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Receptor activator of NF-κB ligand (RANKL)-binding peptides inhibit bone resorption and were recently shown to activate bone formation. The stimulatory mechanism underlying bone formation associated with these peptides was explained as RANKL-reverse signaling, wherein RANKL molecules on osteoblasts work as receptors to stimulate osteoblast differentiation. However, why RANKL-binding peptides stimulate osteoblast differentiation while osteoprotegerin (OPG), which is well known to bind to RANKL, cannot activate osteoblast differentiation has remained unclear. In this mini-review, we introduce three main issues: (1) The inhibitory effects of two RANKL-binding peptides (W9 and OP3-4) on bone resorption; (2) The stimulatory effects of the RANKL-binding peptides on osteoblast differentiation; and (3) The accumulation and membrane clustering of RANKL molecules at the cell surface of osteoblasts as a potential molecular switch stimulating osteoblast differentiation by RANKL-binding peptides.
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INTRODUCTION

Several lines of evidence showed that long-term treatment of bisphosphonates, which are bone resorption inhibitors, may cause atypical fracture of the femoral diaphysis due to the building up of micro-cracks induced by the suppression of bone turnover and accumulation of the old bone (Saita et al., 2015). Anti-RANKL antibody is also known to reduce bone formation via the coupling of resorption and formation during bone remodeling (Furuya et al., 2011; Reginster, 2011). While these anti-resorptive drugs have been shown to improve bone mineral density and reduce fracture risks in osteoporotic patients, adding bone formation ability to bone resorption inhibitors may be a useful feature for a novel drug for treating osteoporosis (Lewiecki, 2011). Recently, two anabolic therapies were developed: Intermittent parathyroid hormone (teriparatide) and anti-sclerostin antibody (romosozumab). However, one of their shortcomings is that their treatment period is limited, a maximum of 2 years for parathyroid hormone and 1 year for the anti-sclerostin antibody. In some cases, teriparatide treatment is shown to increase cortical porosity depending on the time frame and frequency of the treatment. Furthermore, antibody therapy is considered to be a reversible treatment, with short efficacy after therapy discontinuation (Appelman-Dijkstra and Papapoulos, 2018; Lewiecki et al., 2019). Therefore, an alternative bone anabolic reagent with a novel signaling pathway to stimulate bone formation is needed.

We have previously shown that the RANKL-binding peptides WP9QY (W9) and OP3-4 can suppress bone resorption (Cheng et al., 2004; Aoki et al., 2006). For instance, W9 inhibited RANKL-induced osteoclast formation in vitro and prevented bone resorption in vivo induced by ovariectomy and low dietary calcium. Likewise, OP3-4, a cyclic peptide that was originally designed from the RANKL-binding site on OPG as a template (Table 1A), inhibited RANKL-induced osteoclastogenesis and prevented bone resorption in a murine ovariectomized model (Table 1B). However, surprisingly, W9 and OP3-4 were also found to exert stimulatory effects on bone formation in addition to inhibiting bone resorption (Kato et al., 2015; Furuya et al., 2013). Herein, we report the effect of these RANKL-binding peptides on bone resorption and bone formation, mainly focusing on the peptides’ stimulatory mechanism on bone formation compared with osteoprotegerin (OPG), which cling to RANKL (Simonet et al., 1997; Sone et al., 2019).


TABLE 1. Evidence supporting the effects of the receptor activator of NF-κB ligand (RANKL)-binding peptides W9 and OP3-4.
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The RANKL-Binding Peptide W9 Inhibits RANK-Downstream Signaling by Inducing Topological Changes in the RANK Structure

W9 is a cyclic peptide composed of nine amino acids, originally designed as a tumor necrosis factor (TNF)-α antagonist (Takasaki et al., 1997). We aligned the amino acid sequence in the cysteine-rich domain of different TNF-receptor-superfamily members, such as TNF type 1 receptor, RANK, and OPG; we found that five amino acids, used to design W9 peptide on TNF type 1 receptor, were homologous with corresponding residues in RANK, but not in OPG (Table 1C). Additionally, the soluble RANKL (sRANKL)-induced nuclear translocation of p65, a major component of NF-κB, was blocked by W9 (Table 1D). Using surface plasmon resonance (SPR) assay, the peptide-sequence specificity that features RANKL-binding affinity was confirmed. Hereby, changing the tyrosine residue in position 6 (Tyr6) to asparagine (Y6N) of W9 reduced the binding to RANKL by more than 70% at concentrations up to 100μM.

In general, an antagonist interferes with receptor–ligand interaction separating a ligand and its receptor. OPG is considered an antagonist since it was shown to separate RANK and RANKL and, consequently, prevent trimer formation of RANK, leading to the inactivation of receptor RANK downstream signaling (Lacey et al., 2012). However, a competition assay using SPR showed that W9 was not a typical antagonist since it could not separate receptor RANK and ligand RANKL (Table 1E). This left us wondering how this peptide could block the downstream signaling of RANK while maintaining the binding of RANKL with RANK. The molecular modeling revealed that W9 induced conformational changes in the RANK–RANKL complex, especially the trimer formation of RANK (Table 1F). These results suggested that the peptide could block the signaling downstream of the receptor RANK by inducing conformational changes of RANK extracellular domain (Table 1F). Based on that molecular modeling, our proposed mechanism for W9 to block RANK downstream signaling is shown in Figure 1.
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FIGURE 1. A diagram illustrating the proposed mechanism of RANK downstream signaling inhibition, which is induced by the receptor activator of NF-κB ligand (RANKL)-binding peptide. The peptide-induced conformational changes of RANK, especially the region close to the lipid bilayer membrane (shown with double lines), could block the downstream signaling of RANK, thereby allowing RANKL to maintain contact with RANK.




RANKL-Binding Peptides Stimulate Bone Formation in a RANKL-Dependent Manner

In Furuya et al. (2013) first demonstrated the stimulatory effects of W9 on bone formation and osteoblast differentiation, both in vitro and in vivo, and obtained by subcutaneous injections three times daily for 5 days. OP3-4 treatment did not reduce the inflammatory indices in a murine arthritis model and not only prevented periarticular bone loss at the tibial metaphysis but promoted the bone formation parameters in the secondary spongiosa at the tibial metaphysis in collagen-induced arthritic (CIA) mice (Table 1G). The peptide was delivered using subcutaneously implanted osmotic minipumps at a concentration of 9 or 18 mg/kg/day. Furthermore, OP3-4 and W9 had stimulatory effects on osteoblast differentiation in vitro and BMP-2-induced bone formation in vivo (Table 1H). However, the precise mechanism underlying the anabolic effects induced by the RANKL-binding peptides was not clarified by these studies.

Ikebuchi et al. (2018) used vesicles containing RANK secreted from osteoclasts to induce RANKL reverse signaling in osteoblasts. The signaling from an Src family kinase to mammalian target of rapamycin complex 1 (mTORC1) signaling (Saksela et al., 1995; Cuevas et al., 2001) and the signaling from mTORC1 to the activation of alkaline phosphatase activity through runt-related transcription factor 2 (Runx2) (Singha et al., 2008) had already been reported. Ikebuchi et al. (2018) showed the importance of the proline-rich motif in the intracellular domain of the membrane-bound RANKL on osteoblasts, which is a signaling motif, leading to the activation of mTORC1 activity and alkaline phosphatase activity. A mouse model with a one-point mutation of proline to alanine (Pro29Ala) in the RANKL intracellular domain was used to clarify the RANKL-reverse signaling, wherein RANKL works as a receptor on the osteoblast surface. Binding to the membrane-bound RANKL directly activated the intracellular signaling of RANKL in osteoblasts.

The RANKL-binding peptides (OP3-4 and W9) had previously been shown also to activate Akt phosphorylation and S6k1 phosphorylation (upstream and downstream signaling of mTORC1 activity, respectively) (Table 1I). Furthermore, the stimulatory effects of RANKL-binding peptide on osteoblast differentiation were blunted in RANKL-deficient osteoblasts (Table 1J). These results suggest that the RANKL-binding peptides stimulate osteoblast differentiation in a RANKL-dependent manner, which means that downstream signaling and alkaline phosphatase activity (ALP) activity cannot be activated in the absence of RANKL. Figure 2A shows the proposed mechanism underlying the stimulation of osteoblast differentiation by W9 and OP3-4, based on our findings that the proline-rich motif in the RANKL-intracellular domain is important for inducing the RANKL-reverse signaling and stimulating early osteoblast differentiation upon stimulation of RANKL. RANKL (Pro29Ala) mutant mice have an osteopenic phenotype and reduced bone formation activity compared with littermate control mice (Ikebuchi et al., 2018). Generally, bone formation is enhanced after the stimulation of bone resorption due to the coupling mechanism from bone resorption and bone formation; however, bone formation in the mutant mice was not enhanced when bone resorption was activated in the sRANKL-induced osteopenic model. Ikebuchi et al. (2018) further showed that signaling downstream of Src family kinase was reduced in the RANKL mutant mice. The RANKL-binding molecule-induced phosphorylation of Akt and S6k1 was reduced in the osteoblasts derived from the mutant mice compared with the littermate controls. Therefore, the proline-rich motif in the RANKL cytoplasmic tail was proven to be essential for activating the intracellular signal transduction pathway, corresponding to RANKL-reverse signaling (Ikebuchi et al., 2018).
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FIGURE 2. (A). Hypothetical diagram showing the stimulatory mechanism of the OP3-4 and W9 on osteoblast differentiation through RANKL-reverse signaling. SFKs, Src family kinases; mTORC1, the mammalian target of rapamycin complex 1; S6K1, ribosomal protein S6 kinase 1. Although the intracellular domain of RANKL is short, proline-rich motif of the domain is shown to be important to activate the RANKL-reverse signaling, which leads to stimulate early osteoblast differentiation. The proline-rich motif activates a Src-family kinase by associating with SH3 domain followed by Akt and mTORC1 signaling, leading to the activation of runt-related transcription factor 2 (Runx2) and alkaline phosphatase (ALP) activity (B). The RANKL-accumulation and continued clustering of RANKL molecules on the cell- membrane of osteoblasts could be a signaling switch to stimulate the ALP activity. The RANKL molecule itself has the characteristic features of clustering (Table 1M). After the peptides bind to membrane-bound RANKL, the accumulation of RANKL molecules takes place without disturbing the characteristic features of the RANKL molecules, thus resulting in the enhancement of the alkaline phosphatase activity leading to early osteoblast differentiation. OPG alone and OPG-Fc alone do not induce RANKL accumulation (Table 1L) since they prevent RANKL-clustering (Table 1M). However, when IgM induced the pentameric assembly of OPG-Fc, then RANKL accumulation took place. Eventually, both alkaline phosphatase and other early osteoblast differentiation markers were observed to increase (Table 1N).




The Conditions Where the RANKL-Binding Molecules Activate the RANKL-Reverse Signaling

OP3-4 and W9 enhanced alkaline phosphatase activity, but OPG, which also binds to RANKL, did not, indicating that not all RANKL-binding molecules stimulate osteoblast differentiation (Table 1K). The high turnover rate of bone remodeling in OPG-deficient mice compared with wild-type mice supports the lack of anabolic effects of OPG on bone formation (Fei et al., 2010). Therefore, we were left wondering about the differences in the effects between RANKL-binding peptides and OPG on RANKL-reverse-signaling activation to stimulate osteoblast differentiation.

We assumed that one condition that can activate the RANKL-reverse signaling is RANKL accumulation at the osteoblasts’ plasma membrane, while another condition is RANKL clustering. First, the accumulation of RANKL molecules is thought to be necessary to induce RANKL molecule clustering since clustering is unlikely to proceed unless the amount of RANKL on the osteoblast membrane increases. RANKL molecule was shown to translocate from the Golgi apparatus to the plasma membrane and accumulate on the cell surface of ST2 cells, osteoblastic cell line, upon the stimulation of RANK-coated beads (Kariya et al., 2009). In the same way, we found that RANKL molecule accumulated on the plasma membrane on ST2 cells upon the stimulation of RANKL-binding peptide, either OP3-4 or W9 (Table 1L). Since OPG did not increase the amount of membrane- RANKL on osteoblasts (Table 1L), these results could be evidence to explain the difference between the RANKL-binding peptides and OPG. Second, the clustering of RANKL molecules could be another evidence as described next. It has been shown that the clustering of membrane-bound receptors leads to cell activation (Boger and Goldberg, 2001; Lacey et al., 2012). The distance between the receptors was also found to be crucial for activating the erythropoiesis signal (Erickson-Miller et al., 2005). Furthermore, Kosmides et al. found that inducing artificial clusters of co-stimulatory molecules on the immune cell membrane by magnetic force enhanced T-cells’ proliferative activity (Kosmides et al., 2018). Therefore, we hypothesized that clustering of membrane-bound RANKL molecules on osteoblasts would induce a switch to activate osteoblast differentiation in addition to the accumulation of membrane-RANKL.



OPG Clung to RANKL and Disturbed Clustering While RANKL-Binding Peptides Did Not

Next, we investigated the difference in the molecular features between RANKL molecules with the RANKL-binding peptide and those with OPG in a cell-free system. The RANKL molecules and OPG were observed on mica using a high-speed atomic force microscope (HS-AFM), revealing the characteristic features at the protein’s single-molecule level. HS-AFM is a powerful instrument that enables the direct imaging of protein molecules in their dynamic action without disturbing the molecules’ function. HS-AFM revealed that the highly flexible OPG clung to the RANKL molecule and disturbed clustering, while the RANKL-binding peptide OP3-4 did not. Furthermore, the molecular features of RANKL itself showed easy clustering, which did not change with the addition of OP3-4. However, OPG appears to move around RANKL while binding to it, suggesting that OPG inhibits the clustering formation of RANKL molecules (Table 1M).



Artificial Induction of Molecular Clustering of RANKL Could Lead to the Enhancement of Osteoblast Differentiation, Even When Osteoprotegerin Was Used

As we mentioned earlier, RANKL-binding peptides increase ALP activity in the cell line and further increase membrane RANKL levels, but OPG does not. Further verification in a cell-free system revealed that the RANKL molecule itself has the property of easily becoming clustered, suggesting that RANKL-binding peptides do not inhibit clustering while OPG does. Therefore, the key to inducing osteoblast differentiation seems to lie in the clustering of RANKL. Artificial cluster induction using IgM to promote pentameric assembly of RANKL–OPG-Fc complex enhances early osteoblast differentiation (Table 1N). These results suggest that clustering formation may be a pivotal switch for enhancing osteoblast differentiation by RANKL-binding molecules (Figure 2B). Simultaneously, the amount of RANKL on the osteoblast membrane also increased after the induction of pentameric assembly of the RANKL–OPG-Fc complex by IgM (Table 1N).



DISCUSSION

The cyclic peptide W9 was designed to mimic the most critical TNF-α recognition loop on the TNF type 1 receptor, and it prevents interactions of TNF-α with its receptor. Even though the W9 peptide had a weaker inhibitory effect on inflammation than the anti-TNF antibody, W9 exerted similar or even stronger inhibitory effects on bone destruction than the anti-TNF antibody (Table 1O). Similarly, the cyclic peptide OP3-4, designed to mimic the binding site of the RANKL molecule on OPG, was shown to cling to RANKL, thereby inhibiting osteoclastogenesis. Kato et al. (2015). further clarified using dynamic histomorphometry that OP3-4 decreased the inhibition of bone formation caused by CIA (Table 1G).

While the RANKL-binding peptides have been found to stimulate bone formation, neither OPG nor anti-RANKL antibodies were able to enhance bone formation (Dore et al., 2010). However, a recent paper claimed that anti-RANKL-antibody might also stimulate bone formation using RANKL-reverse signaling (Wang et al., 2020). As anti-RANKL antibody was found to decrease levels of bone formation markers in clinical studies (Cummings et al., 2009; Ominsky et al., 2015), further studies are necessary to clarify whether or not anti-RANKL antibody can stimulate bone formation in addition to inhibiting bone resorption. Furthermore, the ideal timing of inducing the accumulation of RANKL molecules and RANKL clustering to activate RANKL-reverse signaling should be investigated.

The pivotal role of RANKL expressed on osteocytes in osteoclast formation was clarified using a cell-specific RANKL-deficient mouse (Nakashima et al., 2011; Xiong et al., 2011), while osteoblasts’ RANKL was shown to be involved in a role other than osteoclastogenesis. Ikebuchi et al. (2018) revealed the physiological role of RANKL on osteoblasts, which works as a receptor to stimulate bone formation using RANKL-reverse signaling (Figure 2A). The small extracellular vesicles containing RANK secreted from mature osteoclasts (OC-SEVs) were shown to work as a ligand of the acceptor RANKL on osteoblasts. As we described earlier, a coupling phenomenon from bone resorption to bone formation was abolished when RANKL point-mutation mice (Pro29Ala) were used in the RANKL-induced osteopenic model. These results suggest that RANKL on osteoblasts works as a receptor to stimulate bone formation even under pathophysiological conditions. Therefore, RANKL on osteoblasts could be a potential pharmacological target to recover the bone remodeling balance between bone resorption and bone formation. The RANKL-binding molecule could be an effective reagent for the treatment of bone diseases such as postmenopausal osteoporosis. We also expect a RANKL-binding molecule to stimulate local bone formation at the fracture site or the site necessary for bone regeneration. Therefore, RANKL-reverse signaling can be a ground-breaking stone for developing anabolic bone reagent.

The peptides potentiate the effect by bone morphogenetic protein (BMP)-2 as subcutaneous injections of W9 promoted bone mineral density, increased the mineral apposition rate of the femur in mice and accelerated BMP-2-induced ectopic bone formation (Furuya et al., 2013). Of note, W9 promoted BMP-2-induced bone formation by a mechanism other than the antagonism of TNF-α action, as synergistic effects still existed when TNF type 1 receptor-deficient mice or TNF-α-deficient mice were used to establish a BMP-2-induced subcutaneous bone formation model (Khan et al., 2013). In the same manner, we demonstrated the synergistic effects of RANKL-binding peptides with BMP-2 using a sub-periosteally injected bone formation model of the murine maxilla (Uehara et al., 2016; Keo et al., 2020), a tooth extraction model at the incisor socket (Arai et al., 2016), and a model of standard ectopic bone formation at a calvarial bone defect (Khan et al., 2013; Sugamori et al., 2016). Although W9 peptide stimulation has been shown to enhance the phosphorylation of Smad 1 and 5 (Furuya et al., 2013), further studies are necessary to clarify the cross-talk between BMP-2 signaling and RANKL-reverse signaling.



CONCLUSION

Induction of accumulation of RANKL molecules and the RANKL clustering at the osteoblast membrane might be a new therapeutic strategy for developing bone anabolic reagents.
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OP3-4 structure: OP3-4 was designed based on the RANKL-binding site on OPG as a
template. -Molecular weight:1448 (11 amino acid) YCEIEFCYLIR

OP3-4 blocked ovariectomy-induced bone loss.

Alignment of TNF receptor superfamily and WP9QY (W9) peptide: \W9 is a molecule
designed using the TNF-a binding site on the TNF type 1 receptor as a template. It binds to
both TNF-a and RANKL. -Molecular weight:1226 (9 amino acids) YCWSQYLCY

W9 blocks RANKL-induced signaling: In the osteoclast precursor RAW 264.7 cell line, W9
inhibited the soluble RANKL-induced translocation of p65, a significant component of NF-kB, to
the nucleus.

W9 cannot separate RANK and RANKL: A competition assay measuring the binding of
RANKL to the soluble RANK-coated surface with W9, compared with an assay using OPG.
Conformational changes of RANK-RANKL complex by W9: Molecular modeling revealed
the conformational changes in the RANK-RANKL complex induced by W9.

OP3-4 activated bone formation in the collagen-induced arthritis model: The
RANKL-binding peptide prevents a reduction in bone formation in the arthritis model.

OP3-4 and W9 had similar stimulatory effects on osteoblast differentiation in vitro and
on BMP-2-induced bone formation in vivo.

OP3-4 and W9 enhanced the upstream and downstream signaling of mTORC1 activity
in ST2 cells.

The stimulatory effects of RANKL-binding peptide W9 on osteoblast differentiation
were blunted in RANKL-deficient osteoblasts: The RANKL-binding peptide enhanced
osteoblast differentiation in a RANKL-dependent manner.

The RANKL-binding peptide OP3-4 enhanced ALP activity, but the RANKL-binding
molecule OPG did not use ST2 cells.

The RANKL-binding peptide OP3-4 increased the amount of membrane- RANKL,
while OPG did not: OP3-4 increased the membrane fraction of RANKL both 6 and 24 h after
stimulation of the peptide, but OPG did not.

OPG clung to RANKL and disturbed clustering while RANKL-binding peptides did not:
HS-AFM imaging revealed the formation of clusters of RANKL molecules and highly flexible
OPG clinging to RANKL.

Artificial induction of molecular clustering of RANKL may lead to the enhancement of
osteoblast differentiation, even when OPG is used: Inducing pentameric assembly of
OPG-Fc-RANKL complex by IgM could lead to osteoblast differentiation and enhancement of
RANKL accumulation in ST2 cells.

W9 exerted similar or even stronger inhibitory effects on bone destruction than
anti-TNF antibody
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