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Bone morphogenetic proteins (BMPs) have been used for orthopedic and dental application due to their osteoinductive properties; however, substantial numbers of adverse reactions such as heterotopic bone formation, increased bone resorption and greater cancer risk have been reported. Since bone morphogenetic proteins signaling exerts pleiotropic effects on various tissues, it is crucial to understand tissue-specific and context-dependent functions of bone morphogenetic proteins. We previously reported that loss-of-function of bone morphogenetic proteins receptor type IA (BMPR1A) in osteoblasts leads to more bone mass in mice partly due to inhibition of bone resorption, indicating that bone morphogenetic protein signaling in osteoblasts promotes osteoclast function. On the other hand, hemizygous constitutively active (ca) mutations for BMPR1A (caBmpr1awt/+) in osteoblasts result in higher bone morphogenetic protein signaling activity and no overt skeletal changes in adult mice. Here, we further bred mice for heterozygous null for Bmpr1a (Bmpr1a+/−) and homozygous mutations of caBmpr1a (caBmpr1a+/+) crossed with Osterix-Cre transgenic mice to understand how differences in the levels of bone morphogenetic protein signaling activity specifically in osteoblasts contribute to bone phenotype. We found that Bmpr1a+/−, caBmpr1awt/+ and caBmpr1a+/+ mice at 3 months of age showed no overt bone phenotypes in tibiae compared to controls by micro-CT and histological analysis although BMP-Smad signaling is increased in both caBmpr1awt/+ and caBmpr1a+/+ tibiae and decreased in the Bmpr1a+/− mice compared to controls. Gene expression analysis demonstrated that slightly higher levels of bone formation markers and resorption markers along with levels of bone morphogenetic protein-Smad signaling, however, there was no significant changes in TRAP positive cells in tibiae. These findings suggest that changes in bone morphogenetic protein signaling activity within differentiating osteoblasts does not affect net bone mass in the adult stage, providing insights into the concerns in the clinical setting such as high-dose and unexpected side effects of bone morphogenetic protein application.
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1 INTRODUCTION
Bone morphogenetic proteins (BMPs) were first described in 1965 as potent bone inducers due to their activities to form ectopic bones when implanted subcutaneously (Urist, 1965). Preclinical studies have demonstrated BMPs’ osteoinductive properties, especially for BMP-2, BMP-7 at 100–300 ng/mL in vitro and around 12 mg/site for new bone formation in vivo (8 mL of 1.5 mg/mL of recombinant human BMP-2) (Sampath and Reddi, 1981; Wozney et al., 1988; Luyten et al., 1989; Wozney, 1992; FDA, 2002). The United States Food and Drug Administration (FDA) has approved BMP-2 and BMP-7 for clinical use in non-union fractures long bone open-fractures, spinal fusion, and alveolar ridge augmentation (Gupta and Khan, 2005; Garrison et al., 2007; White et al., 2007). Genetic studies of human disorders fibrodysplasia ossificans progressiva (Shore et al., 2006) and chondrodysplasia (Thomas et al., 1996) indicate the importance of BMP signaling in the skeleton.
BMPs belong to the transforming growth factor-β (TGF-β) gene superfamily (Massague, 1998; Kishigami and Mishina, 2005) and signal through transmembrane serine/threonine kinase receptors. Upon ligand binding, BMP type I and BMP II receptors form heteromultimers (Wrana et al., 1994), and a constitutively active type II receptor kinase phosphorylates a GS box (a short stretch of the glycine- and serine-rich domain next to the transmembrane domains) in the type I receptor kinase to activate its activity. Activated BMP type I receptor kinases phosphorylate their downstream targets, Smad1, Smad5, and Smad9 proteins, and then interact with Smad4 to translocate into the nucleus (Chen et al., 2004). A point mutation in the GS box, for example, Q233D for BMPR1A and Q207D for ACVR1, makes type 1 receptor kinase activity constitutively active, however, type II receptors are still required for active Smad signaling (Bagarova et al., 2013).
BMP receptor type IA (BMPR1A) is abundantly expressed in bone and is activated by BMP-2 and BMP-4 ligands. Conventional knockout of Bmp2, Bmp4 and Bmpr1a in mice results in embryonic lethality during gastrulation, which is before bone development, because BMPs are critical for the development of key organs including the heart and brain (Mishina et al., 1995; Winnier et al., 1995; Zhang and Bradley, 1996; Mishina et al., 1999). We previously inactivated Bmpr1a in an mature osteoblast-specific manner using Og2-Cre mice (Mishina et al., 2002; Mishina et al., 2004) and Col1a1-Cre mice (Kamiya et al., 2008a; Kamiya et al., 2008b). We also reported osteoblast-specific disruption of Acvr1a (Kamiya et al., 2011). It is interesting that in many cases the mutant mice exhibit more bone volume than littermate controls with some exceptions (Mishina et al., 2004; Kamiya et al., 2008a; Kamiya et al., 2008b; Kamiya et al., 2011). In contrast, gain-of-function of Bmpr1a in osteoblasts did not alter bone mass (Kamiya et al., 2020). Taken together with the facts that disruption of Bmp2 and augmentation of Bmp4 mutant mice both reduced bone mass (Okamoto et al., 2006; Tsuji et al., 2006), the mechanism of BMP signaling in controlling bone mass can be complicated and is not straightforward (Lowery and Rosen, 2018).
Along with the clinical use of BMP-2, it has been emerged that its efficacy and complications may be actual concerns (Woo, 2012a; b; 2013), including bone resorption and osteolysis (Pradhan et al., 2006). In fact, a phase I randomized study showed that the healing of open tibial fractures was not significantly accelerated by a BMP-2 loaded absorbable collagen sponge (Aro et al., 2011) presumably due to the increase in bone resorption (Seeherman et al., 2010). Additionally, various complications have been documented after spinal surgeries (Mroz et al., 2010; Carragee et al., 2011; Dmitriev et al., 2011; Williams et al., 2011), including vertebral resorption and osteolysis (Pradhan et al., 2006).
Studies from mouse genetics have demonstrated that BMPs and their signaling have pleiotropic roles in the different types of cells in the skeletal system, including mesenchymal cells, chondrocytes, osteoblasts, osteoclasts, and osteocytes (Kamiya and Mishina, 2011). To understand the clinical outcomes from BMP therapy, it is critical to define the roles of BMP signaling in bones in a cell type-dependent manner. We are interested to differentiate the impacts of BMP signaling in the early to late osteoblasts at physiologic levels. It is of interest that augmented BMP signaling in bone cells would affect bone resorption and bone mass, leading to a new insight into the potential use of BMPs in a clinical setting. To supplement our previous gene disruption studies, we conditionally activated the BMP-Smad signaling through BMPR1A in mice (caBmpr1a) using Col1-CreERT to report that a small upregulation of BMP-Smad signaling in osteoblasts does not show overt bone phenotypes (Kamiya et al., 2008b; Kamiya et al., 2020). In this study, we used a Osterix-Cre (Rodda and McMahon, 2006) to avoid possible impacts of tamoxifen treatments on bone phenotype. We bred caBmpr1a hemizygous mice to generate homozygous mice for the caBmpr1a transgene to further increase BMP-Smad signaling activity in Osterix-expressing cells to investigate alterations in bone phenotypes.
2 MATERIALS AND METHODS
2.1 Animals
Generation of the null mice for Bmpr1a (B6; 129S7-Bmpr1atm1Bhr/Mmnc, available at MMRRC, #016131-UNC) was previously described (Mishina et al., 1995). The heterozygous null of Bmpr1a were crossed with mice carrying the Tet-off Osterix-Cre (Tg (Sp7-tTA,tetO-EGFP/cre)1Amc, available at Jax Mice, #006361) (Rodda and McMahon, 2006) to obtain Bmpr1a+/−;Osx-Cre and Bmpr1a+/+;Osx-Cre mice. Mice conditionally expressing a constitutively active form of Bmpr1a (caBmpr1a) (B6; 129S7-Tg (CAG-lacZ,-BMPR1A*,-EGFP)1Mis/Mmjax, available at Jax Mice, #012436) (Kamiya et al., 2008b; Komatsu et al., 2013), which has a mutation in Q233D, were bred with mice carrying Osx-Cre to generate caBmpr1a hemizygous (caBmpr1awt/+;Osx-Cre) and homozygous (caBmpr1a+/+;Osx-Cre) mice. Resulting mice showed ligand-independent activation of BMP-Smad signaling after Cre recombination. Because caBmpr1a transgenic line was generated through random transgenesis and we have not identified the inserted region, we differentiated hemizygous mice from homozygous mice by genomic real-time quantitative PCR using a custom designed TaqMan primer set (Yang et al., 2021) and on some occasions, genotyping results are confirmed by breeding with wild type mice. Activation of Osterix-Cre during embryogenesis did not cause lethality or overt morphogenic changes; therefore, we decided not to suppress Cre activity during embryogenesis, and mice were kept on regular diet and never treated with Doxycycline. All mice were kept in a mixed background of 129S7 and C57BL6/J and housed in a 12 h light/dark cycle with ad libitum access to food and water. All mouse experiments in this manuscript were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Michigan, Ann Arbor, and were conducted accordance with ARRIVE guidelines.
2.2 Micro-computed tomography (micro-CT)
Tibiae were harvested from 3-month-old male mice and fixed with 4% paraformaldehyde. The samples were placed in a 19 mm diameter specimen holder and scanned over the entire length of the tibia using a micro-CT system (µCT100 Scanco Medical, Bassersdorf, Switzerland) with voxel size 10 μm, 70 kVp, 114 μA, 0.5 mm AL filter, and integration time 500 ms. A 0.5 mm region of trabecular compartment was analyzed immediately below the growth plate using a fixed global threshold of 26% (260 on a grayscale of 0–1,000, or 569 mg HA/ccm); and a 0.3 mm region of cortical compartment at the midpoint was analyzed using a fixed global threshold of 36% (360 on a grayscale of 0–1,000, or 864 mg HA/ccm). Trabecular bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular number (Tb. N), trabecular separation (Tb. Sp), cortical bone volume fraction (BV/TV), cortical porosity, cortical thickness, bone mineral density (BMD), tissue mineral density (TMD), sub-periosteal area and sub-endosteal area were analyzed using an evaluation software from the manufacture.
2.3 Histology and histomorphometry
Samples were decalcified with 14% EDTA and a series of paraffin bone sections was made at 5 μm followed by hematoxylin and eosin (H&E) staining. For TRAP staining, decalcified samples were embedded in OCT to make 10 μm sections and stained with TRAP solution containing Naphthol AS-BI phosphoric acid, 2.5 M acetate buffer, 0.67 M tartrate solution. We used tibial sections for static histomorphometry. These measurements were made in a blinded, non-biased manner using ImageJ (Egan et al., 2012). The secondary spongiosa restricted to a square area 200 µm distal to the growth plate of the proximal tibia were used as regions of interest (ROIs). We followed the Report of the American Society of Bone and Mineral Research Histomorphometry Nomenclature Committee (Dempster et al., 2013) for measurements.
2.4 Immunohistochemistry
Tibiae were decalcified with 14% EDTA for 2 weeks before paraffin embedding. Deparaffinized sections were treated with 0.01 M citric acid (pH 6.0) for 20 min for antigen retrieval. The sections were treated with 3% hydrogen peroxide and blocking solution, then incubated with the primary phospho-Smad1/5/9 (pSmad1/5/9) antibody (Cell Signaling, cat # 13820, 1:100) at 4°C for 16 h. The sections were then reacted with HRP-conjugated goat anti-rabbit IgG (Abcam, cat # ab64241, no dilution). The ROIs were confined to the trabecular bone under the growth plate of the proximal tibia. The ratio of the number of pSmad1/5/9-positive cells to total cells located on the trabecular bone surface was quantified using ImageJ (Crowe and Yue, 2019).
2.5 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Bone marrow was flushed out from bones and the flushed tibia was used for RNA extraction using TRIzol reagent (Ambion). From 500 ng of RNA, cDNA was generated using SuperScript II cDNA Synthesis (Invitrogen). Gene expression levels were compared between different genotypes using Applied Biosystems ViiA7 platform. Endogenous GAPDH was used to normalize expression levels of each gene. The specificity of amplification was confirmed by checking melting curves. The primers for the SYBR Green quantification method are shown in Supplementary Table S1.
2.6 Cell culture and immunofluorescence staining
Bone marrow stromal cells (BMSCs) were isolated from bone marrows from the tibia of mice at 4 weeks old. Briefly, both ends of each tibia were cut, and bone marrow was flushed out by centrifugation. The collected bone marrow was cultured in 10% FBS/Dulbecco’s Modified Eagle Medium (DMEM) supplemented with antibiotics. BMSCs were seeded on glass coverslips in 24-well plates (5 × 104 cells/well) and maintained in DMEM without FBS for 5 h. Cells were stimulated with 100 ng/mL of recombinant human BMP-2 (rhBMP-2, R&D, cat # 335-BM) for 30 min and then fixed in 4% paraformaldehyde for 20 min. Cells were sequentially incubated in 5% bovine serum albumin for 60 min and pSmad1/5/9 antibody at 4°C 16 h. Alexa Fluor 594 donkey anti-rabbit IgG (1:200, Invitrogen, cat # A32754) was used for fluorescent detection as a secondary antibody. Slides were mounted with ProLong Gold antifade reagent (Invitrogen, cat# P36934). The mean intensity for the red fluorescence per nuclei was measured using ImageJ (Shi et al., 2016).
2.7 Statistical analysis
Statistical analyses were done using one-way analysis of variance (ANOVA) among four groups and followed by a Tukey test. All experiments were done with three biological replicates or more per group. The results are expressed as the mean ± SD.
3 RESULTS
3.1 Increase in BMP signaling activity in caBmpr1a mutant mice
To compare impacts of 4 different levels of BMP-Smad signaling in osteoblasts on adult long bone phenotypes, we set up breeding using conventional null allele for Bmpr1a and conditional constitutively activated Bmpr1a transgenic mouse line (caBmpr1a) to generate Bmpr1a+/−, Bmpr1a+/+ (wild type), caBmpr1awt/+ and caBmpr1a+/+ mice, which we previously generated in our group (Mishina et al., 1995; Kamiya et al., 2008b; Komatsu et al., 2013). To achieve osteoblast-specific expression of caBmpr1a, we used Osterix-Cre mouse line of which Cre activity can be suppressed by Doxycycline for stage-specific genomic manipulation (Rodda and McMahon, 2006; Song et al., 2012). However, induction of caBmpr1a expression during embryogenesis did not lead to lethality or overt morphogenetic changes, we decided to keep breeding pairs and resulting pups on regular chow to maintain Cre activity throughout the experiments. To avoid misleading of the phenotypes that could be caused by presence of Osterix-Cre, but without Cre-dependent recombination (Razidlo et al., 2010; Davey et al., 2012; Wang et al., 2015), we selected mice carrying Osterix-Cre in 4 different genotypes of mice for comparisons.
At 12 weeks of age, the body weights of Bmpr1a+/−;Osx-Cre, caBmpr1awt/+;Osx-Cre and caBmpr1a+/+;Osx-Cre mice were close to each other including controls (Bmpr1a+/+;Osx-Cre) in both sexes (Figure 1A). The levels of Id1, one of the direct targets of BMP-Smad signaling, upregulated in both caBmpr1awt/+;Osx-Cre (4.6-fold) and caBmpr1a+/+;Osx-Cre (5.8-fold) tibiae, and downregulated in the Bmpr1a+/−;Osx-Cre (0.5-fold) at 3 months compared to controls (Figure 1B). For canonical BMP signaling, the levels of phosphorylated forms of Smad1/5/9 in osteoblast lineage cells (brown-stained cells at the bone surface) were significantly higher in both the trabecular bone of the caBmpr1awt/+;Osx-Cre (2.3-fold) and caBmpr1a+/+;Osx-Cre (4.5-fold) tibiae and lower in the Bmpr1a+/−;Osx-Cre (0.6-fold) at 3 months compared to controls (Figures 1C, D).
[image: Figure 1]FIGURE 1 | Genotype dependent upregulation of BMP-Smad signaling activity. (A) Body weight of the mice at 12 weeks of age (male: n = 5 for each group, female: n = 7 for each group). (B) Expression levels of Id1, a target gene of BMP signaling, in tibiae were measured at 12 weeks of age (n = 4 male for each group). (C, D) Immunohistochemical detection of phosphorylated form of Smad1/5/9 in tibiae at 12 weeks of age. pSmad1/5/9-positive cells (brown staining) were marked by red arrows. Higher magnification photos are also shown. Scale bar = 50 µm (D). The ratio of pSmad1/5/9-positive cells (brown + blue) to total cells (blue) on the bone surface of the trabecular bone was analyzed (n = 4 male for each group) (C). ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.
3.2 No overt skeletal changes in Bmpr1a heterozygous null and caBmpr1a mutant mice
Micro-CT analysis for the trabecular compartments of the tibia at 3 months showed no overt differences in BV/TV, BMD, Tb.N, Tb.Th, Tb.Sp and Conn.D among groups (Figures 2A, B). For the cortical compartments of the tibia, there were no overt differences in BV/TV, TMD, thickness, porosity, and sub-periosteal area while sub-endosteal area of the caBmpr1a+/+;Osx-Cre tibia was smaller than controls (Figures 3A, B). Morphometric assessment of H&E-stained tibiae revealed no overt differences in BA/TA, Tb.N, Tb.Th and Tb.Sp among groups (Figures 4A, B). In terms of osteoblast number (N.Ob/BS), osteoclast number (N.Oc/BS), osteoblast surface (Ob.S/BS) and osteoclast surface (Oc.S/BS), there were no significant differences among groups.
[image: Figure 2]FIGURE 2 | Micro-CT analysis for trabecular compartments of the male mouse tibia at 12 weeks of age. (A) Micro-CT based 3D images of the mouse proximal tibia. Scale bar = 500 µm. (B) Bone volume (BV/TV), bone mineral density (BMD), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular space (Tb.Sp) and connective density (Conn.D.) were analyzed (n = 5 male for Bmpr1a+/−;Osx-Cre mice, n = 6 male for Bmpr1a+/+;Osx-Cre, caBmpr1awt/+;Osx-Cre, caBmpr1a+/+;Osx-Cre mice).
[image: Figure 3]FIGURE 3 | Micro-CT analysis for cortical compartments of the male mouse tibia at 12 weeks of age. (A) Micro-CT based 2D images of the mouse proximal tibia. Scale bar = 200 µm. (B) Bone volume (BV/TV), tissue mineral density (TMD), thickness, porosity, sub-periosteal (total) area and sub-endosteal (marrow) area were analyzed (n = 5 male for Bmpr1a+/−;Osx-Cre mice, n = 6 male for Bmpr1a+/+;Osx-Cre, caBmpr1awt/+;Osx-Cre, caBmpr1a+/+;Osx-Cre mice). **p < 0.01.
[image: Figure 4]FIGURE 4 | (A) Top, H&E staining of the mouse proximal tibia. Scale bar = 100 µm. Bottom, TRAP staining of the mouse proximal tibia. Scale bar = 50 µm. (B) Bone area/tissue area (BA/TA), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular space (Tb.Sp), osteoblast number/bone surface (N.Ob/BS), osteoblast surface/bone surface (Ob.S/BS), osteoclast number/bone surface (N.Oc/BS), osteoclast surface/bone surface (OcS/BS) were analyzed (n = 7 male for each group). ***p < 0.001, **p < 0.01.
3.3 Modest changes in gene expression of bone formation and bone resorption markers in Bmpr1a heterozygous null and caBmpr1a mutant mice
Quantitative reverse transcribed (RT)-PCR of the tibia showed that the caBmpr1awt/+;Osx-Cre and caBmpr1a+/+;Osx-Cre tibiae exhibited higher expression of bone formation markers such as Col1a1 and Runx2 than the Bmpr1a+/−;Osx-Cre tibiae (Figure 5A). In terms of bone resorption markers, expression levels of Opg, a decoy receptor for RANKL which inhibits osteoclastogenesis, were lower in the caBmpr1awt/+;Osx-Cre and caBmpr1a+/+;Osx-Cre mice than the Bmpr1a+/−;Osx-Cre mice (Figure 5B).
[image: Figure 5]FIGURE 5 | Gene expression for bone formation and bone resorption markers in the male mouse tibia at 12 weeks of age. (A) Bone formation marker genes (Runx2, Col1a1, Ibsp) were analyzed. (n = 4 each group). (B) Bone resorption marker genes (Rankl, Opg, Trap, Ctsk, Mmp9) were analyzed (n = 4 male for each group). **p < 0.01 and *p < 0.05.
3.4 Increased BMP signaling activity in caBmpr1a mutant mice in ligand-dependent and ligand-independent manners
To investigate the BMP signaling activity in each group, phosphorylation levels of Smad1/5/9 (pSmad1/5/9) in bone marrow stromal cells (BMSCs) isolated from tibiae were determined by immunofluorescence intensity of pSmad1/5/9 signal in nucleus after 5 h in culture. BMSCs from the caBmpr1awt/+;Osx-Cre and caBmpr1a+/+;Osx-Cre tibiae exhibited higher pSmad1/5/9 levels than those from the Bmpr1a+/−;Osx-Cre and Bmpr1a+/+;Osx-Cre tibiae without BMP-2 stimulation (Figure 6). With BMP-2 stimulation, BMSCs from the all groups exhibited higher levels of pSmad1/5/9 than those without BMP-2 stimulation. In the presence of BMP-2, BMSCs from the caBmpr1awt/+;Osx-Cre and caBmpr1a+/+;Osx-Cre tibiae exhibited higher levels of pSmad1/5/9 than those from the Bmpr1a+/−;Osx-Cre and Bmpr1a+/+;Osx-Cre tibiae.
[image: Figure 6]FIGURE 6 | Immunofluorescence detection of phosphorylated form of Smad1/5/9 in bone marrow stromal cells (BMSCs) from the mouse tibia. BMSCs were incubated with/without 100 ng/mL of rhBMP-2 for 30 min. Intensity of pSmad1/5/9 (red) in the nucleus was measured (n = 6 male for each group). Scale bar = 50 μm ****p < 0.0001, ***p < 0.001, and **p < 0.01.
4 DISCUSSION
4.1 Overall findings
Upon the discover of BMPs as potent inducers for ectopic bones formation (Urist, 1965), BMPs have been regarded as a golden standard biological means to increase bone mass. However, after over 2 decades of clinical trials and genetic investigations using animal models conducted by our group and others, outcomes of BMP treatment are much more complicated than initially anticipated. We previously demonstrated loss of function of BMP signaling mediated by BMPR1A in osteoblasts results in augmentation of orthotopic bone mass, while osteoblast-specific enhancement of BMPR1A-Smad signaling transgenic mouse line (in which BMPR1A signaling is constitutively activated in early to late osteoblasts) does not cause overt bone phenotypes (Mishina et al., 2004; Kamiya et al., 2008a; Kamiya et al., 2008b; Shi et al., 2018; Kamiya et al., 2020). To gain further insight into the levels of BMP signaling in osteoblasts and bone phenotypes, we took an advantage of the Tet-off Osx-Cre mouse line to prepare mouse lines with four different levels of BMP-Smad signaling in osteoblasts without necessitating tamoxifen injection. As expected, BMP dependent signal, as denoted by phosphorylated Smad 1/5/9, as well as specific target gene Id1, was downregulated in Bmpr1a+/− mice and is elevated more in homozygous mice for caBmpr1a transgene (caBmpr1a+/+;Osx-Cre mice) than in heterozygous mice (caBmpr1awt/+;Osx-Cre mice). However, it is noted that bone mass was not changed in the homozygous transgenic mice. Bone phenotypes were unchanged regarding trabecular and cortical bone structures and static bone parameters for osteoblasts and osteoclasts. The only change we noticed is a small reduction of sub-endosteal area in homozygous mice for the caBmpr1a transgene when compared with Bmpr1a+/+ mice also carrying Osx-Cre. It is noted that both markers for bone formation (Runx2, Col1a1) and resorption (Mmp9, Opg, tendency for Rankl) were significantly augmented by the upregulated BMP signaling in both hemizygous and homozygous caBmpr1a mice, which presumably did not alter the balance of bone metabolic kinetics nor net bone mass. Expression levels of most of the aforementioned genes were not changed between Bmpr1a+/− and Bmpr1a+/+ mice and taken together the facts of no significant changes of levels of pSmad1/5/9 (Figure 1B), Id1 expression (Figure 1C), and response to BMP-2 in culture (Figure 6), these suggest that one copy of Bmpr1a is enough to transduce enough levels of BMP-Smad signaling in Osterix-expressing cells. These data suggest that a small upregulation of BMP-Smad signaling in Osterix-expressing cells does not alter bone phenotypes and also suggest experimental and clinical outcomes of increased bone mass by BMP treatment is due to its impact on other types of cells such as mesenchymal stem cells.
We previously reported that heterozygous conditional mutations of caBmpr1a using 3.2-kb Col1-CreER™ mice results in no overt changes in net bone mass with modest changes in osteoblast and osteoclast activities at 34 weeks of age (Kamiya et al., 2020). In this study, we used Osterix-Cre (Osx-Cre) transgenic mice which are widely used to target immature to mature osteoblasts; they can generate GFP/Cre fusion protein under the control of the Osterix (Sp7) promoter along with a tetracycline responsive element (Rodda and McMahon, 2006). One advantage of use of Osx-Cre is to avoid use of tamoxifen, which may affect bone phenotypes (Broulik, 2000). Because we and others reported that Osx-Cre mice without any floxed regions show some bone phenotypes including a cortical bone phenotype and minor craniofacial defects (Razidlo et al., 2010; Davey et al., 2012; Wang et al., 2015), we used mice carrying Osx-Cre but wildtype for Bmpr1a as controls to compare bone phenotypes and molecular changes.
Unlike an early-stage embryonic lethality caused by conventional homozygous deletion of Bmpr1a (Mishina et al., 1995), we have not noticed developmental defects in heterozygous mutant mice (Bmpr1a+/−). In the adult stage, some of the Bmpr1a heterozygous null mice showed an abnormality in glucose metabolism such as higher glucose response and lower insulin levels in the heterozygous mice (Scott et al., 2009); however, the mutation did not cause overt bone abnormalities as reported here. There is a formal possibility that the absence of bone phenotypes in Bmpr1a+/− mice may be due to reduced BMPR1A-Smad signaling in other types of cells, because this is a global knockout. Although less likely, this possibility can be addressed by using of a conditional allele of Bmpr1a (Mishina et al., 2002), which we previously generated, in combination with Osx-Cre.
One of the limitations of the current study is that only male mice were used to limit possible confounding effects of sex hormones in female mice. We previously reported that heterozygous conditional mutations of caBmpr1a using 3.2-kb Col1-CreER™ mice resulted in no overt changes in net bone mass both males and females (Kamiya et al., 2020). Thus, we expect to see no overt changes in net bone mass in female mice. Although less likely, there is a formal possibility that mice used in this study may demonstrate different bone phenotypes when they age. In the previous study, we analyzed bone phenotypes at 34 weeks after birth (Kamiya et al., 2020), of which phenotypes are similar with these at 12 weeks old. For the cases of loss-of-function studies, when we delete Bmpr1a in an osteoblast-specific manner using Osteocalcin-Cre, the mutant mice showed age-dependent outcomes, i.e., lower bone mass at 1 month of age, and higher bone mass at 10 months than littermate controls (Mishina et al., 2004). In contrast, when we used 3.2-kb Col1-CreER™, the mutant mice consistently showed higher bone mass as late-stage embryos, at weaning stages and at 22 weeks old after birth (Kamiya et al., 2008a; Kamiya et al., 2008b; Kamiya and Mishina, 2011). However, future studies would be needed to determine the gender dependence using different age groups. Another limitation may be associated with low sample size (n = 4 to 7 per genotype for microCT analyses). For the animal experiments, the number of mice in each group was determined according to our previous reports (Kamiya et al., 2020). In this study, we observed statistically significant changes in BMP dependent signal, as denoted by pSmad1/5/9 levels, as well as specific target gene Id1 expression levels in both heterozygous and homozygous mice for caBmpr1a although these mice displayed no overt bone phenotypes. Thus, we expect that increases in the sample size do not affect the overall conclusion of this study. However, larger sample sizes may be needed to detect subtle differences among groups.
4.2 Clinical aspects
In the clinic, a high dose of BMP-2, such as 12 mg in a concentration of 1.5 mg/mL (FDA, 2002), has been used for fracture repair to induce a bone formation in patients expecting it functions through osteoblasts. However, such high doses of BMPs may introduce unexpected adverse effects (i.e., bone resorption, inflammation, ectopic ossification), likely due to interacting with other types of cells rather than osteoblastic cells (Kim et al., 2013). It is assumed that such clinical side effects are caused by the effects of high dose BMPs on non-bone tissues. Thus, the dosage administered and the way to distribute BMPs are important to be considered for better treatment of BMP-2 therapy. A dose-response with exogenous BMPs would be desired to investigate the multifaceted functions of BMPs in vivo. It is noted that BMPs can directly control cartilage formation to positively affect endochondral bone formation by increasing the size of bone templates (Kamiya, 2012; Zhang et al., 2022).
Recently several lines of evidence for BMP-6 as an alternative treatment for orthopedic conditions have been accumulated. BMP-6 is superior to BMP-2 and BMP-7 in its activity to stimulate bone formation in vitro and in vivo (Vukicevic and Grgurevic, 2009; Song et al., 2010) because it can activate all three type I receptors for BMPs. Additionally, unlike BMP-2 and BMP-7, BMP-6 is resistant to Noggin, a major BMP antagonist found in bones (Song et al., 2010), allowing the use of low BMP-6 concentration with autologous blood coagulum (ABC) (Sampath and Vukicevic, 2020). In human, an autologous bone graft substrate (ABGS), an improved version of ABC (Grgurevic et al., 2019), has been tested for patients with distal radial fracture (Phase I) (Durdevic et al., 2020), and for patients receiving high tibial osteotomy (Phase I/II) (Chiari et al., 2020). In this therapy, ABGS containing 250 μg rhBMP-6 per mL into the fracture site between two ends and was proven safe and efficacious. This is a highly promising avenue for human applications due to the reduced BMP concentration that can reduce adverse reactions.
5 CONCLUSION
In this study, we bred several lines of mutant mouse lines such as conventional knockout allele of Bmpr1a and the constitutively activated BMPR1A allele to generate mice with 4 different doses of BMP-Smad signaling in early to late osteoblasts and investigated the impact of different levels of BMP signaling on endogenous long bones in adults. While alterations in expression levels of bone formation and resorption markers were noted at transcriptional levels, the net bone mass was unchanged in the mutant mice. This study clearly demonstrated a discrepancy between physiological functions of BMP-Smad signaling and expected outcomes in the clinical setting, which provides a new insight in considering a better and more efficient therapeutic regime to mitigate potential side effects by using high dose of BMPs.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Michigan.
AUTHOR CONTRIBUTIONS
MO, NK, and YM contributed to conception, design, and data analysis, drafted the manuscript. MO, TK, YL, and AH contributed to histological and molecular analyses. NK and YM provided critical materials. All approved the final version of the manuscript. MO and YM take responsibility for the integrity of the data analysis.
FUNDING
This study is supported by the National Institutes of Health NIDCR R01DE020843 to YM. The micro-CT core at the University of Michigan School of Dentistry is funded in part by NIH/NCRR S10RR026475-01. The Histology Core is supported by a core grant from the NIAMS P30 AR069620 to Karl Jepsen, PI; David H. Kohn, Core Director. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.
ACKNOWLEDGMENTS
We gratefully acknowledge the University of Michigan School of Dentistry Molecular Biology Core for assistance in quantitative RT-PCR analysis (Taocong Jin), the University of Michigan School of Dentistry Histology Core for assistance in preparation of histology (Chris Strayhorn), and the University of Michigan School of Dentistry micro-CT Core (Michelle Lynch) for assistance in micro-CT analysis. We also thank Mr. Benton Swanson for critical reading of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1145763/full#supplementary-material
REFERENCES
 Aro, H. T., Govender, S., Patel, A. D., Hernigou, P., Perera de Gregorio, A., Popescu, G. I., et al. (2011). Recombinant human bone morphogenetic protein-2: A randomized trial in open tibial fractures treated with reamed nail fixation. J. Bone Jt. Surg. Am. 93, 801–808. doi:10.2106/JBJS.I.01763
 Bagarova, J., Vonner, A. J., Armstrong, K. A., Borgermann, J., Lai, C. S., Deng, D. Y., et al. (2013). Constitutively active ALK2 receptor mutants require type II receptor cooperation. Mol. Cell Biol. 33, 2413–2424. doi:10.1128/MCB.01595-12
 Broulik, P. D. (2000). Tamoxifen prevents bone loss in castrated male mice. Horm. Metab. Res. 32, 181–184. doi:10.1055/s-2007-978618
 Carragee, E. J., Hurwitz, E. L., and Weiner, B. K. (2011). A critical review of recombinant human bone morphogenetic protein-2 trials in spinal surgery: Emerging safety concerns and lessons learned. Spine J. 11, 471–491. doi:10.1016/j.spinee.2011.04.023
 Chen, D., Zhao, M., and Mundy, G. R. (2004). Bone morphogenetic proteins. Growth factors 22, 233–241. doi:10.1080/08977190412331279890
 Chiari, C., Grgurevic, L., Bordukalo-Niksic, T., Oppermann, H., Valentinitsch, A., Nemecek, E., et al. (2020). Recombinant human BMP6 applied within autologous blood coagulum accelerates bone healing: Randomized controlled trial in high tibial osteotomy patients. J. Bone Min. Res. 35, 1893–1903. doi:10.1002/jbmr.4107
 Crowe, A. R., and Yue, W. (2019). Semi-quantitative determination of protein expression using immunohistochemistry staining and analysis: An integrated protocol. Bio Protoc. 9, e3465. doi:10.21769/BioProtoc.3465
 Davey, R. A., Clarke, M. V., Sastra, S., Skinner, J. P., Chiang, C., Anderson, P. H., et al. (2012). Decreased body weight in young Osterix-Cre transgenic mice results in delayed cortical bone expansion and accrual. Transgenic Res. 21, 885–893. doi:10.1007/s11248-011-9581-z
 Dempster, D. W., Compston, J. E., Drezner, M. K., Glorieux, F. H., Kanis, J. A., Malluche, H., et al. (2013). Standardized nomenclature, symbols, and units for bone histomorphometry: A 2012 update of the report of the ASBMR histomorphometry nomenclature committee. J. Bone Min. Res. 28, 2–17. doi:10.1002/jbmr.1805
 Dmitriev, A. E., Lehman, R. A., and Symes, A. J. (2011). Bone morphogenetic protein-2 and spinal arthrodesis: The basic science perspective on protein interaction with the nervous system. Spine J. 11, 500–505. doi:10.1016/j.spinee.2011.05.002
 Durdevic, D., Vlahovic, T., Pehar, S., Miklic, D., Oppermann, H., Bordukalo-Niksic, T., et al. (2020). A novel autologous bone graft substitute comprised of rhBMP6 blood coagulum as carrier tested in a randomized and controlled Phase I trial in patients with distal radial fractures. Bone 140, 115551. doi:10.1016/j.bone.2020.115551
 Egan, K. P., Brennan, T. A., and Pignolo, R. J. (2012). Bone histomorphometry using free and commonly available software. Histopathology 61, 1168–1173. doi:10.1111/j.1365-2559.2012.04333.x
 FDA (2002). InFUSE bone graft/LT-CAGE lumbar tapered fusion device. Rockville, MD: Summary of Safety and Effective Data Premarket Approval Application P000058. 
 Garrison, K. R., Donell, S., Ryder, J., Shemilt, I., Mugford, M., Harvey, I., et al. (2007). Clinical effectiveness and cost-effectiveness of bone morphogenetic proteins in the non-healing of fractures and spinal fusion: A systematic review. Health Technol. Assess. 11, 1–150. doi:10.3310/hta11300
 Grgurevic, L., Oppermann, H., Pecin, M., Erjavec, I., Capak, H., Pauk, M., et al. (2019). Recombinant human bone morphogenetic protein 6 delivered within autologous blood coagulum restores critical size segmental defects of ulna in rabbits. JBMR Plus 3, e10085. doi:10.1002/jbm4.10085
 Gupta, M. C., and Khan, S. N. (2005). Application of bone morphogenetic proteins in spinal fusion. Cytokine Growth Factor Rev. 16, 347–355. doi:10.1016/j.cytogfr.2005.02.004
 Kamiya, N., Atsawasuwan, P., Joiner, D. M., Waldorff, E. I., Goldstein, S., Yamauchi, M., et al. (2020). Controversy of physiological vs. pharmacological effects of BMP signaling: Constitutive activation of BMP type IA receptor-dependent signaling in osteoblast lineage enhances bone formation and resorption, not affecting net bone mass. Bone 138, 115513. doi:10.1016/j.bone.2020.115513
 Kamiya, N., Kaartinen, V. M., and Mishina, Y. (2011). Loss-of-function of ACVR1 in osteoblasts increases bone mass and activates canonical Wnt signaling through suppression of Wnt inhibitors SOST and DKK1. Biochem. Biophys. Res. Commun. 414, 326–330. doi:10.1016/j.bbrc.2011.09.060
 Kamiya, N., and Mishina, Y. (2011). New insights on the roles of BMP signaling in bone-A review of recent mouse genetic studies. Biofactors 37, 75–82. doi:10.1002/biof.139
 Kamiya, N. (2012). The role of BMPs in bone anabolism and their potential targets SOST and DKK1. Curr. Mol. Pharmacol. 5, 153–163. doi:10.2174/1874467211205020153
 Kamiya, N., Ye, L., Kobayashi, T., Lucas, D. J., Mochida, Y., Yamauchi, M., et al. (2008a). Disruption of BMP signaling in osteoblasts through type IA receptor (BMPRIA) increases bone mass. J. Bone Min. Res. 23, 2007–2017. doi:10.1359/jbmr.080809
 Kamiya, N., Ye, L., Kobayashi, T., Mochida, Y., Yamauchi, M., Kronenberg, H. M., et al. (2008b). BMP signaling negatively regulates bone mass through sclerostin by inhibiting the canonical Wnt pathway. Development 135, 3801–3811. doi:10.1242/dev.025825
 Kim, H. K., Oxendine, I., and Kamiya, N. (2013). High-concentration of BMP2 reduces cell proliferation and increases apoptosis via DKK1 and SOST in human primary periosteal cells. Bone 54, 141–150. doi:10.1016/j.bone.2013.01.031
 Kishigami, S., and Mishina, Y. (2005). BMP signaling and early embryonic patterning. Cytokine Growth Factor Rev. 16, 265–278. doi:10.1016/j.cytogfr.2005.04.002
 Komatsu, Y., Yu, P. B., Kamiya, N., Pan, H., Fukuda, T., Scott, G. J., et al. (2013). Augmentation of Smad-dependent BMP signaling in neural crest cells causes craniosynostosis in mice. J. Bone Min. Res. 28, 1422–1433. doi:10.1002/jbmr.1857
 Lowery, J. W., and Rosen, V. (2018). The BMP pathway and its inhibitors in the skeleton. Physiol. Rev. 98, 2431–2452. doi:10.1152/physrev.00028.2017
 Luyten, F. P., Cunningham, N. S., Ma, S., Muthukumaran, N., Hammonds, R. G., Nevins, W. B., et al. (1989). Purification and partial amino acid sequence of osteogenin, a protein initiating bone differentiation. J. Biol. Chem. 264, 13377–13380. doi:10.1016/s0021-9258(18)80003-5
 Massague, J. (1998). TGF-beta signal transduction. Annu. Rev. Biochem. 67, 753–791. doi:10.1146/annurev.biochem.67.1.753
 Mishina, Y., Crombie, R., Bradley, A., and Behringer, R. R. (1999). Multiple roles for activin-like kinase-2 signaling during mouse embryogenesis. Dev. Biol. 213, 314–326. doi:10.1006/dbio.1999.9378
 Mishina, Y., Hanks, M. C., Miura, S., Tallquist, M. D., and Behringer, R. R. (2002). Generation of Bmpr/Alk3 conditional knockout mice. Genesis 32, 69–72. doi:10.1002/gene.10038
 Mishina, Y., Starbuck, M. W., Gentile, M. A., Fukuda, T., Kasparcova, V., Seedor, J. G., et al. (2004). Bone morphogenetic protein type IA receptor signaling regulates postnatal osteoblast function and bone remodeling. J. Biol. Chem. 279, 27560–27566. doi:10.1074/jbc.M404222200
 Mishina, Y., Suzuki, A., Ueno, N., and Behringer, R. R. (1995). Bmpr encodes a type I bone morphogenetic protein receptor that is essential for gastrulation during mouse embryogenesis. Genes Dev. 9, 3027–3037. doi:10.1101/gad.9.24.3027
 Mroz, T. E., Wang, J. C., Hashimoto, R., and Norvell, D. C. (2010). Complications related to osteobiologics use in spine surgery: A systematic review. Spine (Phila Pa 1976) 35, S86–S104. doi:10.1097/BRS.0b013e3181d81ef2
 Okamoto, M., Murai, J., Yoshikawa, H., and Tsumaki, N. (2006). Bone morphogenetic proteins in bone stimulate osteoclasts and osteoblasts during bone development. J. Bone Min. Res. 21, 1022–1033. doi:10.1359/jbmr.060411
 Pradhan, B. B., Bae, H. W., Dawson, E. G., Patel, V. V., and Delamarter, R. B. (2006). Graft resorption with the use of bone morphogenetic protein: Lessons from anterior lumbar interbody fusion using femoral ring allografts and recombinant human bone morphogenetic protein-2. Spine (Phila Pa 1976) 31, E277–E284. doi:10.1097/01.brs.0000216442.12092.01
 Razidlo, D. F., Whitney, T. J., Casper, M. E., McGee-Lawrence, M. E., Stensgard, B. A., Li, X., et al. (2010). Histone deacetylase 3 depletion in osteo/chondroprogenitor cells decreases bone density and increases marrow fat. PLoS One 5, e11492. doi:10.1371/journal.pone.0011492
 Rodda, S. J., and McMahon, A. P. (2006). Distinct roles for Hedgehog and canonical Wnt signaling in specification, differentiation and maintenance of osteoblast progenitors. Development 133, 3231–3244. doi:10.1242/dev.02480
 Sampath, T. K., and Reddi, A. H. (1981). Dissociative extraction and reconstitution of extracellular matrix components involved in local bone differentiation. Proc. Natl. Acad. Sci. U. S. A. 78, 7599–7603. doi:10.1073/pnas.78.12.7599
 Sampath, T. K., and Vukicevic, S. (2020). Biology of bone morphogenetic protein in bone repair and regeneration: A role for autologous blood coagulum as carrier. Bone 141, 115602. doi:10.1016/j.bone.2020.115602
 Scott, G. J., Ray, M. K., Ward, T., McCann, K., Peddada, S., Jiang, F. X., et al. (2009). Abnormal glucose metabolism in heterozygous mutant mice for a type I receptor required for BMP signaling. Genesis 47, 385–391. doi:10.1002/dvg.20513
 Seeherman, H. J., Li, X. J., Bouxsein, M. L., and Wozney, J. M. (2010). rhBMP-2 induces transient bone resorption followed by bone formation in a nonhuman primate core-defect model. J. Bone Jt. Surg. Am. 92, 411–426. doi:10.2106/JBJS.H.01732
 Shi, C., Iura, A., Terajima, M., Liu, F., Lyons, K., Pan, H., et al. (2016). Deletion of BMP receptor type IB decreased bone mass in association with compromised osteoblastic differentiation of bone marrow mesenchymal progenitors. Sci. Rep. 6, 24256. doi:10.1038/srep24256
 Shi, C., Mandair, G. S., Zhang, H., Vanrenterghem, G. G., Ridella, R., Takahashi, A., et al. (2018). Bone morphogenetic protein signaling through ACVR1 and BMPR1A negatively regulates bone mass along with alterations in bone composition. J. Struct. Biol. 201, 237–246. doi:10.1016/j.jsb.2017.11.010
 Shore, E. M., Xu, M., Feldman, G. J., Fenstermacher, D. A., Cho, T. J., Choi, I. H., et al. (2006). A recurrent mutation in the BMP type I receptor ACVR1 causes inherited and sporadic fibrodysplasia ossificans progressiva. Nat. Genet. 38, 525–527. doi:10.1038/ng1783
 Song, K., Krause, C., Shi, S., Patterson, M., Suto, R., Grgurevic, L., et al. (2010). Identification of a key residue mediating bone morphogenetic protein (BMP)-6 resistance to noggin inhibition allows for engineered BMPs with superior agonist activity. J. Biol. Chem. 285, 12169–12180. doi:10.1074/jbc.M109.087197
 Song, L., Liu, M., Ono, N., Bringhurst, F. R., Kronenberg, H. M., and Guo, J. (2012). Loss of wnt/β-catenin signaling causes cell fate shift of preosteoblasts from osteoblasts to adipocytes. J. Bone Min. Res. 27, 2344–2358. doi:10.1002/jbmr.1694
 Thomas, J. T., Lin, K., Nandedkar, M., Camargo, M., Cervenka, J., and Luyten, F. P. (1996). A human chondrodysplasia due to a mutation in a TGF-beta superfamily member. Nat. Genet. 12, 315–317. doi:10.1038/ng0396-315
 Tsuji, K., Bandyopadhyay, A., Harfe, B. D., Cox, K., Kakar, S., Gerstenfeld, L., et al. (2006). BMP2 activity, although dispensable for bone formation, is required for the initiation of fracture healing. Nat. Genet. 38, 1424–1429. doi:10.1038/ng1916
 Urist, M. R. (1965). Bone: Formation by autoinduction. Science 150, 893–899. doi:10.1126/science.150.3698.893
 Vukicevic, S., and Grgurevic, L. (2009). BMP-6 and mesenchymal stem cell differentiation. Cytokine Growth Factor Rev. 20, 441–448. doi:10.1016/j.cytogfr.2009.10.020
 Wang, L., Mishina, Y., and Liu, F. (2015). Osterix-Cre transgene causes craniofacial bone development defect. Calcif. Tissue Int. 96, 129–137. doi:10.1007/s00223-014-9945-5
 White, A. P., Vaccaro, A. R., Hall, J. A., Whang, P. G., Friel, B. C., and McKee, M. D. (2007). Clinical applications of BMP-7/OP-1 in fractures, nonunions and spinal fusion. Int. Orthop. 31, 735–741. doi:10.1007/s00264-007-0422-x
 Williams, B. J., Smith, J. S., Fu, K. M., Hamilton, D. K., Polly, D. W., Ames, C. P., et al. (2011). Does bone morphogenetic protein increase the incidence of perioperative complications in spinal fusion? A comparison of 55,862 cases of spinal fusion with and without bone morphogenetic protein. Spine (Phila Pa 1976) 36, 1685–1691. doi:10.1097/BRS.0b013e318216d825
 Winnier, G., Blessing, M., Labosky, P. A., and Hogan, B. L. (1995). Bone morphogenetic protein-4 is required for mesoderm formation and patterning in the mouse. Genes Dev. 9, 2105–2116. doi:10.1101/gad.9.17.2105
 Woo, E. J. (2013). Adverse events after recombinant human BMP2 in nonspinal orthopaedic procedures. Clin. Orthop. Relat. Res. 471, 1707–1711. doi:10.1007/s11999-012-2684-x
 Woo, E. J. (2012a). Adverse events reported after the use of recombinant human bone morphogenetic protein 2. J. Oral Maxillofac. Surg. 70, 765–767. doi:10.1016/j.joms.2011.09.008
 Woo, E. J. (2012b). Recombinant human bone morphogenetic protein-2: Adverse events reported to the manufacturer and user facility device experience database. Spine J. 12, 894–899. doi:10.1016/j.spinee.2012.09.052
 Wozney, J. M., Rosen, V., Celeste, A. J., Mitsock, L. M., Whitters, M. J., Kriz, R. W., et al. (1988). Novel regulators of bone formation: Molecular clones and activities. Science 242, 1528–1534. doi:10.1126/science.3201241
 Wozney, J. M. (1992). The bone morphogenetic protein family and osteogenesis. Mol. Reprod. Dev. 32, 160–167. doi:10.1002/mrd.1080320212
 Wrana, J. L., Attisano, L., Wieser, R., Ventura, F., and Massague, J. (1994). Mechanism of activation of the TGF-beta receptor. Nature 370, 341–347. doi:10.1038/370341a0
 Yang, J., Kitami, M., Pan, H., Nakamura, M. T., Zhang, H., Liu, F., et al. (2021). Augmented BMP signaling commits cranial neural crest cells to a chondrogenic fate by suppressing autophagic beta-catenin degradation. Sci. Signal 14, eaaz9368. doi:10.1126/scisignal.aaz9368
 Zhang, H., and Bradley, A. (1996). Mice deficient for BMP2 are nonviable and have defects in amnion/chorion and cardiac development. Development 122, 2977–2986. doi:10.1242/dev.122.10.2977
 Zhang, M., Niibe, K., Kondo, T., Limraksasin, P., Okawa, H., Miao, X., et al. (2022). Rapid and efficient generation of cartilage pellets from mouse induced pluripotent stem cells by transcriptional activation of BMP-4 with shaking culture. J. Tissue Eng. 13, 20417314221114616. doi:10.1177/20417314221114616
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Omi, Koneru, Lyu, Haraguchi, Kamiya and Mishina. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1145763-g005.gif





OPS/images/fphys-14-1145763-g006.gif
Bmpria;Osx.

Bmprta~Ose

Bmpria






OPS/images/fphys-14-1145763-g003.gif





OPS/images/fphys-14-1145763-g004.gif
mprta”.08xCre(y)  Bmprta,Osx-Cro(+) caBnpriar,Osx-Cre()caimpria-Osx Cro)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Increased BMP-Smad signaling does not affect net bone mass in long bones		1 Introduction

		2 Materials and methods		2.1 Animals

		2.2 Micro-computed tomography (micro-CT)

		2.3 Histology and histomorphometry

		2.4 Immunohistochemistry

		2.5 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

		2.6 Cell culture and immunofluorescence staining

		2.7 Statistical analysis





		3 Results		3.1 Increase in BMP signaling activity in caBmpr1a mutant mice

		3.2 No overt skeletal changes in Bmpr1a heterozygous null and caBmpr1a mutant mice

		3.3 Modest changes in gene expression of bone formation and bone resorption markers in Bmpr1a heterozygous null and caBmpr1a mutant mice

		3.4 Increased BMP signaling activity in caBmpr1a mutant mice in ligand-dependent and ligand-independent manners





		4 Discussion		4.1 Overall findings

		4.2 Clinical aspects





		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1145763-g001.gif





OPS/images/fphys-14-1145763-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





