist MM11253. 

 

Discussion 

BMP2/7, on one hand, enhances osteogenic differentiation and bone formation, on the other hand, stimulates 

osteoclast formation and activity. Use of BMP2/7 as a bone anabolic agent possesses the risk during hyperactive 

osteoclastogenesis-caused bone degenerative diseases, since instead of preventing it might accelerate osteoclast-

mediated bone loss. Combination of BMP2/7 with ATRA might eliminate such risk since ATRA inhibits 

osteoclast formation and activity. However, the effects of BMP2/7 and ATRA in osteoclast formation and 

activity, and molecular mechanisms behind the effect have not been investigated yet. In this study, we found that 

BMP2/7 enhanced osteoclastogenesis related gene expression, osteoclastogenesis, and osteoclast activity. ATRA 

alone or in combination with BMP2/7 downregulated osteoclastogenesis related gene expression and almost 

block the osteoclastogenesis and activity. This effect of ATRA was independent to RARs activation. In this study, 

ATRA inhibited BMP2/7-induced Rank and Nfatc1 expression, suggesting ATRA-mediated inhibition in 

osteoclastogenesis might be directly via RANK-RANKL or NFATc1 related signaling. 

A high dose of BMP2 or BMP7 needs to be administrated systemically to treat bone loss or 

osteoporosis, which possesses a risk of systemic adverse effect [31-33]. We recently have reported that a low 

concentration of BMP2/7 has a higher potency on osteoblastogenesis compared to BMP2 or BMP7 homodimer 

[13]. In this study, we found that low-dose BMP2/7 enhanced expression of osteoclastogenesis related genes, 

osteoclast formation and activity, that might accelerate bone loss instead of preventing. This finding is in 

accordance with the findings form our previous study [14]. ATRA has been reported to inhibit osteoclast 

formation and activity [21-23]. In this study, ATRA alone or in combination with BMP2/7 inhibited expression 

osteoclastogenesis related genes: Rank, Nfatc1, Calcr, Acp5, and Ctsk. Moreover, ATRA alone or in combination 

with BMP2/7 almost nullified osteoclast formation and activity. This is the first study reporting the effect of the 

combination of ATRA and BMP2/7 on osteoclast formation and activity. Our findings provide insights on the 
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possibility of using the combination of ATRA and BMP2/7 to treat hyperactive osteoclast-mediated bone loss.  

In the absence of ATRA, the cell viability curve showed a bell-shaped, time-dependent tendency in the 

treatment of BMP2/7. The highest cell viability was 50ng/ml BMP2/7 in day 3, and after 3 days treatment, there 

was no difference between control group and BMP2/7 groups. It is consistent with our previous study, and 

showed that BMP2/7 has an earlier effect on osteoclast precursor proliferation [14]. However, in the presence of 

ATRA, the cell viability was significantly inhibited from day 3 to day 7, and BMP2/7 did not reverse the 

inhibitory effects of ATRA. Hu and colleagues reported that retinoic acid enhances osteoclast progenitor’s 

proliferation [34]. This discrepancy might be due to cell line and concentration of retinoic acid related, i.e Hu 

and colleagues used human osteoclast precursors and we used murine osteoclast precursors, moreover Hu and 

colleagues used retinoic acid (4 nM) and we used ATRA (1μM). Although the presence of RANKL is 

indispensable for the stimulating effect on osteoclast formation, ATRA still inhibited the TRACP activity in the 

presence of RANKL. We found that ATRA inhibited RANK expression in osteoclast precursors. Therefore, 

ATRA-mediated inhibition of BMP2/7-induced osteoclastogenesis might be via RANK-RANKL pathway.  

We found that BMP2/7 (5 or 50 ng/ml) did not affect TRACP activity in different time points tested. 

Interestingly, ATRA inhibited TRACP activity and even BMP2/7 was unable to rescue this inhibitory effect of 

ATRA. In contrast, in our previous study, we reported that BMP2/7 (100 or 150 ng/ml) enhances TRACP 

activity [14]. Similarly, Hu and colleagues reported that retinoic acid (RA, 4 nM) does not affect TRACP 

activity [34]. These discrepancies might be dependent to concentration of BMP2/7 and ATRA or RA used. Apart 

from TRACP activity, BMP2/7 significantly enhanced CaP resorption, this is in accordance with the findings 

from our previous study [14]. We found that BMP2/7 enhanced osteoclast differentiation compared to BMP2 or 

BMP7 alone. Similarly, osteoclasts formed under influence of BMP2/7 were bigger in size and have more 

number of nuclei (> 10 nuclei) compared to control, BMP2 or BMP7 alone. More the number of nuclei and the 

surface area of the osteoclast, the bone resorbing activity will be the higher. This clarifies the higher CaP 

resorption in BMP2/7-group. Almost no CaP absorption was observed in ATRA or/and BMP2/7 treated groups, 

this seems obvious since in those group osteoclastogenesis was almost nil. Retinoic acid had been reported to 

induce osteogenic differentiation of mesenchymal stem cells [35]. Furthermore BMP2 and retinoic acid 

cooperate to induce osteogenic differentiation of preadipocytes [36]. Based on the findings from literatures and 

our study, we can at least predict that low dose of ATRA might be able to nullify BMP2/7-induced 

osteoclastogenesis without attenuating osteogenesis.  

In this study Pan-RAR-receptor antagonist and receptor antagonist of RARα, RARβ or RARγ were 

unable to rescue the ATRA-mediated inhibitory effect on osteoclastogenesis, indicating the inhibitory effect was 

independent of RARs signaling. Limitation of this study is that we used the very high dose of ATRA compared 

to physiological dose. Hypervitaminosis A has been reported to play a role in bone loss and osteoporosis. 

Therefore, dose dependent effect of ATRA including physiological dose might provide important insights about 

using ATRA as an anti-osteoclastogenic agent. Bone regeneration is complex process in which both osteoblast 

and osteoclast formation, function and communication are connected to each other [37]. Therefore, future 

studies focused on the effect of ATRA on osteoblast proliferation, differentiation and communications towards 

other cells bone regeneration are crucial. Another limitation of this study is that we only tested the effect on 

BMP2/7 or/and ATRA on murine osteoclast precursors. Results from in vitro studies using cell line cannot be 

translated in vivo, so further studies using human osteoclast precursors or in vivo studies focusing on effects of 
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BMP2/7 and ATRA on osteoclastogenesis are recommended. 

BMP2/7 not only enhances bone regeneration but also inhibits breast cancer propagation and metastasis 

to bone [12]. During cancer and cancer metastasis to bone there is excessive bone loss due to hyperactive 

osteoclast activity, therefore BMP2/7 alone might even induce the osteoclast-mediated bone loss. Combined 

BMP2/7 and ATRA treatment by using local drug delivery approach such as nanoparticles might be a better 

approach to target both metastasized cancer and metastasis-caused osteolysis [38]. Similarly, a combination of 

BMP2/7 and ATRA might be used for implant fixation in excessive bone resorbed implantation area via surface 

modified implants that can load BMP2/7 and ATRA and release locally [39]. Such approaches eliminate 

systemic adverse effect of BMP2/7 and ATRA, and give highest bone anabolic effect on the site of application. 

In conclusion, we reported that BMP2/7 enhanced osteoclastogenesis related gene expression, 

osteoclastogenesis, and osteoclast activity. ATRA alone or in combination with BMP2/7 downregulated 

osteoclastogenesis related gene expression and almost blocked the osteoclastogenesis and osteoclast activity. 

Our findings from previous and current studies suggest that combination of low dose of ATRA and BMP2/7 

could be a novel therapeutic approach to treat hyperactive osteoclast-induced bone loss.  
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