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Bone remodeling occurs at the bone surface throughout adult life and associates bony quantity and quality. This process is a balance between the osteoblastic bone formation and osteoclastic bone resorption, which cross-talks together. Semaphorin 3A is a membrane-associated secreted protein and regarded as a diffusible axonal chemorepellent, which has been identified in the involvement of bone resorption and formation synchronously. However, the role of Semaphorin 3A in bone homeostasis and diseases remains elusive, in particular the association to osteoblasts and osteoclasts. In this review article, we summarize recent progress of Semaphorin 3A in the bone mass, homeostasis, and diseases and discuss the novel application of nerve-based bone regeneration. This will facilitate the understanding of Semaphorin 3A in skeletal biology and shed new light on the modulation and potential treatment in the bone disorders.
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INTRODUCTION

Semaphorin 3A (Sema3A), also known as C-Collapsin-1, H-Sema III, M-SemD, R-Sema III, Sema-Z1a, is a membrane-associated secreted protein (Behar et al., 1996; Ieda et al., 2007; Fukuda et al., 2013). It was originally identified as a diffusible axonal chemorepellent that modulates axon guidance and growth. Sema3A belongs to the semaphorin family and is firstly identified in the involvement of patterning neuronal connections. This includes neuronal migration and axon guidance in the development of the nervous system (Zanata et al., 2002; Kruger et al., 2005). Semaphorin protein was firstly found in brain that induces the collapse and stalling of neuronal growth cones, which was named collapsin (Luo et al., 1993). Up to date, semaphorin family has been regarded as one of the key chemorepellents or chemoattractants that is involved in axon steering, fasciculation, branching and synapse formation (Goodman et al., 1999). In particular, Sema3A is not only a chemorepellent for cortical axons but also a chemoattractant for cortical apical dendrites (Polleux et al., 2000). Although Sema3A was initially identified in the neuronal guidance, it has further been reported in the association of bone biology, cardiac development, cancer progression and immune disorders (Behar et al., 1996; Moretti et al., 2008; Carrer et al., 2012). These findings suggest that Sema3A is involved in the organogenesis, vascularization and angiogenesis (Behar et al., 1996; Neufeld and Kessler, 2008; McKenna et al., 2014).

Central and peripheral nerve systems play important roles in the regulation of bone which is a densely innervated structure (Calvo and Forteza-Vila, 1969; Serre et al., 1999). This process includes many factors such as leptin, neuropeptide Y (NPY), cocaine and amphetamine regulated transcript (CART) and neuromedin U (NMU; Takeda, 2008). Sema3A has been reported to repel trigeminal and dorsal root ganglia which are involved in bone innervation (Kitsukawa et al., 1997; Taniguchi et al., 1997). Recent studies have suggested that Sema3A can suppress bone resorption and enhance bone formation synchronously (Hayashi et al., 2012; Negishi-Koga and Takayanagi, 2012). However, the role of Sema3A in the osteogenesis and osteclastgenesis still remains elusive.

In this review article, we will discuss the recent progresses of Sema3A in the bone mass, homeostasis and diseases and highlight the novel findings of Sema3A in the regulation of osteoblasts and osteoclasts. Additionally, this will facilitate the understanding of its role in skeletal biology and shed new light on the modulation and treatment in the bone disorders.

SEMAPHORIN 3A AND ITS RECEPTORS

The semaphorin family has a conserved 500 amino-terminal seven-bladed β-propeller semaphorin domain. A short cysteine-rich plexin-semaphorins-integrin (PSI domain) is in the N-terminal and additional sequence motifs are in the class-specific C terminus (Goodman et al., 1999; Janssen et al., 2010; Nogi et al., 2010). The semaphorin family includes eight subclasses (Figure 1). The class 1 and 2 are present in the invertebrate, whereas class 3–7 are present in vertebrates (Goodman et al., 1999). The class V is encoded by viruses. These classes differ in membrane anchorage that includes secreted, transmembrane (TM), and glycosylphosphatidylinositol (GPI)-linked types (Goodman et al., 1999). TM domain exists in class 1, 4, 5 and 6 while GPI linkage only exists in class 7 (Goodman et al., 1999). Immunoglobulin (Ig) domain is present in all classes except class 1, 5 and 6. The class 3, one of the only secreted forms of semaphorin in vertebrates, contains semaphorin domain, Ig domain and short basic domain (Goodman et al., 1999).
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FIGURE 1. The subunits of semaphorin family. The semaphorin family has been categorized into eight classes. The class 1 and 2 are present in the invertebrate, whereas class 3–7 are present in vertebrates. The class V are encoded by viruses.



Plexins and neuropilins family are two major receptors for semaphorins (Figure 2). Plexins are one of the large type 1 single-transmembrane-spanning cell surface receptors which comprise at least nine members in four subclasses, plexin A, B, C and D (Janssen et al., 2010). Plexins show high structural homology and share the same signature feature with semaphorins. This is an N-terminal semaphorin domain followed by a short PSI domain. Furthermore, plexins contain two additional PSI domains plus six Ig domains shared by plexins and transcription factors (IPT; Janssen et al., 2010; Nogi et al., 2010). Plexins have been involved in the binding of semaphorins that play a role in the signal transduction. For example, Plexin B1 is a receptor for semaphorin 4D and plexin C1 is a receptor for semaphorin 7A, and plexin As (PlexinA1, A2, A3 and A4) are receptors for the class 3 and 6 semaphorins (Kolodkin et al., 1997; Takahashi et al., 1999; Tamagnone et al., 1999; Tran et al., 2007). Plexin A can directly bind semaphorin 6 through contacts of the conserved part of the semaphorin domains (Janssen et al., 2010). However, plexin A binds class 3 semaphorins in an indirect way, as plexin A conjugates one of two neuropilins (Neuropilin 1 or Neuropilin 2) to generate holoreceptors for these semaphorins (Kolodkin et al., 1997; Takahashi et al., 1999; Tamagnone et al., 1999; Tran et al., 2007). Additionally, neuropilin 1 (Nrp1) and neuropilin 2 (Nrp2) bind to Sema3A with different affinities (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997). One of the major determinants for the affinity is the C terminus of semaphorins (Giger et al., 1998; Lee et al., 2003). For example, semaphorin 3F binds to Nrp2 with high affinity and to Nrp1 with much lower affinity. Conversely, Sema3A binds to Nrp1 with high affinity and this is an exclusive signaling pathway (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997).
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FIGURE 2. Holoeceptors for semaphorins. Plexin A has an N-terminal sema domain followed by three PSI domains plus six Ig domain shared by plexins and transcription factors (IPT) domains in extracelluar. The intracellular domain comprises two split cytoplasmic GTPase-activating protein (GAP) domains and a GTPase binding domain. The neuropilin1 has a large extracellular domain, a single transmembrane domain, and a short cytoplasmic tail. The extracellular domain comprises two N-terminal CUB motifs (domain a1 and a2), two coagulation factor V/VIII homology domains (domain b1 and b2) and a membrane-proximal MAM domain (domain c).



The neuropilins are single-transmembrane-spanning cell-surface glycoproteins that have a large extracellular domain, a single transmembrane domain, and a short cytoplasmic tail. The extracellular domain comprises two N-terminal CUB motifs (domain a1 and a2), two coagulation factor V/VIII homology domains (domain b1 and b2) and a membrane-proximal MAM domain (domain c; Soker et al., 1998; Antipenko et al., 2003; Janssen et al., 2012). Both domain a and b are essential in the binding of the Sema3A. Domain b1 is involved in the interaction with vascular endothelial growth factor (VEGF) and the basic carboxy terminus of Sema3A. Domain c has been reported to mediate neuropilins dimerization that interacted with other membrane receptors. Domain c indirectly interacts with either semaphorin or VEGF ligands. For example, Sema3A need co-receptors formed by neuropilins and plexin As (Chen et al., 1998; Giger et al., 1998; Nakamura et al., 1998; Lee et al., 2003).

SEMA3A EMERGES IN SKELETAL SYSTEM

Bone tissue is renewed throughout adult life and this process is called bone remodeling (Negishi-Koga and Takayanagi, 2012). It mainly occurs at the bone surface and includes the osteoblastic bone formation and osteoclastic bone resorption. This remodeling is a balance not only for normal bone mass and strength, but also for mineral homeostasis. If the balance has been disrupted between the bone formation and resorption, it causes bone disorders including osteoporosis, osteopetrosis, osteonecrosis (Teitelbaum, 2000; Grayson et al., 2015). Bone remodeling not only relies on bone cells including osteoblasts, osteoclasts and osteocytes, but also is linked tightly through coupling factors, including growth factors released from the matrix, soluble and membrane products of osteoclasts and their precursors, signals from osteocytes and from immune cells and signaling taking place within the osteoblast lineage (Negishi-Koga and Takayanagi, 2012).

Numerous factors have been identified in the participation of bone remodeling. Receptor activator of nuclear factor κB (RANK), receptor activator of nuclear factor κB ligand (RANKL), macrophage colony-stimulating factor (M-CSF), Osteoprotegerin (OPG), interleukin (IL) and many other factors have been demonstrated to associate with bone resorption. Transforming growth factor β (TGF-β), bone morphogenetic proteins (BMPs), Wnt signaling have been shown to be involved in bone formation (Sims and Martin, 2014). Most of these factors participate in the regulation of one aspect, either bone formation or resorption. For example, OPG protects bone by inhibiting osteoclastic bone resorption rather than the stimulation of osteoblastic bone formation (Togari et al., 2000).

Up to date, studies have suggested that Sema3A is in the regulation of bone resorption and formation synchronously. It suppressed bone resorption and increased bone formation to exert an osteoprotective effect (Hayashi et al., 2012; Negishi-Koga and Takayanagi, 2012). Behar et al. (1996) have generated Sema3a deficient mice by homologous recombination. Although the homozygous progeny were similar to their littermates at birth, most of them died over the following 3 months, only 12% were viable to adulthood. The surviving homozygous mice not only showed a paucity of neuropil, abnormal neuron orientation in the cerebral cortex, inappropriate sensory axons projection into the spinal cord, but also showed hypertrophy of the right ventricle, dilation of the right atrium and certain embryonic bones and abnormal development in cartilage (Behar et al., 1996). Knockout of the Sema3A gene also induced abnormal bone and cartilage development of the rat (Gomez et al., 2005). Additionally, Sema3A has been reported to precede or coincide with the invasion of bone by blood vessels and nerve fibers, not only in the temporal but also at the spatial level. Sema3A and its receptors were identified in the prehypertrophic and hypertrophic chondrocytes in ossification centers, around the periosteum, with the onset of endochondral ossification and vascular invasion (Gomez et al., 2005). Taken together, Sema3A is expressed in bone and involved in the regulation of innervation and blood vessel invasion, which may contribute to skeletal patterning.

SEMA3A AFFECTS OSTEOBLASTS AND OSTEOCLASTS

Sema3A signaling system is generally expressed in chondrocytes, osteoblasts and osteoclasts (Behar et al., 1996). Sema3A is mainly expressed by osteoblasts and its receptor Nrp1 is expressed by osteoclast precursors. Osteoclastic-like multinucleated cells from bone marrow have been demonstrated to express the ligands and receptors of Sema3A already (Koshihara et al., 1999; Togari et al., 2000).

Hayashi et al. (2012) observed a severe osteopenic phenotype in Sema3a knock-out mice (Sema3a−/− mice), which was caused by a decrease in the osteoblastic bone formation and an increase in osteoclastic bone resorption. Fukuda et al. (2013) found that Sema3a−/− mice showed a 25% decrease in the bone mass due to a decrease in bone formation without an overt change in the bone resorption at 3, 6 and 12 months of age, although a non-significant increase was observed in a serum bone resorption marker. In vitro, Sema3a−/− osteoblasts showed a defect in cellular differentiation, with a decrease in alkaline phosphatase (ALP) activity and osteoblast markers, although the Sema3A treatment has rescued the defects in osteoblast differentiation. By contrast, the Sema3A treatment caused a decrease in osteoclast differentiation of osteoclast precursors, which the multinucleated TRAP-positive osteoclasts and the expression of osteoclast marker genes decreased (Fukuda et al., 2013). As such, Sema3A is regarded to increase bone mass in an autocrine fashion that stimulate osteoblast differentiation and inhibit osteoclast differentiation.

For the pathway of Sema3A regulated-osteoblasts, Wnt pathway has been identified already (Hayashi et al., 2012). Sema3a−/− mice and Nrp1Sema- mice (mutant Nrp1 lacking the Sema binding site) showed a decreased osteoblast number, a reduced bone formation rate, and an increased adipocyte number. Calvarial cells obtained from Sema3a−/− and Nrp1Sema- mice were cultured in an osteogenic medium with or without Sema3A. ALP activity and bone nodule formation were markedly decreased and the adipogenic differentiation was highly increased in both Sema3a−/− and Nrp1Sema-cells. This has been rescued by the treatment of Sema3A in Sema3a−/− cells rather than in Nrp1Sema-cells. In Sema3a−/− cells, the expression of Runx2, Sp7, Alpl and Bglap genes, associated with osteoblasts, were strongly suppressed, and the expression of Pparg, Cebpa, Fabp4 and Lpl, associated with adipocytes, was highly increased. It is believed that Sema3A activated osteoblast differentiation and inhibited adipocyte differentiation through Nrp1 (Hayashi et al., 2012). The canonical Wnt/β-catenin signaling pathway played an important role in the promotion of the osteogenic differentiation of MSCs. β-catenin has been identified to induce osteogenic differentiation and inhibit adipogenic differentiation (Case and Rubin, 2010; Cawthorn et al., 2012). Both the mRNA expression of most of the transcriptional targets of β-catenin and the Wnt3a-induced nuclear accumulation of β-catenin were suppressed in Sema3a−/− calvarial cells (Hayashi et al., 2012). Rac1 activation can promote nuclear accumulation of β-catenin in response to Wnt signaling (Wu et al., 2008). Notably, in Sema3a−/− calvarial cells, the activation of Rac in response to Wnt3a treatment was significantly decreased. Sema3A facilitated the nuclear translocation of β-catenin and the activation of Rac (Hayashi et al., 2012). Sema3A stimulates Rac1 activation through FARP2, which is a Dbl-family guanine nucleotide exchange factor (GEF) involved in the response of neuronal growth cones (Toyofuku et al., 2005; He et al., 2013). As such, it is regarded that Sema3A activates the canonical Wnt/β-catenin pathway in the process of osteoblast differentiation. FARP2-mediated activation of Rac1 was involved in this response (Hayashi et al., 2012; Figure 3).
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FIGURE 3. Sema3A signaling in bone remodeling. Sema3A increases bone mass by the stimulation of osteoblast differentiation and inhibition of osteoclast differentiation. Same3A regulates osteoblasts through Wnt/β-catenin pathway. Sema3A inhibits osteoclast differentiation through the arresting of PLCγ activation and calcium oscillation. Additionally, the inhibition of RhoA suppresses the migration of osteoclast precursors that are bone marrow-derived monocyte/macrophage precursor cells (BMMs).



Sema3A has been reported in the suppression of osteoclast differentiation. Osteoblasts express two cytokines, M-CSF and receptor activator of nuclear factor-κB ligand (RANKL), which are essential for the osteoclast differentiation (Boyle et al., 2003; Yamashita et al., 2012). Bone marrow-derived monocyte/macrophage precursor cells (BMMs) are osteoclast precursors. BMMs expressed c-Fms (M-CSF receptor) and RANK (RANKL receptor) and differentiated into osteoclasts in the presence of M-CSF and RANKL (Yamashita et al., 2012). OPG produced by osteoblasts was a soluble decoy receptor for RANKL and inhibited osteoclastogenesis by blocking the RANKL-RANK interaction (Simonet et al., 1997; Boyle et al., 2003).

Sema3A inhibited M-CSF-induced osteoclast differentiation through Rho A signaling pathway (Hayashi et al., 2012). A repulsive effect of Sema3A has been identified on the M-CSF-induced migration of BMMs (Hayashi et al., 2012). It is known that M-CSF induced the activation of the RhoA and Rac GTPases. Sema3A treatment abrogated the activation of RhoA activation in response to M-CSF, rather than the Rac activation. Additionally, the inhibition of RhoA activation caused the inhibitory effect of Sema3A on the migration of BMMs (Hayashi et al., 2012). Sema3A inhibited RANKL-induced tyrosine phosphorylation of phospholipase Cγ2 (PLCγ2) and calcium oscillation through immune-receptor tyrosine-based activation motif (ITAM) signaling pathway (Hayashi et al., 2012). RANKL-induced osteoclastogenesis was dependent on a co-stimulatory receptor signaling through ITAMs, including Fc receptor common γ (FcRγ) and DNAX-activating protein of 12 kDa (DAP12; Koga et al., 2004). RANK and ITAM signaling cooperated to induce NFATc1, which is the transcription of osteoclast-specific genes. FcRγ and DAP12 were associated with osteoclast-associated receptor (OSCAR) and triggering receptor expressed on myeloid cells 2 (TREM2; Yamashita et al., 2012).

PlexinA1 has been reported to interact with TREM2 and DAP12 to form the receptor complex for Sema6D. This ligand/receptor complex stimulated osteoclast differentiation in osteoclast precursors by the ITAM signaling pathway (Takegahara et al., 2006). Usually, Nrp1 as a receptor of Sema3A forms a receptor complex with PlexinA1 in BMMs (Takahashi and Strittmatter, 2001). With the increasing expression of Nrp1, the amount of PlexinA1 binding to Nrp1 increased and PlexinA1 binding to TREM2 decreased. With the down regulation of Nrp1, RANKL induced the formation of the PlexinA1-TREM2-DAP12 complex to release PlexinA1 from the PlexinA1-Nrp1 complex. The Sema3A treatment inhibited RANKL-induced formation of the PlexinA1-TREM2-DAP12 complex by the suppression of Nrp1 and the maintenance of the PlxnA1-Nrp1 complex (Hayashi et al., 2012). As such, the Sema3A-Nrp1 axis inhibited the osteoclast differentiation, which separated the PlexinA1 from the PlexinA1-TREM2-DAP12 complex. This further suppressed the ITAM signaling (Figure 3).

SEMA3A REGULATES BONE REMODELING THROUGH SENSORY NERVES

It has been generally regarded that bone remodeling is mainly dependent on the local environment that includes autocrine and paracrine mechanisms. With the new discovery of leptin in the regulation of bone mass, both central and peripheral nervous systems has been noted in the study of bone development and homeostasis (Sandhu et al., 1987; Hill et al., 1991; Edoff et al., 1997; Takeda et al., 2002; Elefteriou et al., 2014). However, the molecular mechanisms by which neurons reach their targets in bones are not very clear. Several families of proteins involved in wiring and allow neurons to locate and reach their targets, such as Semaphorins, Netrins, Slits and Ephrins (Gomez et al., 2005). Togari et al has demonstrated the constitutive expression of neorotrophins, Sema3A, netrin-1 and netrin-2-like protein in human osteoblastic and osteoclastic cells. These axon guidance molecules are known to function as a chemoattractant and/or chemorepellent for growing nerve fibers (Togari et al., 2000). Particularly, it has been reported that Sema3A signaling is very important for neuronal targeting in the peripheral nervous system (Janssen et al., 2010; Nogi et al., 2010).

It has been reported that Sema3A works as an autocrine factor for neuronal development and neuron-derived Sema3A contributes to normal nervous system development (Fukuda et al., 2013). For instance, neuron-specific Sema3A deficient mice, like Sema3a−/− mice, showed abnormal development in the olfactory system and spinal cord, decreased thickness of the cerebral cortex, and altered pattern of sympathetic innervation in the heart (Behar et al., 1996; Ieda et al., 2007; Fukuda et al., 2013). Neuron-specific Sema3A deficient mice were generated based on synapsin-I-Cre mice (Sema3asynapisin−/−) and nestin-Cre mice (Sema3anestin−/−; Zhu et al., 2001; Okada et al., 2006). Neuron-specific Sema3A deficient mice, like Sema3a−/− mice, had a phenotype of a low bone mass, which was due to the decreased bone formation and increased bone resorption (Fukuda et al., 2013). However, the osteoblast-specific Sema3A deficient mice have been identified in normal bone formation and bone mass (Rodda and McMahon, 2006). As such, neurons in the bones were believed to take the responsibility for a substantial amount of Sema3A expression and the decreased expression of Sema3a in bone was only one of the causes of bone abnormality (Fukuda et al., 2013).

Neurofilament-positive fibers, involved in peripheral nerve innervations, were significantly decreased in both Sema3a−/−mice and neuron-specific Sema3A deficient mice (Fukuda et al., 2013). Additionally, sensory-positive nerves markers such as CGRP and TRPV1 were decreased in bone of Sema3a−/− mice and neuron-specific Sema3A deficient mice. However, dopamine β-hydroxylase (DBH)-positive sympathetic nerve fibers, inhibited bone mass accrual (Takeda et al., 2002), were not significantly affected in these two mice models (Fukuda et al., 2013). The decreased sensory innervations are consistent with decreased bone mass in neuron-specific Sema3A deficient mice. By contrast, in osteoblast-specific Sema3A-deficient mice, which had normal bone mass but decreased Sema3A expression in bone, the projections of peripheral nerve fibers into bone tissues were not affected. As such, the abnormal projections of sensory fibers, not the expression of Sema3A in bone, are responsible for the bone abnormalities in Sema3a−/− and neuron-specific Sema3A deficient mice (Fukuda et al., 2013; Figure 4).
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FIGURE 4. Sema3A regulates bone remodeling through sensory innervation. Neuron-specific Sema3A deficient mice, like Sema3a−/− mice, have low bone mass. Osteoblast-specific Sema3A deficient mice have normal bone formation and bone mass, although the expression of Sema3A decreases in bone. Additionally, neurons in the bones are regarded to play a major role in the expression of Sema3A.



Fukuda et al. (2013) were the first to demonstrate that sensory nerves play an important role in bone remodeling. Recently, some interactions between sensory neurons and sprouting sympathetic fibers have been observed (Xie et al., 2011). The sympathetic nervous system is known to inhibit bone mass accrual. Therefore, an interesting hypothesis is that there may exist a balance between “osteo-anabolic” afferent sensory nerves and “osteo-catabolic” efferent sympathetic nerves (Fukuda et al., 2013).

Recent evidence suggests that both central and peripheral nervous systems regulate bone remodeling (Karsenty and Ferron, 2012). Based on a number of anatomic, pharmacologic and genetic studies, the sympathetic nervous system represents one of the main links between the central nervous system and the skeleton (Elefteriou et al., 2014). More evidence is needed to demonstrate whether Sema3A regulates bone remodeling through the central nervous system.

POTENTIAL TARGETS FOR BONE DISEASES

To determine the therapeutic potential of Sema3A, Hayashi et al injected wild-type mice with recombinant human Sema3A. Intravenous administration in 5-week-old male mice led to increased trabecular bone volume and trabecular parameters in the distal femur. Bone morphometric analysis showed a decrease in osteoclastic parameters and an increase in osteoblastic parameters synchronously. Intravenous administration of Sema3A also accelerated bone regeneration in a mice model of bone cortical bone defects. As Sema3A treated mice showed higher regenerated cortical bone volume and significantly increased osteoblast surface and decreased osteoclast surface around the injured region. Additionally, Sema3A administration rescued bone loss in an ovariectomized mouse model of postmenopausal osteoporosis. In vitro experiment is consistent with in vivo as Sema3A suppressed osteoclastogenesis and promoted osteoblastogenesis in cultured human cells (Hayashi et al., 2012).

Local injection of Sema3A into the injury site in osteoporotic rats increased callus volume and density at 4 weeks post-fracture, and induced promoted callus ossification and remodeling at 8 weeks post-fracture (Li et al., 2015). Furthermore, rheumatoid arthritis synovial tissues showed decreased Sema3A expression (Takagawa et al., 2013). Sema3A is overexpressed in osteoarthritis cartilage and could play a role in chondrocyte cloning through inhibition of cell migration in osteoarthritic cartilage (Okubo et al., 2011). Sema3A is also proposed as a marker for systemic lupus erythematosus (Vadasz et al., 2012). Similarly, Sema3A may be a marker for bone disorders such as osteoporosis. Sema3A not only repels neuronal ingrowth but also may repel neovascularization within the healthy disc, this makes Sema3A as a potential therapeutic target in the treatment of low back pain (Tolofari et al., 2010).

In conclusion, Sema3A exerts an osteoprotective effect by both suppressing bone resorption and increasing bone formation at the same time. Sema3A can regulate bone remodeling either via exerting effects on osteoblasts and osteoclasts, through autocrine and paracrine mechanisms, or in the way of sensory nerve innervation. This suggests that Sema3A take a part in the skeletal biology. Accordingly, Sema3A is a promising new therapeutic agent for bone diseases.
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