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Bone regeneration repairs bone tissue lost due to trauma, fractures, and tumors, or absent due to congenital disorders. The extracellular matrix (ECM) is an intricate dynamic bio-environment with precisely regulated mechanical and biochemical properties. In bone, ECMs are involved in regulating cell adhesion, proliferation, and responses to growth factors, differentiation, and ultimately, the functional characteristics of the mature bone. Bone ECM can induce the production of new bone by osteoblast-lineage cells, such as MSCs, osteoblasts, and osteocytes and the absorption of bone by osteoclasts. With the rapid development of bone regenerative medicine, the osteoinductive, osteoconductive, and osteogenic potential of ECM-based scaffolds has attracted increasing attention. ECM-based scaffolds for bone tissue engineering can be divided into two types, that is, ECM-modified biomaterial scaffold and decellularized ECM scaffold. Tissue engineering strategies that utilize the functional ECM are superior at guiding the formation of specific tissues at the implantation site. In this review, we provide an overview of the function of various types of bone ECMs in bone tissue and their regulation roles in the behaviors of osteoblast-lineage cells and osteoclasts. We also summarize the application of bone ECM in bone repair and regeneration. A better understanding of the role of bone ECM in guiding cellular behavior and tissue function is essential for its future applications in bone repair and regenerative medicine.
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Introduction

Trauma, fractures, congenital disease, or tumors can cause bone defects that are challenging to heal. This is especially true for large bones, where the missing tissue is larger than the spontaneous healing ability of osteoblasts (El-Rashidy et al., 2017; Fabris et al., 2018). For small defects, autologous bone grafts remain the gold standard. This approach relies on bone tissue harvested from a patient's own donor site, which is transplanted into the same patient's damaged area. Because the grafts contain the native bone matrix, osteoblasts, and growth factors, they intrinsically possess osteoinductivity and osteoconductivity (Garcia-Gareta et al., 2015). However, this approach is limited by the available sources of grafts and secondary damage at the donor site. By contrast, while having similar biological characteristics and mechanical properties as autogenous bone, allogeneic bone carries the risk of transmission of infectious diseases and the possibility of immune rejection (Hinsenkamp et al., 2012).

In recent years, tissue engineering technology has enabled the production of artificial bone in large quantities. The resulting materials have the potential advantages of excellent biocompatibility, osteoinductivity, and osteoconductivity, providing a promising new method for bone repair. The manufacture of superior tissue-engineering constructs depends on three basic elements: appropriate scaffolds to support tissue-cell regeneration, cytokines, and appropriate seed cells. As the physical basis of artificial grafts, scaffold materials play a key role in the construction of artificial bone (Noori et al., 2017). Ideally, the scaffold material should mimic the characteristics of natural bone, providing a suitable biochemical environment and biomechanical support for the adhesion, migration, proliferation, osteogenic differentiation, and angiogenesis of seed cells on the scaffold. Finally, it must allow the gradual integration into the host tissue during the healing process, allowing it to bear normal loads (Mishra et al., 2016; Roseti et al., 2017). During bone regeneration, the homing of mesenchymal stem cells (MSCs), the formation of osteoblasts, extracellular matrix (ECM) and osteoid mineralization, and the formation of terminally differentiated osteocytes play an important role in bone formation (Wang et al., 2013).

The ECM is a non-cellular three-dimensional structure secreted by cells into the extracellular space. It is composed of specific proteins and polysaccharides. The ECM of each tissue type has a unique composition and topology during development (Frantz et al., 2010). The ECM provides the tissue with integrity and elasticity, and it is constantly being reformed due to changes in the abundance of receptors, growth factors, and the pH of the local environment to control the development, function, and homeostasis of tissues and organ (Bonnans et al., 2014; Mouw et al., 2014). The ECM is considered to represent the fourth element in the development of bone tissue engineering (Ravindran et al., 2012). The bone matrix comprises organic (40%) and inorganic compounds (60%). Moreover, its exact composition differs based on sex, age, and health conditions. The main inorganic components of the ECM are calcium-deficient apatite and trace elements. By contrast, the organic ECM is significantly more complex consists mainly of collagen type I (90%), and noncollagenous proteins (10%). It is mainly synthesized by osteoblasts before the mineralization process (Mansour et al., 2017). The non-collagenous proteins can be classified into four groups: γ-carboxyglutamate-containing proteins, proteoglycans, glycoproteins, and small integrin-binding ligands N-linked glycoproteins (SIBLINs) (Paiva and Granjeiro, 2017). Bone ECM dynamically interacts with osteoblast-lineage cells and osteoclasts to regulate the formation of new bone during regeneration.

In this review, we briefly introduce the inorganic and organic ECM of bone tissue (Table 1), including collagenous and non-collagenous proteins, and summarize the effects of the ECM on osteoblast-lineage cells, including MSCs, osteoblasts, and osteocytes, and osteoclasts. Finally, the application of ECM-based scaffold for bone regeneration in bone tissue engineering is reviewed.


Table 1 | The list of bone ECM components and their role in bone formation.





Major Components of Bone ECM


Organic ECM


Collagenous Proteins

The collagen type I, III, and V are the most abundant constituents of the organic ECM in bones. The main function of collagens is mechanical support and to act as a scaffold for bone cells (Saito and Marumo, 2015). Type I collagen accounts for 90% of the total collagen in bone tissue and forms triple helices of polypeptides which form the collagen fibrils. These fibrils interact with other collagenous and noncollagenous proteins to assemble the higher-order fibril bundles and fibers (Varma et al., 2016). Collagen types III and V regulate the fiber diameter and fibrillogenesis of type I collagen and are present in smaller amounts (Garnero, 2015). The inter- and intra-chain crosslinks of collagen are key to its mechanical properties, which maintain the polypeptide chains in a tightly organized fibril structure. Collagen plays an important role in determining bone strength. The lack of type I collagen or mutation of collagen structure results in changes in the ECM, and thus significantly increases fracture risk (Fonseca et al., 2014).



Noncollagenous Proteins


Proteoglycans

Proteoglycans are characterized by the presence of glycosaminoglycan (GAG) residues covalently bound to the protein core. The six types of GAG residues found in proteoglycans include keratan sulfate, chondroitin sulfate, heparan sulfate, hyaluronic acid, and dermatan sulfate (Kjellen and Lindahl, 1991). Small leucine-rich proteoglycans (SLRPs), such as biglycan, decorin, keratocan, and asporin, are important proteoglycans family in the bone. SLRPs are secreted extracellular proteins that interact with cell surface receptors and cytokines to regulate both normal and pathological cellular behaviors. During bone formation, SLRPs participate in all stages including cell proliferation, osteogenesis, mineral deposition, and bone remodeling (Kirby and Young, 2018). In addition, SLRPs regulate the process of collagen fibrillogenesis, the dysregulation of which leads to defects in the organization and production of collagen, culminating in fibrosis due to either orthopedic injuries or genetic deficiencies (Moorehead et al., 2019). Biglycan and decorin are class I SLRPs that contain either dermatan or chondroitin sulfate GAG chains. Biglycan is expressed during the process of cell proliferation and mineralization, while Decorin is continuously expressed starting from bone matrix deposition. Keratocan is mainly expressed in osteoblasts and involved in regulating bone formation and mineral deposition rates (Coulson-Thomas et al., 2015). Asporin, another member of SLRP, has been shown to bind with type I collagen to promote collagen mineralization (Kalamajski et al., 2009). Therefore, SLRPs play an essential role to maintain bone homeostasis.



γ-Carboxyglutamic Acid-Containing Proteins

One important group of bone ECM proteins contains γ-carboxyglutamic acid (Gla), a specific modified glutamic acid produced by a vitamin K-dependent post-translational modification. These proteins are mainly present in the serum, bone matrix, dentin, and other calcified tissues (Finkelman and Butler, 1985). The main Gla-containing proteins in the bone are osteocalcin (OCN), matrix Gla protein (MGP), and periostin (Wen et al., 2018). OCN is specifically expressed by bone-forming osteoblasts and contains three Gla residues, which give OCN the ability to bind calcium to modulate calcium metabolism by mediating its association with hydroxyapatite. The bone resorption process reduces OCN's affinity for hydroxyapatite, thereby enhance the release of OCN into circulation. Circulating OCN not only acts as a hormone that regulates glucose and energy metabolism, but its concentration in serum can be used as a biochemical indicator of bone formation (Mizokami et al., 2017). MGP is a 14-kDa extracellular protein that synthesized by osteoblasts, osteocytes, and chondrocytes in the bone. MGP-deficient mice have reportedly exhibited premature bone mineralization, while mice with MGP overexpression in osteoblasts showed reduced mineralization of intramembranous bone and hypomineralized tooth dentin and cementum (Luo et al., 1997; Kaipatur et al., 2008). Obviously, MGP is responsible for disrupting bone formation and inhibiting mineralization.

Except for OCN and MGP, periostin is another abundantly expressed Gla-containing protein in bone. Periostin is mainly secreted by osteoblasts and their precursor cells in long bones and is also found in other organs, such as the heart (Wen et al., 2018). Structurally, periostin comprises four domains, a signal sequence, a cysteine-rich emilin-like (EMI) domain, four repetitive and conserved FAS-1 domains, and a variable hydrophilic C-terminal domain, each of which provides different functions, such as FAS-1 providing cell adhesion ability (Merle and Garnero, 2012). As an adhesion molecule, periostin promotes aggregation, adhesion, proliferation, and differentiation of osteoblasts by binding to cell surface receptors. Moreover, periostin participates in collagen folding and fibrillogenesis, which is essential for matrix assembly and further maintains bone strength (Wen et al., 2018).



Glycoproteins

Glycoproteins contain covalently attached carbohydrate molecules on the protein chain in various combinations and positions. Of glycoprotein in the bone matrix, osteonectin, also known as secreted protein acidic and rich in cysteine (SPARC), is a common representative. It is present in mineralized tissues and highly expressed in osteoblasts of bone. Osteonectin is a vital regulator of the calcium release by binding collagen and HA crystals, thereby influencing the mineralization of collagen during bone formation (Rosset and Bradshaw, 2016). With experiments in vivo, Delany et al. (2000) demonstrates that osteonectin-null mice had lower total collagen I content, bone mineral density and numbers of osteoblasts and osteoclasts in bone, and exhibited reduced biomechanical properties. Thus, osteonectin takes part in regulating bone remodeling and maintaining bone mass. Thrombospondins (TSPs), which are classified as TSP1 through TSP5, are present in developing skeleton and bone and is expressed by osteoblasts. In mice, global knockout of TSP-1, -3, and -5 can cause severe abnormalities in skeletal development (Delany and Hankenson, 2009). Moreover, TSP1-null mice show the increased bone mass and cortical bone size, and the differentiation of osteoblast is promoted, which is partly by activating latent TGF-β (Amend et al., 2015). TSP2-null mice have enhanced cortical bone density and osteoprogenitor numbers, combined with the abnormality of collagen fibrillogenesis (Hankenson et al., 2000). These indicate that TSPs play a critical role in bone cell differentiation and maintaining bone mass. R-spondins (roof plate-specific spondin) are a group of four secreted homologous glycoproteins (Rspo1-4) that belong to thrombospondin repeat containing matricellular protein family. They are widely expressed at different stages of skeletal tissue and act as a reinforcer of the Wnt/β-catenin signaling pathway through leucine-rich repeat-containing G-protein-coupled receptors 4, 5, and 6 (Lgr4/5/6). In bone tissue, R-spondins are identified as regulators of the skeleton that control embryonic bone development and adult bone remodeling (Shi et al., 2017).



Small Integrin-Binding Ligand N-Linked Glycoproteins/SIBLINGs

SIBLINGs are a family of glycophosphoproteins that includes bone sialoprotein (BSP), osteopontin (OPN), dentin matrix protein-1 (DMP1), dentin sialophosphoprotein (DSPP), and matrix extracellular phosphoglycoprotein (MEPE). These proteins are predominantly found in mature, mineralized tissues, such as dentin and bone (Bellahcene et al., 2008).

BSP is a highly glycosylated noncollagenous phosphoprotein, that is expressed at the beginning of hard connective tissue mineralization. As a result of the deletion of BSP in mice, cementum deposition is significantly reduced, and long bone length and cortical thickness, the rate of bone formation are also reduced. Thus, BSP is vital in the regulation of osteoblast differentiation and initiation of matrix mineralization in bone tissue (Marinovich et al., 2016). Like BSP, OPN is a major regulator of bone formation, mineralization, especially in bone turnover. It is highly expressed by osteoblasts, odontoblasts, and osteocytes. OPN is abundant in serine-, acidic, and aspartate-rich motif, which are potential phosphorylation sites involved in inhibiting mineralization. In bone remodeling, OPN regulates osteoclastogenesis and osteoclast activity, which contributes to bone formation and resorption (Singh et al., 2018).

DMP1 and MEPE are mainly produced by fully differentiated osteoblasts in bone, and also expressed by pulp cells and odontoblasts. DSPP is important for the mineralization of tooth dentin, and is consequently abundant in dentin tissue (Bouleftour et al., 2019). Mice lacking DMP1 show severe bone defects, displaying increased serum fibroblast growth factor 23 (FGF23) and decreased serum phosphorus, as well as deformed and low-mineralized bone (Jani et al., 2016). Knockout of MEPE in mice increases bone mass and trabecular density and shows abnormal cancellous bone. Moreover, MEPE interacts with DMP1 and PHEX to affect FGF23 expression, thereby regulating phosphate, mineralization, and bone turnover (Zelenchuk et al., 2015). DMP1 and MEPE, thus, appear as key regulators of matrix mineralization and phosphate metabolism.





Inorganic ECM

The main inorganic constituent of hard tissues, such as bone and dentine, is hydroxyapatite (HA, Ca5(PO4)3OH) (Ramesh et al., 2018). The deposition of HA occurs through the process called biomineralization. Interactions between minerals and matrix in teeth and bones, such as amino acids present in non-collagenous proteins, control HA formation. Collagen is produced during the mineralization of tissue and acts as a template for the deposition of HA (Tavafoghi and Cerruti, 2016). Due to the significant chemical and physical resemblance of HA to the mineral constituents of human bones and teeth, it is both biocompatible and osteoconductive. Consequently, HA is widely used for coatings on metallic implants, bone fillings, and injectable bone substitutes (Ramesh et al., 2018).




Function of the Bone ECM in Osteoblast-Lineage Biology

Osteoblast-lineage cells are bone-forming cells in bone remodeling. Osteoblasts develop from multipotent mesenchymal stem cells (MSCs), which can be isolated from the bone marrow or other tissues. The osteogenic differentiation of MSCs can be divided into four steps: (i) the commitment step produces lineage-specific progenitor cells; (ii) the proliferative phase of osteoprogenitors, in which genes associated with the cell cycle and histone signals are expressed; (iii) the phase of ECM secretion and morphological changes of immature osteoblasts; (iv) osteoid mineralization initiated by mature osteoblasts, which become terminally differentiated osteocytes (Paiva and Granjeiro, 2017). MSCs, osteoblasts, and osteocytes sense mechanical and biochemical signals from the ECM and respond to these signals by regulating their fate (Assis-Ribas et al., 2018).


Regulation of BMSCs by the ECM

BMSCs are capable of migration, proliferation, differentiation, and cell-cell communication. Moreover, they can synthesize copious amounts of extracellular matrix proteins such as collagen type IIIα1 and Vα1, α5 and β5 integrin chains, fibronectin, connective tissue growth factor, and transforming growth factor beta I (TGFβI) (Ren et al., 2011). These are considered to be important for MSC homing and fate determination, such as adhesion, expansion, and spreading, through integrin receptors.

As an osteoblastic agent, TGFβ is coupled to the bone ECMs and moderately regulates the differentiation of early BMSCs into matrix-producing osteoblasts and osteocyte. Biglycan is can regulate the biological activity of TGF-β as well as matrix organization by binding to collagen type I. It has been reported that BMSCs isolated from biglycan-KO mice produced low amounts of collagen type I and showed a reduced response to TGF-β. Moreover, the deficiency of biglycan disrupts the ability to produce BMSCs, and also attenuates it's normal metabolic activity. In addition, biglycan-KO mice show the low activity of alkaline phosphatase (ALP)-positive MSCs, possibly due to apoptosis, which leads to a decrease of proliferation (Chen et al., 2002). In mice lacking biglycan and decorin (another member of the SLRP family), high concentrations of TGF-β activate downstream signaling pathways that stop the proliferation and induce the apoptosis of BMSCs. Therefore, decorin and biglycan mediate the proper sequestration of TGF-β and play a vital role in regulating the survival and growth of BMSCs (Bi et al., 2005).

Besides proteoglycans, glycoprotein TSP1 is also a major regulator of TGF-β activation and critical for regulation of the behaviors of MSCs inside the adult bone marrow niche microenvironment. In MSCs, TSP1 inhibits MSCs osteogenesis with decreased expression of Runx2 and ALP expression. This inhibition is due to latent TGF-β activation in MSCs, since anti-TGF-β antibody increased ALP activity in the presence of TSP1 (Bailey Dubose et al., 2012). Furthermore, the TSP1 effect on MSC proliferation has been reported to be mediated by activation of endogenous TGFβ in a dose-dependent manner. By contrast, the proliferation of MSC is not affected by TSP2, which can't activate TGFβ (Belotti et al., 2016). Therefore, TGFβ acts as an intermediary of TSP1 activity on MSCs.

Type I collagen fibrils in bone ECM also modulate osteogenesis by binding with integrins of osteoblast progenitors, which leads to initiated osteoblast differentiation cascade through Runx2 transcriptional activation (Elango et al., 2019). Fibrillogenesis starts from the interaction between type I and type V collagen, and then forms linear fibril. SLRP and thrombospondins can regulate collagen assembly by interacting with collagen fibrils. In mice, deletion of TSP2 results in increased number and proliferation ability of MSC, and also characterized by delayed osteogenesis and increased adipogenesis (Hankenson et al., 2000). Deficiency of TSP2 inhibits the differentiation of primary MSCs into osteoblasts, accompanied by decreased matrix collagen content and disrupted type I collagen assemble process (Alford et al., 2013). These results suggest that, unlike TSP1, TSP2 may act as an inhibitor of MSCs proliferation and a promoter of differentiation by regulating the mechanism of collagen fibrillogenesis.

Other ECM molecules, such as OPN, OCN, and DMP1, can regulate the proliferation of MSCs and osteogenesis. OPN increases the proliferation capacity of MSCs in a dose-dependent manner. On the other hand, OCN promotes the differentiation of MSCs into osteoblasts, with the increase of extracellular calcium levels, ALP activity, and the mRNA expression of OPN and OCN (Carvalho et al., 2019a). Numerous studies find that cytoskeleton and chromatin organization can affect cell migration. Liu and colleagues indicate that F-actin cytoskeleton and chromatin structure organized by EZH2-mediated H3K27me3 involves OPN-induced MSCs migration (Liu et al., 2018; Liu et al., 2019). In addition to stimulating the maturation of osteoblasts and osteocytes, DMP1 can also affect the pluripotency of MSCs. When DMP1 is removed, MSCs increasingly differentiate into osteogenic cells and bone mass, suggesting that it is a negative regulator of MSC differentiation (Zhang S. F. et al., 2018). Taken together, ECM that participates in bone formation and mineralization also significantly contributes to the growth, survival, and differentiation of MSCs (Table 2).


Table 2 | Function of the bone ECM in MSCs.





Regulation of Osteoblasts by the ECM

Immature and mature osteoblasts are the intermediate cells during MSCs osteogenesis. It continues the process of differentiation, along with the secretion of ECM and osteoid mineralization. Osteoblasts require a surface to synthesize new matrix, which is provided by collagen. If there is no substrate, osteoblasts synthesize a matrix that is only organized in the short range. Thus, this organized surface is used by osteoblasts to deposit mechanically stable and correctly structured bone tissue (Kerschnitzki et al., 2011). Different structures composed of type I collagen have different effects on the behavior of osteoblasts. In contrast to soluble and fibrillar forms, denatured forms of type I collagen inhibit the proliferation of osteoblast-like cells and can stimulate osteoblastic differentiation (Tsai et al., 2010). A small amount of type III collagen is also found in collagen fibrils of bone. Type III collagen null mice show affected osteoblast differentiation, consistent with decreased ALP activity, reduced osteogenic markers (OCN and BSP), and mineralization capacity (Volk et al., 2014). Therefore, collagen acts as a tissue scaffold, providing a matrix for anchoring cells and regulating the growth and osteogenic properties of osteoblasts.

Part of ECM protein not only regulates collagen fibrillogenesis but is required for osteoblast lineage progression, which ultimately affects mineralization. The contributions of osteonectin, keratocan, TSP1, and TSP2 to collagen fibrillogenesis have been extensively reported. In terms of influencing the maturation and function of osteoblasts, osteonectin and keratocan-null mice show fewer osteoblasts and decreased mineralized nodules in mutant cells (Igwe et al., 2011; Rosset and Bradshaw, 2016). TSP1 inhibits the mineralization of osteoblast in vitro and in vivo (Ueno et al., 2006). However, TSP2 promotes osteoblast mineralization by promoting the organization of osteoblast-derived ECM (Alford et al., 2010). Collectively, those proteins mediate the mineralization of osteoblasts through regulating collagen fibrillogenesis to some extent.

ECM molecules BSP and OPN are two SIBLINGs that contribute to the regulation of osteoblasts. BSP is crucial for the synthesis of the ECM and HA nucleation activity. It can promote osteoblast differentiation and enhance early bone mineralization to produce new bone in vivo. Especially the RGD sequence of BSP, which mediates the osteoblast behaviors by FAK and other extracellular kinases (Holm et al., 2015). By contrast, OPN can inhibit the process of osteoblast osteogenesis through inhibition of BMP-2, and act as a mineralization inhibitor of osteoblast in a phosphate-dependent manner (Huang et al., 2004; Singh et al., 2018). Consistent with that of OPN, OCN, which is produced by osteoblast, is considered as an inhibitor of bone mineralization. Osteocalcin null mice show larger HA crystal size, suggesting that osteocalcin may regulate the maturation rate of minerals (Zoch et al., 2016).

The Wnt pathway is an important regulatory for bone formation. Three ECM molecules, MGP, R-spondin2, and periostin, have been identified to modulate the mineralization of osteoblast through Wnt signaling. Knockdown of MGP inhibits the differentiation and mineralization of osteoblasts via up-regulating Wnt/β-catenin signaling pathway. Consistent with the results of in vivo experiment that overexpression of MGP inhibits the decreased bone mineral density induced by ovariectomy (Zhang J. et al., 2019). As a wnt agonist, R-spondin2 is abundantly expressed in pre-osteoblasts stimulated by Wnt. R-spondin2 promotes osteoblastogenesis in vitro and bone mass in vivo, supporting its vital role in osteoblastogenesis and bone development (Knight et al., 2018). Sclerostin is an important inhibitor of WNT/β-catenin signaling and regulates osteoblast matrix generation. It has been reported that periostin may interact directly with sclerostin and promotes Wnt signaling inhibited by sclerostin (Bonnet et al., 2016). Moreover, periostin can also affect osteoblast differentiation and bone formation, suggesting that periostin is involved in bone anabolism by regulating Wnt/β‐catenin signaling (Merle and Garnero, 2012) (Table 3).


Table 3 | Function of the bone ECM in osteoblasts.





Regulation of Osteocytes by the ECM

Osteocytes are the terminally differentiated immobilized cells in the bone matrix. Although embedded in the bone matrix, osteocytes form contacts with each other and with bone lining cells, which aid bone growth and repair.

The bone matrix present around the intricate lacuno-canalicular network of osteocytes is continuously being resorbed and deposited in a process called perilacunar/canalicular remodeling (Dole et al., 2017). Changes in the overall formation rate of the canalicular network increase osteoblast activity and bone formation. Recently, it is demonstrated that the process by which osteocytes push type I collagen fibers outward from the center of the formed lacuna mediates osteocytes lacunae formation, which is accompanied by increased collagen deposition and collagen-fiber network compaction surround the lacunae. Therefore, the dynamic assembly of bone collagen contributes greatly to the encapsulation and mineralization of osteocytes in bone matrix (Shiflett et al., 2019).

Osteocytes can sense and respond to external mechanical cues. The stiffness of the surrounding matrix is one of the most important signals that regulate osteocyte behaviors, and changes in the stiffness of the ECM induce alterations in the cytoskeleton and cell morphology, as well as fibronectin, which leads to changes in paxillin and in turn affects the elongation of osteocyte gap junctions (Zhang  D. M. et al., 2018). As osteocytes begin to expand processes and start mineralizing the neighboring matrix, the expression of DMP1 and MEPE is upregulated. The stiffness of the ECM, and especially that of the collagen-based substrates, affects DMP1 expression. The levels of DMP1 and Sclerostin are greatly increased on collagen-based substrates with low stiffness, indicating enhanced osteocyte differentiation compared to ECM substrates with high stiffness (Mullen et al., 2013). Changes of DMP1 levels mediate the sensing of mechanical stimuli by osteocytes, which may increase the attachment of osteocytes and remodeling of the matrix present inside the local microenvironment (Gluhak-Heinrich et al., 2003). In addition, DMP1 also inhibits the apoptosis of osteocytes, enhances bone mineralization, and prevents the disintegration of the osteocyte network (Dussold et al., 2019). MEPE is synchronized with DMP1 and differentially regulates bone remodeling by mechanical loading. MEPE knockout mice show increased bone mass, accompanied by suppressed mineralization, suggesting that both DMP1 and MEPE can regulate the mineralization in osteocytes and lacunar wall (Gluhak-Heinrich et al., 2007) (Table 4).


Table 4 | Function of the bone ECM in osteocytes.






Function of the Bone ECM in Osteoclasts

Osteoclasts, are multinucleated cells formed from the fusion and differentiation of monocyte/macrophage precursors, involve in bone resorption. The formation and activity of osteoclasts activated by macrophage colony-stimulating factor (M-CSF) and receptor for activation of nuclear factor κB (NF-κB) ligand (RANKL), which are derived from osteoblasts (Lin et al., 2019).

Upon osteoclast formation, TSP1, TSP2, MGP, and biglycan regulate osteoclast differentiation and resorption activity in different regulatory mechanisms. Both TSP1 and TSP2 are key positive regulators in osteoclast differentiation. TSP1 functions in the early stage of osteoclastogenesis, and TSP1 deficiency mice show decreased differentiation and activity of osteoclast. This is caused by increased inducible nitric oxide synthase (iNOS) (Amend et al., 2015). However, TSP2 induces osteoclastogenesis through NFATc1, which is a RANKL-dependent pathway, accompanied by an increased RANKL/OPG ratio (Wang et al., 2019). In contrast, MGP suppresses the nuclear translocation of NFATc1 and intracellular Ca2+ flux in osteoclasts, which in turns attenuate the differentiation and bone resorption. MGP also inhibits bone formation and MGP-null mice exhibit an osteopenic phenotype, suggesting that MGP plays a stronger role in bone absorption than in bone formation (Zhang Y. et al., 2019). With the same regulation mechanism as MGP, type I collagen can also act as an inhibitor of bone development by osteoclasts. The formation of osteoclasts can be suppressed by full length or 30–75 kDa fragments of type I collagen, which binds with the collagen receptor LAIR-1 and thereby maintaining bone strength (Boraschi-Diaz et al., 2018). TNFα has been shown to regulate osteoclast differentiation and survival in a RANKL-independent manner. In biglycan and fibromodulin double knockout mice, osteoclasts possess higher differentiation potential and surround with increased TNFα and RANKL cytokine. Exogenous biglycan or fibromodulin weakens the ability of osteoclast precursors to form TRAP-positive multinucleated cells. Therefore, biglycan alone or coupled with fibromodulin regulates osteclastogenesis through TNFα and/or RANKL to control bone mass (Kram et al., 2017).

The RGD sequence of OPN and BSP interact with αvβ3 integrin initiate osteoclast adhesion to bone matrix and formation of actin ring of polarized osteoclasts, which is crucial for bone development. Integrin-matrix combination is vital for podosome formation on osteoclasts. Thus, OPN plays a major role in osteoclast activity and sealing zone formation of osteoclasts (Singh et al., 2018). Moreover, OPN can be secreted by human osteoclasts in addition to osteoblast during bone resorption, which can be used as a chemokine for subsequent bone formation and resorption (Luukkonen et al., 2019). In addition, osteoclast surfaces and the number of osteoclasts are decreased in BSP knockout mice. BSP can promote bone resorption, and the migration of preosteoclast and mature osteoclasts is impaired in the absence of BSP (Boudiffa et al., 2010). OPN and BSP can act as a network to coordinate the function of osteoclasts. Osteoclasts derived from OPN and BSP double knockout mice exhibit higher number and resorption activity. The interaction between OPN/BSP and αVβ3 integrin may participate in determining osteoclast adhesion to bone matrix surface and subsequent resorption (Bouleftour et al., 2019) (Table 5).


Table 5 | Function of the bone ECM in osteoclasts.





Application of the ECM for Bone Tissue Engineering

Tissue engineering utilizes the basic principles and methods of life sciences and engineering to create functional tissue substitutes in vitro, which can be used to repair tissue defects and replace the partial or total loss of organ function (Shafiee and Atala, 2017). Tissue-engineering strategies rely on three basic elements—seed cells, scaffolds, and cytokines—which interact to produce engineered tissue constructs (Hu, 1992). Most tissue engineering approaches rely on renewable seed cells, such as stem cells, to restore damaged sites. The production of large amounts of growth factors and ECM components during the proliferation of seed cells increases the flexibility of the scaffold and promotes the proliferation and differentiation of autologous progenitor cells, thereby further enhancing tissue repair. Furthermore, cytokines bind to receptors on the cell surface, which transmit extracellular signals to the cell interior to regulate cell proliferation and differentiation, or enhance the formation of the ECM (Zhang et al., 2016). The scaffold provides an appropriate three-dimensional (3D) structure that guides the growth of seed cells to achieve correct tissue remodeling. Ideal scaffolds must have good biocompatibility, biodegradability, biomechanical properties, permeability, surface characteristics, and must not promote immune rejection (Yi et al., 2017).

In recent years, bone tissue engineering has developed rapidly, providing a promising new approach for bone repair. However, due to the complex anatomical structure of bone and the high mechanical stress that the engineered tissue must withstand in vivo, bone tissue regeneration remains one of the major challenges of tissue engineering (Vieira et al., 2017). Bone grafts can be used to stimulate or increase the formation of new bone around fractures or surgical implants, as well as to regenerate or replace the bone lost due to infection, trauma, or disease (Polo-Corrales et al., 2014). The ideal scaffold should also promote the attachment, increase the viability and proliferation, as well as induce osteogenic differentiation and angiogenesis. Finally, the material must be able to gradually integrate with the host tissue and bear the same load (Roseti et al., 2017). Bone scaffolds are usually made of biodegradable materials that are porous and effectively integrate seed cells, growth factors, and drugs, as well as provide mechanical support during the repair and regeneration of the damaged bone (Bose et al., 2012).

With the rapid development of regenerative medicine, the ECM has gained attention as the fourth element in the development of bone tissue engineering (Ravindran et al., 2012) (Figure 1). The ECM acts as a physical scaffold and substrate for cell adhesion, delivering biochemical and biomechanical signals for cells to initiate migration, differentiation, morphogenesis, and homeostasis (Yi et al., 2017).




Figure 1 | Schematic preparation of ECM-based scaffold in bone regeneration. (A) ECM-modified biomaterials scaffold. Different components and contents of ECM modified with biomaterial-based scaffold, and further modified with stem cells and structure processing to mimic the natural biomaterials. (B) decellularized ECM scaffold obtained either from tissue in vivo or cultured cells in vitro by decellularization, which is a promising strategy to induce bone regeneration and has good clinical performance.




ECM-Modified Biomaterial Scaffold

Extracellular matrix components such as collagen, HA, and fibronectin are commonly used as natural biomaterials for the preparation of scaffolds. ECM itself or modified with biomaterial-based scaffold is used in biological scaffolds to mimic the natural biomaterials. Because a single bone ECM component cannot generally simulate the complex osteogenic microenvironment, two or more materials are used to generate a composite that can produce a synergistic effect.

ECM act as a surface coating material on absorbable polymers and is increasingly being used to manufacture biodegradable scaffolds for bone reconstruction materials. Rentsch et al. constructed polycaprolactone-co-lactide (PCL) scaffolds coated with 3D collagen I/chondroitin sulfate (Coll I/CS) to repair rabbit calvarial bone defects. Compared with PCL scaffolds, more new bone was formed in the central defect of the Coll/CS coated PCL group, and it was more evenly distributed in the scaffolds after 6 months following implantation (Rentsch et al., 2014). In addition, titanium (Ti) was coated with Col1 and implanted into the femoral condyles of osteopenic rats to evaluate the osteointegration, the total bone ingrowth of the TiColl material following ovariectomy increased significantly from 4 to 12 weeks after implantation, compared with Ti alone (Sartori et al., 2015). Interestingly, the osteogenic potential of hydroxyapatite/β‐tricalcium phosphate (HA/β‐TCP) was improved by surface immobilization of MEPE peptide. The HA/β‐TCP with the MEPE peptide stimulated bone regeneration in a mouse calvarial defect model compared to unmodified HA/β‐TCP. Newly formed bones undergo physiological remodeling mediated by osteoclasts (Acharya et al., 2012). Therefore, due to the special structure and function of ECM, it might be beneficial for the biopolymer scaffold to perform signal connection and conduction with cells, improve the osteoconduction and osteointegration, and guide cell growth and tissue remodeling.

As an important ECM component of natural bone tissue, HA has also been used in materials for bone regeneration and bone repairs, such as bone fillings and injectable bone substitutes. A HA modified PCL/HA composite had better biocompatibility for hMSCs cells with higher proliferation and osteogenic potential, compared to neat PCL. Whereby the efficiency of attachment between hMSCs and the PCL/HA scaffold was improved with a higher HA content of 5% to 10% and in a HA concentration-dependent manner (Kumar et al., 2017). This means that in addition to the different components of modified ECM to affect the cell behaviors in bone regeneration, different ECM contents also play different roles.

In bone tissue engineering, biological scaffolds are required not only to have components similar to natural bone, but also to have similar structural properties. A collagen-apatite (Col-Ap) nanocomposite that emulates bone-like subfibrillar nanostructures was constructed to mimic natural bone. The Col-Ap nanocomposite scaffold was able to activate bone-forming cells, promote inward vascularization, as well as induce the synthesis of the ECM mediated by increased TGFβ1. (Liu et al., 2016). In addition, Haj et al. demonstrated that nanofibrous HA/chitosan (nHAp/CTS) scaffolds seeded with MSCs were superior to membranous HAp/CTS in a rat model of cranial bone defect regeneration. The MSCs in the nanofibrous scaffold activated the integrin-BMP/Smad signaling, leading to higher proliferation and ALP activity (Liu et al., 2013). Similar to nanofibrous HA scaffold, Shamaz et al. obtained electrospun microfibrous sheets by combining layers of a microfibrous mat composed of electrospun poly(l-lactic acid) (PLLA), gelatin–nanoHA matrix (GHA), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide called GHA-MFE. When human adipose-derived MSCs (hADMSCs) were grown on this GHA-MFE scaffold, they displayed higher ALP activity in vitro. Moreover, the GHA-MFE fiber scaffolds significantly increased the rate of new bone formation in rabbit femoral cortical bone defect after 4 weeks of implantation compared with commercial Surgiwear™ (Shamaz et al., 2015). Obviously, the surface morphology and overall topology of ECM in scaffolds are significantly involved in determining their capacity for cell loading and growth in bone tissue engineering.

Stem cells are receiving increasing attention in regenerative medicine, including bone regeneration. Because of their good proliferation ability and capacity for osteogenic differentiation. On the other hand, stem cells are capable of synthesizing an ECM that can accelerate calcification and repair, thereby restoring the function of damaged bones (Clough et al., 2015; Gao et al., 2017). Chamieh et al. treated critical-size calvarial defects in rats using human dental pulp stem cells (DPSCs) seeded onto collagen gel scaﬀolds. Compared to untreated defects, the scaffolds containing DPSCs significantly promoted the formation of correctly structured new bone and increased the volume of fibrous connective tissue and mineralized tissue, which was accompanied by the increased expression of osteogenic ALP and type I collagen (Chamieh et al., 2016). When MSCs on laminated HA nanoparticle (nHA)/poly-hydroxybutyrate (PHB) (nHA/PHB) were co-implanted, it resulted in improved promoted the formation of osteoid tissue and ECM, with ingrowth of blood vessels into the graft two months after subcutaneous implantation on the dorsal site of mice model (Chen et al., 2017). Moreover, MSCs derived from induced pluripotent stem cells (iPSC-MSCs) combined with HAp/Col/CTS nanofibers also had a good bone regeneration ability in mice cranial defects, with almost 2-fold higher bone density than either TCP, CTS or HAp/CTS scaffolds. This might due to increased secretion of Alp and Col (Xie et al., 2016). On account of the synergistic effect of stem cells and ECM, the stem cells/ECM composite scaffolds are more conducive to bone remodeling than ECM modified scaffolds. Besides stem cells, endothelial cells (ECs) that contribute to vascularization can provide adequate nutritional support for the scaffold. Osteogenic differentiated MSCs (OMSCs) and ECs were seeded into a nano‐HA/polyurethane (n‐HA/PU) scaffold at a ratio of 0.5/1.5, was more effective for bone repair in rat condylar femoral defects than OMSC scaffold and scaffold alone. Therefore, ECs in OMSC/EC‐scaffold plays an important role in bone formation and vascularization (Li et al., 2019).

In the clinical study, the absorbable collagen sponge scaffold contains bone-stimulating agents, such as rhBMP-2, rhBMP-7, and PRP, to treat long bone defects and fracture of the patient. The patients showed bony healing and new bone formation in the defect site (Govender et al., 2002; Calori et al., 2008). Except for collagen, controlled proportions of HA together with modified calcium phosphate, TCP, and ionic species to form Bonelike®, which can be used in non-critical bone defects treatment. Bonelike® has a similar chemical and structural composition of human bone. Bonelike® itself or combined with MSCs improved bone regeneration by promoting bone growth and vascularization in bone defect patients (Campos et al., 2019). Moreover, eggshell-derived nano-hydroxyapatite for bone transplantation has strong safety and can obtain good bone regeneration performance. In the third month after implantation in patients, bone graft showed increased bone density and complete healing (Kattimani et al., 2019). Therefore, the use of ECM-modified scaffold in bone regeneration is significantly better than standard treatment by reducing the frequency of secondary intervention, while reducing the infection rate in patients with an open bone defect.

Above all, different types, proportions, structures of ECM, and even different implanted cells can all affect the bone regeneration performance of the ECM-modified biomaterial scaffold, suggesting that there may be a set of elements of ECM that work in concert to guide bone regeneration. Moreover, it remains unknown how much each of these factors or the combination of these factors contributes to ECM in the scaffold. Further studies are still needed to fully reveal the multiple functions of ECM in the ECM-modified biomaterial scaffold during bone repair.



Decellularized ECM Scaffold

Although the ECM-modified biomaterial scaffold based on different compositions and ratios of bone ECM can improve bone defect repair, the complex matrix components and activities cannot be completely stimulated in biomimetic bone tissue. In addition, these artificial scaffolds lack specific cell niche and anatomical structures of target tissues, and cannot guarantee good integration of cellular and molecular cues (Zhang et al., 2016). Therefore, decellularized ECM scaffold obtained either from tissue in vivo or cultured cells in vitro is a promising strategy to induce bone regeneration and has a good clinical performance. It has the advantage of maintaining ECM components, providing the original geometry and flexibility of the tissue, while also offering inherently low immunogenicity (Hoshiba et al., 2016). The decellularized ECM provides mechanical support for the regenerating cells and affects both their migration and cell fate decision (Gallie et al., 1989).


Tissue-Derived Decellularized ECM Scaffold

Bone-derived decellularized ECM (dECM) can provide a native microenvironment containing ECM proteins, type I collagen, and growth factors including bone morphogenetic proteins. Kim et al. used dECM from porcine bone to form 3D-printed PCL/β-TCP/bone dECM scaffolds, which promoted more new bone regeneration 6 weeks after repair of a rabbit calvarial defect in vivo. Importantly, bone tissue developed into the interior of the scaffold. By contrast, bone tissue formed only at the edge of the scaffold without dECM (Kim et al., 2018). A dECM derived from the porous growth plate (GP) was fabricated to repair critical-sized rat cranial defects. Higher levels of mineralized tissue and increased vascular volume were observed 8 weeks after implantation, which might be caused by reduced production of IL-1β and IL-8 and superior osteogenic capacity compared to native GP (Cunniffe et al., 2017). In addition, 3D ECM scaffold produced from decellularized periosteum promoted bone mineralization by controlling the size and direction of mineral crystals in rabbit bone defect regeneration, suggesting the crucial role of periosteum ECM in efficient healing of fractures and bone regeneration (Lin et al., 2018). In clinical, decellularized bone ECM from bovine trabecular bone discs with patient autogenous MSCs could treat distal tibia fracture. After 6 months, active bone formation can be detected in both callus and graft of the patient (Hesse et al., 2010). This means that native decellularized bone transplantation has a broad application prospect in orthopedic surgery.

A dECM produced from non-bone tissue can also be used in bone regeneration. Mohiuddin et al. demonstrated that a combination of decellularized adipose tissue (DAT) with adipose-derived stromal/stem cells (ASCs) is effective in the regenerative bone repair of mice critical-size femur defects. The group treated with the DAT hydrogel showed a higher deposition of OPN and collagen I as well as a higher bone area than the untreated group (Mohiuddin et al., 2019). Beyond that, porcine small intestinal submucosa (SIS) ECM was combined with true bone ceramic (TBC) and mineralized, to fabricate the tissue-derived ECM scaffold mSIS/TBC. This scaffold promoted the viability, proliferation, and osteogenesis of rat MSCs through the ERK1/2 and Smad1/5/8 signal pathways in vitro. Most importantly, bone formation in a rat critical size cranial defect model was greatly improved by the mSIS/TBC scaffold compared to a pure TBC scaffold (Sun et al., 2018). Taken together, the abundance of multiple ECM components in dECM from the tissue is an ideal biomaterial for bone tissue engineering.



Cell-Derived Decellularized ECM Scaffold

Autologous cells grown aseptically in vitro can be used to produce a cell-derived decellularized ECM avoiding the disadvantages of a tissue-derived decellularized ECM. ECM scaffolds derived from stem cells and bone cells can potentially better mimic the native bone microenvironment, thereby inducing bone regeneration (Sun et al., 2018). In vitro, adipose‐derived stem cells (ASCs) on hMSCs derived decellularized ECM showed more osteogenic colonies, accompanied by increased expression of osteogenic markers (Zhang et al., 2015). dECM derived from co-cultured MSCs and HUVECs promoted the osteogenic and angiogenic potential of BMSCs. Moreover, the 1/3 ratio of MSCs/HUVECs has the best angiogenic effect on MSCs (Carvalho et al., 2019b). Cell-derived dECM, rich in collagen, matrix macromolecules, and growth factors, has good biocompatibility and biodegradability, making it beneficial for the proliferation and osteogenic differentiation of MSCs, and can be used as cell culture matrix for bone regeneration medicine.

In bone repair applications, cell-derived dECM combined with inorganic material to composite hybrid scaffolds, providing stronger osteoinductive properties and mechanical support. The implantation of osteogenic ECM sheets (OECMS) that retain the native collagen I and growth factors, together with HA, enhanced bone regeneration in a rat model of femoral non-union at 5 and 8 weeks. The OECMS contained TGF-β and BMP2, leading to increased osteoinduction and osteoconduction (Onishi et al., 2018). When a dECM derived from MG63 cells was deposited on a CS/PCL scaffold, hMSCs exhibited enhanced attachment, proliferation, and osteogenic differentiation, and the scaffold showed anti-inflammatory features in vitro. Moreover, the dECM-coated CS/PCL demonstrated a good bone regeneration ability after in vivo implantation in rat calvarial defects, which was associated with increased mineralized tissue (Wu et al., 2019). According to the characteristics of different biomaterials and the good osteoinduction of ECM, tissue-engineered grafts can be customized to overcome the limitations of autograft and allograft.

Beyond that, dECM scaffolds for bone repair can also be obtained from other, non-bone cells. A PLGA/PLA scaffold was coated with dECM form human lung fibroblasts (hFDM) in bone defect repair by delivering BMP-2. The dECM/PLGA/PLA scaffold significantly promoted new bone formation in a rat model of a calvarial bone defect. Notably, the addition of BMP-2 led to almost complete healing of bone defects (Kim et al., 2015). Mesenchymal stromal cells derived from human nasal inferior turbinate tissue (hTMSCs) were combined with a 3D-printed PCL/poly(lactic-co-glycolic acid) (PLGA)/β-TCP scaffold to form a mineralized ECM scaffold. The corresponding implants improved bone formation in ectopic and orthotopic rat models compared to the bare scaffold, in accord with the increased osteogenic differentiation of hTMSCs on 3D-printed hybrid scaffolds in vitro (Pati et al., 2015). Further development of 3D printing technology in ECM-based scaffolds is beneficial to the field of bone tissue engineering and regenerative medicine.





Conclusions and Prospects

Although natural bone grafts from autologous or allogeneic sources are the best choice for bone defect repair, their clinical applications are limited due to complications during surgery related to their sourcing. With the development of tissue engineering technology, biomaterials manufactured using materials engineering, nanotechnology, and 3D printing been used to develop novel implants for bone regeneration. However, many such novel materials suffer from shortcomings such as poor biocompatibility, low osteoinductivity, and high immunogenicity. ECM scaffolds have unique advantages in all these areas. Because they can better simulate the composition, distribution, and biochemical signals of various matrix components in native bone tissue, they can emulate the natural bone microenvironment. Consequently, such materials can effectively support bone regeneration and guide tissue reconstruction. Common ECM-modified scaffold designs use a single or a combination of components of the ECM or apply a coating combined with biomaterials to produce scaffolds. Even when using decellularized preparations of autologous or allogeneic tissue or cells cultured in vitro, the integrity and mechanical properties of the matrix components are preserved, while achieving low immunogenicity by removing cell-bound antigens. Bone ECM has been demonstrated to enhance bone regeneration. Therefore, the application of the ECM-modified biomaterial scaffold and decellularized ECM scaffold has become a new frontier in tissue engineering and regenerative medicine.

Nevertheless, the clinical application of ECM-modified biomaterial scaffold or decellularized ECM scaffold in bone repair still faces many problems, such as the preservation of growth factors and biochemical signals in the ECM during decellularization, modification of the ECM, design, and processing of ECM scaffolds, and standardization and mass production for clinical studies. There are decellularization methods that retain the characteristics and functions of the ECM. However, due to the complexity and dynamics of its components, there has been no systematic analysis of the components of the ECM secreted by cells or tissues, and it is not clear if decellularized ECM can completely match the biochemical imprint of the native bone ECM. Therefore, the components and composition of decellularized ECM scaffolds, as well as the dynamic changes of ECM under different culture conditions should be further studied to make it more similar to the natural ECM composition. Additionally, it is difficult to precisely control the ECM components secreted by cells, so that they can be standardized and unified in mass production. Cells can be genetically modified to express specific products in a timely and quantitative manner, and appropriate bioreactors can be used to monitor cell growth and product secretion. Consequently, ECM release standards can be established to improve the quality of the graft. Finally, the ECM can be modified by adding growth factors and bioactive molecules during the preparation of ECM scaffolds to improve the effectiveness of bone defect repair. Therefore, the types and amounts of bioactive molecules need to be further studied. While additives can enhance the bone regeneration ability of the defect site, they must not affect the growth of other adjacent tissues at the graft site, hence avoiding inflammation and hyperplasia. In addition, ECM scaffolds can be combined with autologous pluripotent stem cells or organ-specific progenitor cells for a better therapeutic effect. Finally, the design and processing of ECM scaffolds can make them fill the defect site more accurately, offering better mechanical support and functional bionics. With the development of 3D printing technology in recent years, the ECM can be processed through biological printing to obtain scaffolds with various topology, such as porous and lamellar, or even scaffolds with a shape that exactly matches the defect site. Thus, the implant can be designed for improved bionic mechanical properties and stronger bone regeneration ability.

In conclusion, the application of ECM in bone formation and bone regeneration is full of opportunities and challenges. In the future, further studies on the cellular and molecular mechanisms the mediate the effects of the ECM on bone cells and bone repair will contribute to the further development of ECM-based scaffolds in bone tissue engineering.



Author Contributions

XL and SP drafted the manuscript. AQ and Y-GG designed the project.



Acknowledgments

This study was supported by the National Natural Science Foundation of China (81700784, 81601913), the Natural Science Basic Research Plan of Shaanxi Province of China (2018JQ3049), Fundamental Research Funds for the Central Universities (3102019ghxm012). 



References

 Acharya, B., Chun, S. Y., Kim, S. Y., Moon, C., Shin, H. I., and Park, E. K. (2012). Surface immobilization of MEPE peptide onto HA/ss-TCP ceramic particles enhances bone regeneration and remodeling. J. BioMed. Mater. Res. B. 100b, 841–849. doi: 10.1002/jbm.b.32648

 Alford, A. I., Terkhorn, S. P., Reddy, A. B., and Hankenson, K. D. (2010). Thrombospondin-2 regulates matrix mineralization in MC3T3-E1 pre-osteoblasts. Bone 46, 464–471. doi: 10.1016/j.bone.2009.08.058

 Alford, A. I., Golicz, A. Z., Cathey, A. L., and Reddy, A. B. (2013). Thrombospondin-2 facilitates assembly of a type-I collagen-rich matrix in marrow stromal cells undergoing osteoblastic differentiation. Connect Tissue Res. 54, 275–282. doi: 10.3109/03008207.2013.811236

 Amend, S. R., Uluckan, O., Hurchla, M., Leib, D., Novack, D. V., Silva, M., et al. (2015). Thrombospondin-1 Regulates Bone Homeostasis Through Effects on Bone Matrix Integrity and Nitric Oxide Signaling in Osteoclasts. J. Bone Miner. Res. 30, 106–115. doi: 10.1002/jbmr.2308

 Assis-Ribas, T., Forni, M. F., Winnischofer, S. M. B., Sogayar, M. C., and Trombetta-Lima, M. (2018). Extracellular matrix dynamics during mesenchymal stem cells differentiation. Dev. Biol. 437, 63–74. doi: 10.1016/j.ydbio.2018.03.002

 Bailey Dubose, K., Zayzafoon, M., and Murphy-Ullrich, J. E. (2012). Thrombospondin-1 inhibits osteogenic differentiation of human mesenchymal stem cells through latent TGF-beta activation. Biochem. Biophys. Res. Commun. 422, 488–493. doi: 10.1016/j.bbrc.2012.05.020

 Bellahcene, A., Castronovo, V., Ogbureke, K. U., Fisher, L. W., and Fedarko, N. S. (2008). Small integrin-binding ligand N-linked glycoproteins (SIBLINGs): multifunctional proteins in cancer. Nat. Rev. Cancer 8, 212–226. doi: 10.1038/nrc2345

 Belotti, D., Capelli, C., Resovi, A., Introna, M., and Taraboletti, G. (2016). Thrombospondin-1 promotes mesenchymal stromal cell functions via TGFbeta and in cooperation with PDGF. Matrix Biol. 55, 106–116. doi: 10.1016/j.matbio.2016.03.003

 Bi, Y. M., Stuelten, C. H., Kilts, T., Wadhwa, S., Iozzo, R. V., Robey, P. G., et al. (2005). Extracellular matrix proteoglycans control the fate of bone marrow stromal cells. J. Biol. Chem. 280, 30481–30489. doi: 10.1074/jbc.M500573200

 Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Bio 15, 786–801. doi: 10.1038/nrm3904

 Bonnet, N., Garnero, P., and Ferrari, S. (2016). Periostin action in bone. Mol. Cell Endocrinol. 432, 75–82. doi: 10.1016/j.mce.2015.12.014

 Boraschi-Diaz, I., Mort, J. S., Bromme, D., Senis, Y. A., Mazharian, A., and Komarova, S. V. (2018). Collagen type I degradation fragments act through the collagen receptor LAIR-1 to provide a negative feedback for osteoclast formation. Bone 117, 23–30. doi: 10.1016/j.bone.2018.09.006

 Bose, S., Roy, M., and Bandyopadhyay, A. (2012). Recent advances in bone tissue engineering scaffolds. Trends Biotechnol. 30, 546–554. doi: 10.1016/j.tibtech.2012.07.005

 Boudiffa, M., Wade-Gueye, N. M., Guignandon, A., Vanden-Bossche, A., Sabido, O., Aubin, J. E., et al. (2010). Bone sialoprotein deficiency impairs osteoclastogenesis and mineral resorption in vitro. J. Bone Miner. Res. 25, 2669–2679. doi: 10.1002/jbmr.245

 Bouleftour, W., Juignet, L., Verdiere, L., Machuca-Gayet, I., Thomas, M., Laroche, N., et al. (2019). Deletion of OPN in BSP knockout mice does not correct bone hypomineralization but results in high bone turnover. Bone 120, 411–422. doi: 10.1016/j.bone.2018.12.001

 Calori, G. M., Tagliabue, L., Gala, L., d'Imporzano, M., Peretti, G., and Albisetti, W. (2008). Application of rhBMP-7 and platelet-rich plasma in the treatment of long bone non-unions: a prospective randomised clinical study on 120 patients. Injury 39, 1391–1402. doi: 10.1016/j.injury.2008.08.011

 Campos, J. M., Sousa, A. C., Caseiro, A. R., Pedrosa, S. S., Pinto, P. O., Branquinho, M. V., et al. (2019). Dental pulp stem cells and Bonelike((R)) for bone regeneration in ovine model. Regener. Biomater. 6, 49–59. doi: 10.1093/rb/rby025

 Carvalho, M. S., Cabral, J. M. S., da Silva, C. L., and Vashishth, D. (2019a). Synergistic effect of extracellularly supplemented osteopontin and osteocalcin on stem cell proliferation, osteogenic differentiation, and angiogenic properties. J. Cell Biochem. 120, 6555–6569. doi: 10.1002/jcb.27948

 Carvalho, M. S., Silva, J. C., Cabral, J. M. S., da Silva, C. L., and Vashishth, D. (2019b). Cultured cell-derived extracellular matrices to enhance the osteogenic differentiation and angiogenic properties of human mesenchymal stem/stromal cells. J. Tissue Eng. Regener. Med. 13, 1544–1558. doi: 10.1002/term.2907

 Chamieh, F., Collignon, A. M., Coyac, B. R., Lesieur, J., Ribes, S., Sadoine, J., et al. (2016). Accelerated craniofacial bone regeneration through dense collagen gel scaffolds seeded with dental pulp stem cells. Sci. Rep-Uk 6, 38814. doi: 10.1038/srep38814

 Chen, X. D., Shi, S., Xu, T., Robey, P. G., and Young, M. F. (2002). Age-related osteoporosis in biglycan-deficient mice is related to defects in bone marrow stromal cells. J. Bone Miner. Res. 17, 331–340. doi: 10.1359/jbmr.2002.17.2.331

 Chen, Z. Y., Song, Y., Zhang, J., Liu, W., Cui, J. H., Li, H. M., et al. (2017). Laminated electrospun nHA/PHB-composite scaffolds mimicking bone extracellular matrix for bone tissue engineering. Mat. Sci. Eng. C-Mater. 72, 341–351. doi: 10.1016/j.msec.2016.11.070

 Clough, B. H., McCarley, M. R., Krause, U., Zeitouni, S., Froese, J. J., McNeill, E. P., et al. (2015). Bone Regeneration With Osteogenically Enhanced Mesenchymal Stem Cells and Their Extracellular Matrix Proteins. J. Bone Miner. Res. 30, 83–94. doi: 10.1002/jbmr.2320

 Coulson-Thomas, Y. M., Coulson-Thomas, V. J., Norton, A. L., Gesteira, T. F., Cavalheiro, R. P., Meneghetti, M. C., et al. (2015). The identification of proteoglycans and glycosaminoglycans in archaeological human bones and teeth. PloS One 10, e0131105. doi: 10.1371/journal.pone.0131105

 Cunniffe, G. M., Diaz-Payno, P. J., Ramey, J. S., Mahon, O. R., Dunne, A., Thompson, E. M., et al. (2017). Growth plate extracellular matrix-derived scaffolds for large bone defect healing. Eur. Cell Mater. 33, 130–142. doi: 10.22203/eCM.v033a10

 Delany, A. M., and Hankenson, K. D. (2009). Thrombospondin-2 and SPARC/osteonectin are critical regulators of bone remodeling. J. Cell Commun. Signal 3, 227–238. doi: 10.1007/s12079-009-0076-0

 Delany, A. M., Amling, M., Priemel, M., Howe, C., Baron, R., and Canalis, E. (2000). Osteopenia and decreased bone formation in osteonectin-deficient mice. J. Clin. Invest. 105, 915–923. doi: 10.1172/JCI7039

 Dole, N. S., Mazur, C. M., Acevedo, C., Lopez, J. P., Monteiro, D. A., Fowler, T. W., et al. (2017). Osteocyte-Intrinsic TGF-beta Signaling Regulates Bone Quality through Perilacunar/Canalicular Remodeling. Cell Rep. 21, 2585–2596. doi: 10.1016/j.celrep.2017.10.115

 Dussold, C., Gerber, C., White, S., Wang, X. Y., Qi, L. X., Francis, C., et al. (2019). DMP1 prevents osteocyte alterations, FGF23 elevation and left ventricular hypertrophy in mice with chronic kidney disease. Bone Res. 7, 12. doi: 10.1038/s41413-019-0051-1

 Elango, J., Robinson, J., Zhang, J., Bao, B., Ma, N., de Val, J., et al. (2019). Collagen Peptide Upregulates Osteoblastogenesis from Bone Marrow Mesenchymal Stem Cells through MAPK- Runx2. Cells 8, 446. doi: 10.3390/cells8050446

 El-Rashidy, A. A., Roether, J. A., Harhaus, L., Kneser, U., and Boccaccini, A. R. (2017). Regenerating bone with bioactive glass scaffolds: A review of in vivo studies in bone defect models. Acta Biomater. 62, 1–28. doi: 10.1016/j.actbio.2017.08.030

 Fabris, A. L. D., Faverani, L. P., Gomes-Ferreira, P. H. S., Polo, T. O. B., Santiago-Junior, J. F., and Okamoto, R. (2018). Bone repair access of BoneCeramic (TM) in 5-mm defects: study on rat calvaria. J. Appl. Oral. Sci. 26, e20160531. doi: 10.1590/1678-7757-2016-0531

 Finkelman, R. D., and Butler, W. T. (1985). Appearance of dentin gamma-carboxyglutamic acid-containing proteins in developing rat molars in vitro. J. Dent. Res. 64, 1008–1015. doi: 10.1177/00220345850640070301

 Fonseca, H., Moreira-Goncalves, D., Coriolano, H. J., and Duarte, J. A. (2014). Bone quality: the determinants of bone strength and fragility. Sports Med. 44, 37–53. doi: 10.1007/s40279-013-0100-7

 Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The extracellular matrix at a glance. J. Cell Sci. 123, 4195–4200. doi: 10.1242/jcs.023820

 Gallie, D. R., Lucas, W. J., and Walbot, V. (1989). Visualizing mRNA expression in plant protoplasts: factors influencing efficient mRNA uptake and translation. Plant Cell 1, 301–311 doi: 10.1105/tpc.1.3.301

 Gao, C., Peng, S., Feng, P., and Shuai, C. (2017). Bone biomaterials and interactions with stem cells. Bone Res. 5, 17059. doi: 10.1038/boneres.2017.59

 Garcia-Gareta, E., Coathup, M. J., and Blunn, G. W. (2015). Osteoinduction of bone grafting materials for bone repair and regeneration. Bone 81, 112–121. doi: 10.1016/j.bone.2015.07.007

 Garnero, P. (2015). The Role of Collagen Organization on the Properties of Bone. Calcif. Tissue Int. 97, 229–240. doi: 10.1007/s00223-015-9996-2

 Gluhak-Heinrich, J., Ye, L., Bonewald, L. F., Feng, J. Q., MacDougall, M., Harris, S. E., et al. (2003). Mechanical loading stimulates dentin matrix protein 1 (DMP1) expression in osteocytes in vivo. J. Bone Miner. Res. 18, 807–817. doi: 10.1359/jbmr.2003.18.5.807

 Gluhak-Heinrich, J., Pavlin, D., Yang, W., MacDougall, M., and Harris, S. E. (2007). MEPE expression in osteocytes during orthodontic tooth movement. Arch. Oral. Biol. 52, 684–690. doi: 10.1016/j.archoralbio.2006.12.010

 Govender, S., Csimma, C., Genant, H. K., Valentin-Opran, A., Amit, Y., Arbel, R., et al. (2002). Recombinant human bone morphogenetic protein-2 for treatment of open tibial fractures: a prospective, controlled, randomized study of four hundred and fifty patients. J. Bone Joint Surg. Am. 84, 2123–2134. doi: 10.2106/00004623-200212000-00001

 Hankenson, K. D., Bain, S. D., Kyriakides, T. R., Smith, E. A., Goldstein, S. A., and Bornstein, P. (2000). Increased marrow-derived osteoprogenitor cells and endosteal bone formation in mice lacking thrombospondin 2. J. Bone Miner. Res. 15, 851–862. doi: 10.1359/jbmr.2000.15.5.851

 Hesse, E., Kluge, G., Atfi, A., Correa, D., Haasper, C., Berding, G., et al. (2010). Repair of a segmental long bone defect in human by implantation of a novel multiple disc graft. Bone 46, 1457–1463. doi: 10.1016/j.bone.2010.02.011

 Hinsenkamp, M., Muylle, L., Eastlund, T., Fehily, D., Noel, L., and Strong, D. M. (2012). Adverse reactions and events related to musculoskeletal allografts: reviewed by the World Health Organisation Project NOTIFY. Int. Orthop. 36, 633–641. doi: 10.1007/s00264-011-1391-7

 Holm, E., Aubin, J. E., Hunter, G. K., Beier, F., and Goldberg, H. A. (2015). Loss of bone sialoprotein leads to impaired endochondral bone development and mineralization. Bone 71, 145–154. doi: 10.1016/j.bone.2014.10.007

 Hoshiba, T., Chen, G. P., Endo, C., Maruyama, H., Wakui, M., Nemoto, E., et al. (2016). Decellularized Extracellular Matrix as an In Vitro Model to Study the Comprehensive Roles of the ECM in Stem Cell Differentiation. Stem Cells Int.  2016, 6397820. doi: 10.1155/2016/6397820

 Hu, W. S. (1992). Engineering Perspectives in Tissue Engineering - Preface. Cytotechnology 10, 187–188. doi: 10.1007/BF00146669

 Huang, W. B., Carlsen, B., Rudkin, G., Berry, M., Ishida, K., Yamaguchi, D. T., et al. (2004). Osteopontin is a negative regulator of proliferation and differentiation in MC3T3-E1 pre-osteoblastic cells. Bone 34, 799–808. doi: 10.1016/j.bone.2003.11.027

 Igwe, J. C., Gao, Q., Kizivat, T., Kao, W. W., and Kalajzic, I. (2011). Keratocan is expressed by osteoblasts and can modulate osteogenic differentiation. Connect Tissue Res. 52, 401–407. doi: 10.3109/03008207.2010.546536

 Jani, P. H., Gibson, M. P., Liu, C., Zhang, H., Wang, X., Lu, Y., et al. (2016). Transgenic expression of Dspp partially rescued the long bone defects of Dmp1-null mice. Matrix Biol. 52-54, 95–112. doi: 10.1016/j.matbio.2015.12.001

 Kaipatur, N. R., Murshed, M., and McKee, M. D. (2008). Matrix Gla protein inhibition of tooth mineralization. J. Dent. Res. 87, 839–844. doi: 10.1177/154405910808700907

 Kalamajski, S., Aspberg, A., Lindblom, K., Heinegard, D., and Oldberg, A. (2009). Asporin competes with decorin for collagen binding, binds calcium and promotes osteoblast collagen mineralization. Biochem. J. 423, 53–59. doi: 10.1042/BJ20090542

 Kattimani, V., Lingamaneni, K. P., Yalamanchili, S., and Mupparapu, M. (2019). Use of eggshell-derived nano-hydroxyapatite as novel bone graft substitute-A randomized controlled clinical study. J. Biomater. Appl. 34, 597–614. doi: 10.1177/0885328219863311

 Kerschnitzki, M., Wagermaier, W., Roschger, P., Seto, J., Shahar, R., Duda, G. N., et al. (2011). The organization of the osteocyte network mirrors the extracellular matrix orientation in bone. J. Struct. Biol. 173, 303–311. doi: 10.1016/j.jsb.2010.11.014

 Kim, I. G., Hwang, M. P., Du, P., Ko, J., Ha, C. W., Do, S. H., et al. (2015). Bioactive cell-derived matrices combined with polymer mesh scaffold for osteogenesis and bone healing. Biomaterials 50, 75–86. doi: 10.1016/j.biomaterials.2015.01.054

 Kim, J. Y., Ahn, G., Kim, C., Lee, J. S., Lee, I. G., An, S. H., et al. (2018). Synergistic Effects of Beta Tri-Calcium Phosphate and Porcine-Derived Decellularized Bone Extracellular Matrix in 3D-Printed Polycaprolactone Scaffold on Bone Regeneration. Macromol. Biosci. 18, e1800025. doi: 10.1002/mabi.201800025

 Kirby, D. J., and Young, M. F. (2018). Isolation, production, and analysis of small leucine-rich proteoglycans in bone. Methods Cell Biol. 143, 281–296. doi: 10.1016/bs.mcb.2017.08.016

 Kjellen, L., and Lindahl, U. (1991). Proteoglycans: structures and interactions. Annu. Rev. Biochem. 60, 443–475. doi: 10.1146/annurev.bi.60.070191.002303

 Knight, M. N., Karuppaiah, K., Lowe, M., Mohanty, S., Zondervan, R. L., Bell, S., et al. (2018). R-spondin-2 is a Wnt agonist that regulates osteoblast activity and bone mass. Bone Res. 6, 24. doi: 10.1038/s41413-018-0026-7

 Kram, V., Kilts, T. M., Bhattacharyya, N., Li, L., and Young, M. F. (2017). Small leucine rich proteoglycans, a novel link to osteoclastogenesis. Sci. Rep-Uk 7, 12627. doi: 10.1038/s41598-017-12651-6

 Kumar, S., Stokes, J.A. III, Dean, D., Rogers, C., Nyairo, E., Thomas, V., et al. (2017). Biphasic organo-bioceramic fibrous composite as a biomimetic extracellular matrix for bone tissue regeneration. Front. Biosci. (Elite Ed) 9, 192–203. doi: 10.2741/e795

 Li, L. M., Li, J. D., Zou, Q., Zuo, Y., Cai, B., and Li, Y. B. (2019). Enhanced bone tissue regeneration of a biomimetic cellular scaffold with co-cultured MSCs-derived osteogenic and angiogenic cells. Cell Proliferat. 52, e12658. doi: 10.1111/cpr.12658

 Lin, X., Zhao, C., Zhu, P., Chen, J., Yu, H., Cai, Y., et al. (2018). Periosteum Extracellular-Matrix-Mediated Acellular Mineralization during Bone Formation. Adv. Healthc. Mater. 7, 1700660. doi: 10.1002/adhm.201700660

 Lin, X., Xiao, Y., Chen, Z., Ma, J., Qiu, W., Zhang, K., et al. (2019). Microtubule actin crosslinking factor 1 (MACF1) knockdown inhibits RANKL-induced osteoclastogenesis via Akt/GSK3beta/NFATc1 signalling pathway. Mol. Cell Endocrinol. 494, 110494. doi: 10.1016/j.mce.2019.110494

 Liu, H. H., Peng, H. J., Wu, Y., Zhang, C., Cai, Y. Z., Xu, G. W., et al. (2013). The promotion of bone regeneration by nanofibrous hydroxyapatite/chitosan scaffolds by effects on integrin-BMP/Smad signaling pathway in BMSCs. Biomaterials 34, 4404–4417. doi: 10.1016/j.biomaterials.2013.02.048

 Liu, S., Sun, Y., Fu, Y., Chang, D. T., Fu, C. C., Wang, G. N., et al. (2016). Bioinspired Collagen-Apatite Nanocomposites for Bone Regeneration. J. Endodont. 42, 1226–1232. doi: 10.1016/j.joen.2016.04.027

 Liu, L., Luo, Q., Sun, J., Ju, Y., Morita, Y., and Song, G. (2018). Chromatin organization regulated by EZH2-mediated H3K27me3 is required for OPN-induced migration of bone marrow-derived mesenchymal stem cells. Int. J. Biochem. Cell Biol. 96, 29–39. doi: 10.1016/j.biocel.2018.01.006

 Liu, L., Luo, Q., Sun, J., and Song, G. (2019). Cytoskeletal control of nuclear morphology and stiffness are required for OPN-induced bone-marrow-derived mesenchymal stem cell migration. Biochem. Cell Biol. 97, 463–470. doi: 10.1139/bcb-2018-0263

 Luo, G. B., Ducy, P., McKee, M. D., Pinero, G. J., Loyer, E., Behringer, R. R., et al. (1997). Spontaneous calcification of arteries and cartilage in mice lacking matrix GLA protein. Nature 386, 78–81. doi: 10.1038/386078a0

 Luukkonen, J., Hilli, M., Nakamura, M., Ritamo, I., Valmu, L., Kauppinen, K., et al. (2019). Osteoclasts secrete osteopontin into resorption lacunae during bone resorption. Histochem. Cell Biol. 151, 475–487. doi: 10.1007/s00418-019-01770-y

 Mansour, A., Mezour, M. A., Badran, Z., and Tamimi, F. (2017). Extracellular Matrices for Bone Regeneration: A Literature Review. Tissue Eng. Pt A 23, 1436–1451. doi: 10.1089/ten.tea.2017.0026

 Marinovich, R., Soenjaya, Y., Wallace, G. Q., Zuskov, A., Dunkman, A., Foster, B. L., et al. (2016). The role of bone sialoprotein in the tendon-bone insertion. Matrix Biol. 52-54, 325–338. doi: 10.1016/j.matbio.2016.01.016

 Merle, B., and Garnero, P. (2012). The multiple facets of periostin in bone metabolism. Osteoporos. Int. 23, 1199–1212. doi: 10.1007/s00198-011-1892-7

 Mishra, R., Bishop, T., Valerio, I. L., Fisher, J. P., and Dean, D. (2016). The potential impact of bone tissue engineering in the clinic. Regener. Med. 11, 571–587. doi: 10.2217/rme-2016-0042

 Mizokami, A., Kawakubo-Yasukochi, T., and Hirata, M. (2017). Osteocalcin and its endocrine functions. Biochem. Pharmacol. 132, 1–8. doi: 10.1016/j.bcp.2017.02.001

 Mohiuddin, O. A., Campbell, B., Poche, J. N., Ma, M., Rogers, E., Gaupp, D., et al. (2019). Decellularized Adipose Tissue Hydrogel Promotes Bone Regeneration in Critical-Sized Mouse Femoral Defect Model. Front. Bioeng. Biotechnol. 7, 211. doi: 10.3389/fbioe.2019.00211

 Moorehead, C., Prudnikova, K., and Marcolongo, M. (2019). The regulatory effects of proteoglycans on collagen fibrillogenesis and morphology investigated using biomimetic proteoglycans. J. Struct. Biol. 206, 204–215. doi: 10.1016/j.jsb.2019.03.005

 Mouw, J. K., Ou, G. Q., and Weaver, V. M. (2014). Extracellular matrix assembly: a multiscale deconstruction. Nat. Rev. Mol. Cell Bio 15, 771–785. doi: 10.1038/nrm3902

 Mullen, C. A., Haugh, M. G., Schaffler, M. B., Majeska, R. J., and McNamara, L. M. (2013). Osteocyte differentiation is regulated by extracellular matrix stiffness and intercellular separation. J. Mech. Behav. BioMed. 28, 183–194. doi: 10.1016/j.jmbbm.2013.06.013

 Noori, A., Ashrafi, S. J., Vaez-Ghaemi, R., Hatamian-Zaremi, A., and Webster, T. J. (2017). A review of fibrin and fibrin composites for bone tissue engineering. Int. J. Nanomed. 12, 4937–4961. doi: 10.2147/IJN.S124671

 Onishi, T., Shimizu, T., Akahane, M., Omokawa, S., Okuda, A., Kira, T., et al. (2018). Osteogenic Extracellular Matrix Sheet for Bone Tissue Regeneration. Eur. Cells Mater. 36, 69–80. doi: 10.22203/eCM.v036a06

 Paiva, K. B. S., and Granjeiro, J. M. (2017). Matrix Metalloproteinases in Bone Resorption, Remodeling, and Repair. Prog. Mol. Biol. Transl. 148, 203–303. doi: 10.1016/bs.pmbts.2017.05.001

 Pati, F., Song, T. H., Rijal, G., Jang, J., Kim, S. W., and Cho, D. W. (2015). Ornamenting 3D printed scaffolds with cell-laid extracellular matrix for bone tissue regeneration. Biomaterials 37, 230–241. doi: 10.1016/j.biomaterials.2014.10.012

 Polo-Corrales, L., Latorre-Esteves, M., and Ramirez-Vick, J. E. (2014). Scaffold Design for Bone Regeneration. J. Nanosci. Nanotechnol. 14, 15–56. doi: 10.1166/jnn.2014.9127

 Ramesh, N., Moratti, S. C., and Dias, G. J. (2018). Hydroxyapatite-polymer biocomposites for bone regeneration: A review of current trends. J. BioMed. Mater. Res. B. Appl. Biomater. 106, 2046–2057. doi: 10.1002/jbm.b.33950

 Ravindran, S., Gao, Q., Kotecha, M., Magin, R. L., Karol, S., Bedran-Russo, A., et al. (2012). Biomimetic extracellular matrix-incorporated scaffold induces osteogenic gene expression in human marrow stromal cells. Tissue Eng. Part A 18, 295–309. doi: 10.1089/ten.tea.2011.0136

 Ren, J. Q., Jin, P., Sabatino, M., Balakumaran, A., Feng, J., Kuznetsov, S. A., et al. (2011). Global transcriptome analysis of human bone marrow stromal cells (BMSC) reveals proliferative, mobile and interactive cells that produce abundant extracellular matrix proteins, some of which may affect BMSC potency. Cytotherapy 13, 661–674. doi: 10.3109/14653249.2010.548379

 Rentsch, C., Rentsch, B., Heinemann, S., Bernhardt, R., Bischoff, B., Forster, Y., et al. (2014). ECM Inspired Coating of Embroidered 3D Scaffolds Enhances Calvaria Bone Regeneration. BioMed. Res. Int 2014, 217078. doi: 10.1155/2014/217078

 Roseti, L., Parisi, V., Petretta, M., Cavallo, C., Desando, G., Bartolotti, I., et al. (2017). Scaffolds for Bone Tissue Engineering: State of the art and new perspectives. Mat. Sci. Eng. C-Mater. 78, 1246–1262. doi: 10.1016/j.msec.2017.05.017

 Rosset, E. M., and Bradshaw, A. D. (2016). SPARC/osteonectin in mineralized tissue. Matrix Biol. 52-54, 78–87. doi: 10.1016/j.matbio.2016.02.001

 Saito, M., and Marumo, K. (2015). Effects of Collagen Crosslinking on Bone Material Properties in Health and Disease. Calcif. Tissue Int. 97, 242–261. doi: 10.1007/s00223-015-9985-5

 Sartori, M., Giavaresi, G., Parrilli, A., Ferrari, A., Aldini, N. N., Morra, M., et al. (2015). Collagen type I coating stimulates bone regeneration and osteointegration of titanium implants in the osteopenic rat. Int. Orthop. 39, 2041–2052. doi: 10.1007/s00264-015-2926-0

 Shafiee, A., and Atala, A. (2017). Tissue Engineering: Toward a New Era of Medicine. Annu. Rev. Med. 68, 29–40. doi: 10.1146/annurev-med-102715-092331

 Shamaz, B. H., Anitha, A., Vijayamohan, M., Kuttappan, S., Nair, S., and Nair, M. B. (2015). Relevance of fiber integrated gelatin-nanohydroxyapatite composite scaffold for bone tissue regeneration. Nanotechnology 26, 405101. doi: 10.1088/0957-4484/26/40/405101

 Shi, G. X., Zheng, X. F., Zhu, C., Li, B., Wang, Y. R., Jiang, S. D., et al. (2017). Evidence of the Role of R-Spondin 1 and Its Receptor Lgr4 in the Transmission of Mechanical Stimuli to Biological Signals for Bone Formation. Int. J. Mol. Sci. 18, 564. doi: 10.3390/ijms18030564

 Shiflett, L. A., Tiede-Lewis, L. M., Xie, Y., Lu, Y., Ray, E. C., and Dallas, S. L. (2019). Collagen Dynamics During the Process of Osteocyte Embedding and Mineralization. Front. Cell Dev. Biol. 7, 178. doi: 10.3389/fcell.2019.00178

 Singh, A., Gill, G., Kaur, H., Amhmed, M., and Jakhu, H. (2018). Role of osteopontin in bone remodeling and orthodontic tooth movement: a review. Prog. Orthod. 19, 18. doi: 10.1186/s40510-018-0216-2

 Sun, T., Yao, S., Liu, M., Yang, Y., Ji, Y., Cui, W., et al. (2018). Composite Scaffolds of Mineralized Natural Extracellular Matrix on True Bone Ceramic Induce Bone Regeneration Through Smad1/5/8 and ERK1/2 Pathways (vol 24, pg 502, 2018). Tissue Eng. Pt A 24, 1034–1034. doi: 10.1089/ten.tea.2017.0179

 Tavafoghi, M., and Cerruti, M. (2016). The role of amino acids in hydroxyapatite mineralization. J. R. Soc. Interface 13, 20160462. doi: 10.1098/rsif.2016.0462

 Tsai, S. W., Cheng, Y. H., Chang, Y., Liu, H. L., and Tsai, W. B. (2010). Type I collagen structure modulates the behavior of osteoblast-like cells. J. Taiwan Inst. Chem. E. 41, 247–251. doi: 10.1016/j.jtice.2009.10.002

 Ueno, A., Miwa, Y., Miyoshi, K., Horiguchi, T., Inoue, H., Ruspita, I., et al. (2006). Constitutive expression of thrombospondin 1 in MC3T3-E1 osteoblastic cells inhibits mineralization. J. Cell Physiol. 209, 322–332. doi: 10.1002/jcp.20735

 Varma, S., Orgel, J. P. R. O., and Schieber, J. D. (2016). Nanomechanics of Type I Collagen. Biophys. J. 111, 50–56. doi: 10.1016/j.bpj.2016.05.038

 Vieira, S., Vial, S., Reis, R. L., and Oliveira, J. M. (2017). Nanoparticles for bone tissue engineering. Biotechnol. Prog. 33, 590–611. doi: 10.1002/btpr.2469

 Volk, S. W., Shah, S. R., Cohen, A. J., Wang, Y., Brisson, B. K., Vogel, L. K., et al. (2014). Type III collagen regulates osteoblastogenesis and the quantity of trabecular bone. Calcif. Tissue Int. 94, 621–631. doi: 10.1007/s00223-014-9843-x

 Wang, X., Wang, Y., Gou, W. L., Lu, Q., Peng, J., and Lu, S. B. (2013). Role of mesenchymal stem cells in bone regeneration and fracture repair: a review. Int. Orthop. 37, 2491–2498. doi: 10.1007/s00264-013-2059-2

 Wang, M., Chao, C. C., Chen, P. C., Liu, P. I., Yang, Y. C., Su, C. M., et al. (2019). Thrombospondin enhances RANKL-dependent osteoclastogenesis and facilitates lung cancer bone metastasis. Biochem. Pharmacol. 166, 23–32. doi: 10.1016/j.bcp.2019.05.005

 Wen, L. P., Chen, J. P., Duan, L. L., and Li, S. Z. (2018). Vitamin K-dependent proteins involved in bone and cardiovascular health. Mol. Med. Rep. 18, 3–15. doi: 10.3892/mmr.2018.8940

 Wu, Y. A., Chiu, Y. C., Lin, Y. H., Ho, C. C., Shie, M. Y., and Chen, Y. W. (2019). 3D-Printed Bioactive Calcium Silicate/Poly-epsilon-Caprolactone Bioscaffolds Modified with Biomimetic Extracellular Matrices for Bone Regeneration. Int. J. Mol. Sci. 20, 942. doi: 10.3390/ijms20040942

 Xie, J., Peng, C., Zhao, Q. H., Wang, X. L., Yuan, H. H., Yang, L. L., et al. (2016). Osteogenic differentiation and bone regeneration of iPSC-MSCs supported by a biomimetic nanofibrous scaffold. Acta Biomater. 29, 365–379. doi: 10.1016/j.actbio.2015.10.007

 Yi, S., Ding, F., Gong, L. I., and Gu, X. S. (2017). Extracellular Matrix Scaffolds for Tissue Engineering and Regenerative Medicine. Curr. Stem Cell Res. T. 12, 233–246. doi: 10.2174/1574888X11666160905092513

 Zelenchuk, L. V., Hedge, A. M., and Rowe, P. S. (2015). Age dependent regulation of bone-mass and renal function by the MEPE ASARM-motif. Bone 79, 131–142. doi: 10.1016/j.bone.2015.05.030

 Zhang, Z., Luo, X., Xu, H., Wang, L., Jin, X., Chen, R., et al. (2015). Bone marrow stromal cell-derived extracellular matrix promotes osteogenesis of adipose-derived stem cells. Cell Biol. Int. 39, 291–299. doi: 10.1002/cbin.10385

 Zhang, W., Zhu, Y., Li, J., Guo, Q., Peng, J., Liu, S., et al. (2016). Cell-Derived Extracellular Matrix: Basic Characteristics and Current Applications in Orthopedic Tissue Engineering. Tissue Eng. Part B. Rev. 22, 193–207. doi: 10.1089/ten.teb.2015.0290

 Zhang, D. M., Zhou, C. C., Wang, Q. X., Cai, L. Y., Du, W., Li, X. B., et al. (2018). Extracellular Matrix Elasticity Regulates Osteocyte Gap Junction Elongation: Involvement of Paxillin in Intracellular Signal Transduction. Cell Physiol. Biochem. 51, 1013–1026. doi: 10.1159/000495482

 Zhang, S. F., Wan, H. X., Wang, P., Liu, M. M., Li, G. C., Zhang, C. X., et al. (2018). Extracellular matrix protein DMP1 suppresses osteogenic differentiation of Mesenchymal Stem Cells. Biochem. Bioph. Res. Co 501, 968–973. doi: 10.1016/j.bbrc.2018.05.092

 Zhang, J., Ma, Z., Yan, K., Wang, Y., Yang, Y., and Wu, X. (2019). Matrix Gla Protein Promotes the Bone Formation by Up-Regulating Wnt/beta-Catenin Signaling Pathway. Front. Endocrinol. (Lausanne) 10, 891. doi: 10.3389/fendo.2019.00891

 Zhang, Y., Zhao, L., Wang, N., Li, J., He, F., Li, X., et al. (2019). Unexpected Role of Matrix Gla Protein in Osteoclasts: Inhibiting Osteoclast Differentiation and Bone Resorption. Mol. Cell Biol. 39, e00012–19. doi: 10.1128/MCB.00012-19

 Zoch, M. L., Clemens, T. L., and Riddle, R. C. (2016). New insights into the biology of osteocalcin. Bone 82, 42–49. doi: 10.1016/j.bone.2015.05.046



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 © 2020 Lin, Patil, Gao and Qian. 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.


OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
BonoECM  Functions in MSCs Mechanism CellMice model  Reference
Bighean BMSCs production and proffecaton (+) Reguato amourts of colagen typeland  Bigycan™~mice  (Chen o1l 2002)
response o TGEp.
Bgycanand  BMSCs sunival and growth (s) Reguite response 1o TG Bgyoan Decorn (8 et &, 2009)
Decorn KO Moo
TSPt MSC osteogenesis (-: Latent TG actvaton wSCs (Badey Dubose ot a, 2012: Bakt
MSC proferation (1) otal,2016)
TSP2 MSC number and prolfecation ably (- MSC - Reguste colagen firilogenssis TSP2 " mice  (Hankenson e a, 2000; Aford
osteogenesis (+) etal, 2019
0PN MSC profecation capacity (+; MSCs Roguate F-actin cyoskeleton and wMscs (Carvao ot al 2019a; Lis et .
migraon (+) chvomatin svuciure 2019)
00N MSG osteogenasis (+) Increaso exvacetuar calum and AL MSCs (Cancano et al 20193)
o1 MSCs phaipotency (+) MSC asteogenesis () — Poxt-cro; DMPI  hang SF. et 3l 2018)
mica

DI bl Moo,





OEBPS/Images/fphar-11-00757-g001.jpg
A ECM-modified blomaterials scaffold

Are=us —i—





OEBPS/Images/table4.jpg
Bone ECM _ Functions in Mechanism CelMice model Reference

osteocytes

Typel  Osteocyte mneraizaiion  Colagen deposiion and collagesoer network  GFP-col”-/Dmp-Cre” (sntott ot 2019)

colagen  (+) ‘compacion “AdTomator’” mice

OMP1  Osteocyts atachment (v}, External mechanical force Coag™” mice (Gluhak Hoivch o a, 2005; Dussald
‘Osteocyts apoptosis (-) atal, 2019)

MEPE  Osteocyte mneralzalion  External mechanica force MEPE- mice (GunacHoicn ot a, 2007)

®






OEBPS/Images/table3.jpg
Bono ECM  Functions in osteablasts Mechanism CellMico model  Reference
Type | Osteobiast proseration (-) Denatured foms of collsgen MO8 cats (Tsaiotal, 2010)
colagen  Osteagenesis (4
Type Il Osteogeness and minraizaton () Reguite type | colagen, BSP, and  Cog™~ mice ok ot L, 2014)
cotagen oo
Osteonecin  Osteoblastrumber and Gferentaton (v bone  Reguate colagen fiologeness  Ostecnect™ mice  (Rosset and Brackha, 2016)
fomation (+)
Keatocan  Ostoobiastrumber and Gorenfiation (v} bone  Foguiato colagen fiologenesis  Keratocan™" mice (g et 2011)
fomation (3
TSPt Osteobiast mineralzaton () Roguiats oolagen fordogeness  MCGTO-E1 cols  (Uano et al, 2006)
TSPz Osteotiast mineralzaton () Organization o ostooblastdoved  MOIT3ETcals  (Nord 1l 2010)
Eom
=3 Osteobiast dderentation and early bone FAK and other extracabuiarkinases. BSP'~mio, (Hom et al, 2015)
minecazaton (1)
0PN Osteotiast osteogeness and mineralzaton () BMP2, prosphatodependont  MOSTO.E1 ool (Huang of l, 2004; Sngh ol
mamer 2018)
00N Osteotiast minealzaton (-) - oo mice @ochetal, 2016)
vGP Osteotiast derentiation and minraization (+) ‘Wat/-catein sgnaing pattvay MGG cels. @ung .ot al, 2019)
Rspondr2  Ostooblast derantaton (+) ‘Wnt/p-catenn sgnaing patway  Ocn-Cre; Rspo2™® (<t et 2018)
Parosin  Osteoblast dderentiaton and bone formation (+)  Wni/-catenin signaling pathway (Mero and Gamero, 2012)






OEBPS/Images/fphar.2020.00757_cover.jpg
, frontiers
in Pharmacology

The Bone Extracellular Matrix in
Bone Formation and Regeneration





OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        The Bone Extracellular Matrix in Bone Formation and Regeneration

      

        		

          Introduction

        



        		

          Major Components of Bone ECM

        

          		

            Organic ECM

          

            		

              Collagenous Proteins

            



            		

              Noncollagenous Proteins

            

              		

                Proteoglycans

              



              		

                γ-Carboxyglutamic Acid-Containing Proteins

              



              		

                Glycoproteins

              



              		

                Small Integrin-Binding Ligand N-Linked Glycoproteins/SIBLINGs

              



            



            



          



          



          		

            Inorganic ECM

          



        



        



        		

          Function of the Bone ECM in Osteoblast-Lineage Biology

        

          		

            Regulation of BMSCs by the ECM

          



          		

            Regulation of Osteoblasts by the ECM

          



          		

            Regulation of Osteocytes by the ECM

          



        



        



        		

          Function of the Bone ECM in Osteoclasts

        



        		

          Application of the ECM for Bone Tissue Engineering

        

          		

            ECM-Modified Biomaterial Scaffold

          



          		

            Decellularized ECM Scaffold

          

            		

              Tissue-Derived Decellularized ECM Scaffold

            



            		

              Cell-Derived Decellularized ECM Scaffold

            



          



          



        



        



        		

          Conclusions and Prospects

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/table1.jpg
Bone ECM

Organic ECM
Gollagenous protein
Type coligen

Types l and V colagen
Noncollagenous protein
Proteoglycans

Boycan

ecorin

Keratocan
psporn
-carboxyglutamic acd-
containing proteins.
Ostoocdicin

Matrx Gia Protoin (MGP)
pacstin

Giycoproteins
Osteorectn
Trombospondins.
Rrspordins.

Small integrin-binding
igand N-lnked
glycoproteins/SIBLINGS
8P

on

ower

Inorganic ECM

Expressed from

Osteotiast

Osteobiast
Aicadar cartiage or periodontal tssve
Osteobiast

Osteobiast, osteocyte, and chondrocyte
Osteobiast and precursor cos

Mineralzed tssues
Osteobiast, odontobast and osteooye

Osteocyte and denin

Osteocyto and dentin

Function in bone tissue

~Scatod for bone cells
~Masiin bone strength
~Promate bono formation
~Roguate cotagen foriogenoss
~Promaio bono

~Promate cotagen fxogenesis
~Promate bona formation
~Promate ootagen flxlogenesis
~Promate bono formation
~Promate mineral depositon rates
~Promato colagen mneraizaton

~Roguate cacium melabolsm
-inccate bone formaton

-t bone fomation and mneraizaton
~Reguate cofagen frdogenesis
“Mainain bone stength

~Promote bon formaton and mineralzaton
~Roguilo cotagen fbriogenss

“Mantai biomechanical propertes.
~Promoto bon ormation

~Reguilo cotagen riogencss

~Promoer Wnt-catenin sgnaing
~Raguito bone dordopment

~Promate bono fornation and mneraizaton
~Promate bono fornation and mneraizaton
~Reguate bone remodeing

~Regute phosphate metabolsm
~Promate bono mincralzaton

~Reguate phosphats metabolsm
~Promate bone minsralzaton
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Functions in osteoclasts Mechanism
‘Ostoocast dferentaton and acthiy (+)  Dacrease nducible i owid synhase (NOS)

‘Osteociastogenesis (+) Transactiation of NEATCT:
Increaso RANKLIOPG rato

‘Osteocast dferentiation and bone. ‘Suppress the nucear ansocaton of NFATe1 and

rosorption () intracolar Caf* flx

Ostoocastfornaton (-) nd withthe colagen receptor LAIR-1

‘Osteociast precursors difeceniaion (-)  Decreas ThFa and RANKL oytokine

‘Ostoociast actity and sesing zon0 RGD sequence interactwith 3 ntegrn
formation ()

‘Osteociast surface, number, migration and  RGD sequence interact wih a3 ntegrin
bons resorpton (+)

‘Ostoocast umber and bonresorpton (+)  RGD sequence interactwith a3 ntogrin

DK, Goubis Mnockodt,

CelliMice model
TSP1 mica
AW 2647 cols
WGP mico
Primary BMMs

Bgyean Fivomoduin
DKO mice.
Primary BMMS

B8P mico
8P preosteociast
0PN BSP DKO mice
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