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The Role of Bone-Derived Exosomes in Regulating Skeletal Metabolism and Extraosseous Diseases
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Bone-derived exosomes are naturally existing nano-sized extracellular vesicles secreted by various cells, such as bone marrow stromal cells, osteoclasts, osteoblasts, and osteocytes, containing multifarious proteins, lipids, and nucleic acids. Accumulating evidence indicates that bone-derived exosomes are involved in the regulation of skeletal metabolism and extraosseous diseases through modulating intercellular communication and the transfer of materials. Following the development of research, we found that exosomes can be considered as a potential candidate as a drug delivery carrier thanks to its ability to transport molecules into targeted cells with high stability, safety, and efficiency. This review aims to discuss the emerging role of bone-derived exosomes in skeletal metabolism and extraosseous diseases as well as their potential role as candidate biomarkers or for developing new therapeutic strategies.
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THE INTRODUCTION OF EXOSOMES

Exosomes, first discovered in the 1980s, refer to extracellular vesicles with a diameter of 30–100 nm, and they were thought to be involved in the selective release of the transferrin receptor during maturation of sheep reticulocytes (Pan and Johnstone, 1983; Johnstone et al., 1987). Despite existing in reticulocytes, exosomes were found to be released by a variety of other cells, including lymphocytes (Guay et al., 2019), dendritic cells, platelets, mast cells (Cheung et al., 2016), neurons, macrophages (Bourdonnay et al., 2015), mesenchymal stem cells (MSCs), intestinal epithelial cells (IECs), and so on (van Niel et al., 2001; Clayton et al., 2005; Taylor and Gerçel-Taylor, 2005; Raposo and Stoorvogel, 2013). Exosomes initiate formation when the inner membrane of the endosomes bud inwardly to form luminal vesicles, which then transform into multivesicular bodies (MVBs). These MVBs can either be fused with lysosomes to degrade themselves, or they can release vesicles, named exosomes, after fusion with the plasma membranes (Figure 1) (Simons and Raposo, 2009).
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FIGURE 1. Exosome biogenesis and secretion The membrane of the late endosome buds inwardly to form luminal vesicles, which then transform into multi-vesicle bodies (MVBs). MVBs then fuse with the plasma membrane and release vesicles named exosomes into the extracellular space. MVBs can also be fused with lysosomes, and they degrade vesicles inside.


It was indicated that lipids are enriched on the surfaces of exosomes, including cholesterol, sphingomyelin, and ceramides. Furthermore, exosomes contain numerous biological molecules, such as proteins, enzymes, and microRNAs (miRNAs) (Valadi et al., 2007), which mediate intercellular communication and play an important role in the physiological and pathological processes (Kowal et al., 2014; Janas et al., 2015). Exosomes secrete complex content that depends not only on the cell type but also the microenvironment, such as mechanical properties, cellular PH, biochemical stimuli, and hypoxia (Choudhry and Harris, 2018). While previous research has shown that exosomes originating from different cells contain a specific subset of endosome-related proteins, they are involved in MVE biogenesis (e.g., Alix and Tsg101), membrane transport, and fusion (e.g., Rab GTPases, Annexins, and flotillin) (Colombo et al., 2014); among these actions, ubiquitous proteins like tetraspanins (CD9 and CD81), heat shock proteins (HSP70 and HSP90), and tumor-susceptibility gene 101 (Tsg101) are frequently used as markers of exosomes (Bjørge et al., 2017).

Exosomes have been widely investigated because of their multiple functions in diverse physiological process and diseases. As one of the most important factors in the paracrine regulation mechanism, exosomes can directly participate in signaling communication between cells. Dai et al. (2019) elucidated that prostate cancer (PCa)-derived exosomes could promote tumor growth and premetastatic niche formation in bone through transforming PKM2 into BMSCs. Alveolar macrophages (AMs) were found to secret exosomes containing the SOCS1 protein, which could be taken up by alveolar epithelial cells (AECs) and can inhibit STAT1 activation, leading to downregulation of inflammatory signaling both in vitro and in vivo (Bourdonnay et al., 2015). In addition, the microvesicles—released from primary lung epithelial cells induced by hyperoxia—containing hnRNPA2B1-associated miRNAs could be delivered into a macrophage and stimulate inflammation (Lee et al., 2019). Taken together, these experiments illustrated the essential role of exosomes in bilateral actions between AMs and AECs. Besides, the FasL-positive microvesicles released by melanoma cells were proven to induce the apoptosis of Jurkat and lymphoid cells, through which a tumor may escape from the effect of the immune system (Andreola et al., 2002). It can be seen that the exosomes derived from multiple cells are able to transfer different molecules, proteins, RNAs, and therefore have a significant effect on recipient cells.



TECHNIQUES FOR ISOLATING EXOSOMES

To optimally understand and exploit the biological action and clinical application of exosomes, it is essential to isolate them from cell culture supernatants or primary body fluids. The exosomes originate from a wealth of sources, such as whole blood (Wu et al., 2017), menstrual blood (Dalirfardouei et al., 2018), urine (Street et al., 2017), cerebrospinal fluid (CSF) (Manek et al., 2018), milk (Leiferman et al., 2019), and so on. So far, a series of methods have been developed to isolate exosomes on the basis of size difference, molecular weight, density, certain surface markers, including differential ultracentrifugation (Raposo et al., 1996), density gradient ultracentrifugation (van der Pol et al., 2012), size based filtration, size-exclusion chromatography (Rood et al., 2010), immunoaffinity isolation (Kang et al., 2017), precipitation (Coumans et al., 2017; Li P. et al., 2017), field-flow fractionation (Zhang and Lyden, 2019), and so on. Generally speaking, every isolation technique exhibits its distinct advantages and disadvantages due to different experimental principles. Since exosomes have great potential and value in early clinical diagnosis, disease treatment, and prognosis evaluation, it is imperative to establish more user-friendly, efficient, and reliable technologies for the purpose of exosome isolation.



THE CHARACTERISTICS AND CONTENTS OF BONE-DERIVED EXOSOMES

In recent years it has been established that bone marrow stromal cells, osteoclasts, osteoblasts, and osteocytes can release exosomes that can not only regulate bone remodeling and skeletal disorders but can also participate in the progression of extraosseous diseases (Liu et al., 2017). Bone-derived exosomes contain a multitude of molecules, such as proteins and nucleic acids, that vary dynamically according to cell types as well as pathological and physiological conditions. In a recent study, researchers detected a total of 1,536 proteins contained in osteoblast-derived exosomes; they found that several valuable proteins involved in membrane trafficking and signaling pathways might be implicated in human bone diseases, including transforming growth factor beta receptor 3 (TGFBR3), lipoprotein receptor-related protein (LRP)6, bone morphogenetic protein receptor type-1 (BMPR1), and smad ubiquitylation regulatory factor-1 (SMURF1) (Ge et al., 2017). In addition, one proteomics profiling of exosomes from primary mouse osteoblasts revealed the difference in content between osteosomes under various differentiation statuses. To be more specific, 10 of the commonly expressed proteins were found to be increased more than five-fold in mineralizing (D24 osteosomes) primary mouse calvarial osteoblasts compared with proliferating osteoblasts (D0 osteosomes) (Bilen et al., 2017). Xu et al. (2014) tried to figure out the physiological role of exosomal miRNAs in osteoblast differentiation; they detected 79 miRNAs (∼8.84%) in exosomes isolated from BMSC culture supernatants and verified the presence of miRNA in exosomes during BMSCs osteogenic differentiation for the first time. Moreover, this study revealed differential expression of 14 exosomal miRNAs during osteogenic differentiation of human BMSCs; nine miRNAs (let-7a, miR-199b, miR-218, miR-148a, miR-135b, miR-203, miR-219, miR-299-5p, and miR-302b) were upregulated, and four miRNAs (miR-221, miR-155, miR-885-5p, miR-181a, and miR-320c) were downregulated (Xu et al., 2014). Another research study demonstrated that BMSC-derived exosomes could significantly reverse either S100- or LPS/ATP-induced injury in mice and hepatocytes. However, these protective effects were partly abolished with the involvement of the miR-223 inhibitor. This study firstly revealed the role of miRNA transferred by BMSCs-exo on liver injury caused by autoimmune hepatitis (Chen et al., 2018). Roccaro et al. (2013) found that BM-MSCs promoted the release and transfer of exosomes to MM (multiple myeloma) cells and detected a lower level of tumor-inhibiting factor miR-15a in MM BM-MSC versus normal BM-MSC-derived exosomes. Furthermore, a variety of oncogenic proteins and cytokines, which regulate adhesion and migration, were found to be enriched in MM BM-MSC-derived exosomes (Roccaro et al., 2013). In conclusion, the contents of bone-derived exosomes vary according to their different originators and microenvironments, which exert multiple effects on a serious of diseases, including skeletal disorders, prostate cancer, multiple myeloma, breast cancer, and so on.



THE ROLES OF BONE-DERIVED EXOSOMES IN SKELETAL METABOLISM

The skeleton is considered to be an essential support organ that protects vital organs, stores minerals, and provides a mechanical bracket for body and movement (Han et al., 2018). Osteoblast-mediated bone formation and osteoclast-mediated bone resorption maintain a dynamic balance through signaling proteins, such as asephrin-Eph, which bone remodeling process occurs throughout the lifespan to ensure the integrity of the skeleton and its multiple functions (Zhao et al., 2006; Suchacki et al., 2017). It has also been proposed that osteocytes play essential roles in bone remodeling by affecting the activities of osteoblasts and osteoclasts (Tatsumi et al., 2007).

The molecular regulation mechanism of bone remolding is affected by many factors, such as age (Ambrogini et al., 2010), genes, proteins (Ishijima et al., 2001), hormone levels (Hayashi et al., 2019), enzymes (Jin et al., 2014), amino acids (Yu et al., 2019), and cytokines (Wang et al., 2015). For example, the bone-resorbing activity of osteoclasts was negatively regulated by a signal transducer and activator of transcription 5 (Stat5), which performs its functions through suppressing MAPK activity via regulation of Dusp1 and Dusp2 (Hirose et al., 2014). Researchers found that sphingosine-1-phosphate (S1P) is able to mediate the location of osteoclast (OC) precursors (OPs) between bone and blood through its receptors, and thereby influence the osteoclastogenesis and bone remolding (Ishii et al., 2010). Glucocorticoids are shown to induce bone loss through inhibiting osteoblast function and differentiation by targeting glucocorticoid receptors and suppressing AP-1-dependent cytokines (Rauch et al., 2010). Greenblatt et al. (2015) also found a key regulator of bone turnover—charged multivesicular body protein 5 (CHMP5); it can suppress the RANK-induced NF-κB signaling in osteoclasts and thereby dampen osteoclast differentiation.

An imbalance in bone metabolism regulation can lead to many diseases, including osteoporosis, which is characterized by age-related bone loss and increased fat formation (Moerman et al., 2004), high bone mass (HBM) resulting from abnormally increased bone formation (Yang et al., 2019), osteoarthritis, which is marked by progressive degeneration of articular cartilage (Rahmati et al., 2017), and so on. For example, the follicle-stimulating hormone (FSH) could promote activation of osteoclasts and enhance bone resorption through several signaling pathways, such as NF-kB, thus leading to a high risk of osteoporosis associated with menopause (Sponton and Kajimura, 2017). In recent years, scholars have made remarkable progress in the study of bone remodeling and related diseases as well as the role exosomes play in bone remolding, and this is attracting more and more attention.


BMSC-Derived Exosomes

There is a class of stromal stem cells with the capacity for autologous renewal in bone marrow named BMSCs. They can differentiate into osteoblasts, chondrocytes, and adipocytes (Fan et al., 2017; Li et al., 2018), and they can thereby influence bone formation, maintenance, and reconstruction (Nakajima et al., 2018). Emerging evidence suggests that BMSCs have the ability to repair bone tissue damage and promote bone regeneration, but the specific mechanism involved in this has not been clarified. It has been reported that transplanted MSCs are not able to exist in vivo permanently, but the therapy effect still persists even after MSCs elimination. Recently, scientists have found that this bone-protective effect may be related to paracrine vesicles, much like exosomes secreted by BMSC (Ng et al., 2015).

One study revealed that exosomes isolated from bone-marrow-derived MSCs could rescue the retardation of fracture healing in CD9–/– mice. The mechanism in this process is more than the recruitment of stem cells or progenitor cells by cytokines, but it also involves the induction of osteogenesis and angiogenesis partly regulated by exosomal miRNAs (Furuta et al., 2016). Fang et al. (2019) demonstrated that BMSC Exos significantly reverse the decreased osteogenic differentiation of BMSCs in steroid-induced femoral head necrosis (SFHN), and they then detected a total of 84 genes and 20 differentially expressed genes (DEGs), which consist of 11 upregulated and nine downregulated genes. Among these, DEGs, Bmps, Mmp9, and Sox9, which are related to regulating the immune system processes and the BMP/TGF-β pathway, may play important roles in the pathogenetic process of SFHN (Fang et al., 2019).

The exosomes’ potential osteogenic capacity in bone regeneration was declared by Narayanan et al. (2016). They performed a series of studies to investigate how osteogenic exosomes derived from HMSCs could be endocytosed by primary HMSCs and could upregulate the expression of BMP9 and TGF-β1, which are both potent molecules in osteogenic differentiation (Luther et al., 2011; Kuroda et al., 2012). In addition, the in vivo experiments also indicated that both the regular exosomes and osteogenic exosomes can promote the osteogenic differentiation of HMSCs and matrix mineralization, while the osteogenic exosomes have a higher potential to induce better vascularization and calcium phosphate nucleation (Narayanan et al., 2016). Qin et al. (2016) found that exosomes isolated from BMSCs could be internalized into osteoblasts and enhance the expression of osteogenic genes. To investigate the mechanism by which exosomes promote osteogenic differentiation, they detected the miRNA in exosomes by miRNA sequencing and found highly expressed miR-27a, miR-206a, and miR-196a, among which miR-196a has the greatest potential in functional testing (Qin et al., 2016). Liu et al. (2015) indicated that transplantation of BMMSCs could rescue osteopenia in Fas-deficient-MRL/lpr mice through secreting exosomes, which were found to transfer Fas to recipient MRL/lpr BMMSCs, reduce their miR29b levels, enhance osteogenic differentiation in vitro, and promote bone formation in vivo.

Despite the critical effect in bone remolding, several studies have confirmed that BMSC-derived exosomes have the ability to reduce cartilage destruction and promote cartilage repair (Pourakbari et al., 2019). Osteoarthritis (OA) is a kind of rheumatic disease characterized by degeneration of articular cartilage and osteophyte formation (Findlay and Kuliwaba, 2016), and previous research has suggested that bone marrow-derived MSCs could be applied to treating OA and cartilage lesions in animals and humans (Nejadnik et al., 2010; Xie et al., 2012). Recently, accumulating evidence has implied that exosomes isolated from BMSCs function as vital media to elicit protective responses in cartilage. Cosenza et al. (2017) identified that BM-MSCs-derived exosomes could protect cartilage and bone from degradation through reducing apoptosis of chondrocytes, inhibiting macrophage activation, and promoting polarization of the M2 macrophage. Toh et al. (2017) proposed that the mechanism through which MSC exosomes modulate cartilage repair might rely on their ability to restore homeostasis in bioenergetics, cell number, and immunoregulation. Researchers addressed how MSCs are able to secrete miRNA-enriched exosomes to facilitate intercellular communication (Chen et al., 2010), and it is thus reasonable to conclude that exosomal miRNAs may be essential in cartilage differentiation. For instance, exosomal miRNA-23b could induce chondrogenic differentiation of hMSCs via inhibiting the expression of target PKA (Ham et al., 2012). Besides, Ning et al. (2013) found that miR-92a deficiency could cause a reduced number of chondrogenic progenitors, impaired chondrogenic differentiation, and pharyngeal cartilage defects in zebrafish. The mechanisms involved in the effect of miR-92a on chondrogenic differentiation rely on its regulation of Bmp signaling through targeting nog3 mRNA (Ning et al., 2013).



Osteoclast-Derived Exosomes

Osteoclasts are giant multinucleated cells originating from mononuclear macrophage precursor cells, and they are mainly responsible for bone resorption in vivo (Nevius et al., 2015). Osteoclasts participate in the occurrence and development of many bone diseases, such as osteoporosis (Novack, 2007; Hsu et al., 2011), rheumatoid arthritis, and so on. Sun et al. (2016) showed that osteoclasts could secrete miR-214-containing exosomes, which are transferred into osteoblasts via ephrinA2/EphA2 recognition to inhibit osteoblast function (Figure 2). Besides, the level of miR-214 is measured to be higher in the serum exosomes of osteoporotic patients and mice compared with healthy ones, which might be a potential biomarker for osteoporosis (Sun et al., 2016). Moreover, the work of Zhao et al. (2015) demonstrated that miR-214 plays a catalytic role during RANKL-induced osteoclast differentiation through the PI3K/Akt signaling pathway by targeting phosphatase and tensin homolog (Pten). They also established Acp5-miR-214 transgenic (OC-TG214) mice to explore the effect of miR214 in vivo, and the results indicated that the upregulation of miR-214 in osteoclasts induced lower levels of Pten protein, higher activity of osteoclast bone resorbing, and poorer bone mineral density (BMD) (Zhao et al., 2015). Researchers tested the regulation of osteoclast formation in 1,25(OH)2D3-stimulated mouse marrow; they firstly found that osteoclast precursor-derived exosomes significantly stimulated formation of osteoclasts, while exosomes from mature osteoclasts suppressed osteoclastogenesis. Next, the presence of enriched RANK was found in exosomes from osteoclasts. The RANK depletion of osteoclast-derived exosomes reduced their effect of inhibiting osteoclastogenesis. These results revealed that RNAK contained in exosomes might be the active agent that competitively binds to RANKL and prevents stimulation of the RANK signaling pathway in osteoclasts, and it thus plays a greater inhibitory role in osteoclastogenesis (Figure 2) (Huynh et al., 2016). Li et al. (2016) delineated the role of exosomal miR-214-3p in the intercellular communication between osteoclasts and osteoblasts, which could be transferred from osteoclasts to osteoblasts to inhibit osteoblastic bone formation. More importantly, osteoclast-targeted inhibition miR-214-3p effectively reversed the suppression of osteoblast activity and facilitated bone formation, and this is suggestive of which might be a potential therapeutic method for bone loss (Li et al., 2016).
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FIGURE 2. Exosome-mediated communication between osteoblasts and osteoclasts Osteoblast-derived exosomes containing RANKL could stimulate osteoclast differentiation through binding to RANK on the surface of osteoclasts. RNAK-enriched exosomes from osteoclasts competitively bind to RANKL and prevent activation of the RANK signaling pathway in osteoclasts. miR-214-containing exosomes from osteoclasts could be transferred into osteoblasts via ephrinA2/EphA2 recognition to inhibit osteoblast function.




Osteoblast-Derived Exosomes

Osteoblasts are derived from bone marrow MSCs with multidirectional differentiation potential, and they play a critical role in the synthesis, secretion, and mineralization of the bone matrix through its capacity to secrete glycoprotein and collagen. BMSCs first differentiate into osteoprogenitor cells, then turn into osteoblast precursors, and finally transform into osteoblasts (Garg et al., 2017), and this process is regulated by miRNAs (Li et al., 2009), proteins (Zou et al., 2013), signaling pathways, and so on. One in vitro research conducted by Cui et al. (2016) demonstrated the intercellular positive feedback mechanism between mineralizing osteoblasts (MOBs) and bone marrow stromal cells (ST2 cells). Their experiment results indicated that MOB-derived exosomes could be incorporated into ST2 cells and significantly promote their osteogenic differentiation; during this process, 91 miRNAs were detected as being overexpressed and 182 miRNAs were downregulated. Additionally, the analysis of the targeting genes and pathway networks of these miRNAs revealed that the pro-osteogenic function of MOBs-derived exosomes may partially depend on activation of the Wnt signaling pathway through downregulating Axin1 expression and upregulating β-catenin expression (Cui et al., 2016). Ge et al. (2017) identified 1,536 proteins in osteoblast-derived exosomes and sorted out several pivotal proteins that are closely related to bone diseases through network and pathway analyses. Deng et al. (2015) indicated that osteoblast-derived microvesicles can transfer RANKL proteins into osteoclast precursors and promote their differentiation into osteoclasts through activating RANKL–RANK signaling, which revealed a new mechanism involved in communication between osteoblasts and osteoclasts (Figure 2). Then, they conducted a series of experiments to further explore the role of microvesicles in bone metabolism by using imipramine, which was found to block microvesicles generation (Bianco et al., 2009). The in vitro results showed that inhibition of microvesicles generation from osteoblasts leads to significant suppression of osteoclast differentiation. Besides, the in vivo experiments revealed that OVX mice treated with imipramine exhibit superior properties in bone mineral density, bone volume, trabecular number, and thickness, suggesting that imipramine could prevent progression of bone loss caused by estrogen deficiency due to its function of blocking microvesicles generation (Deng et al., 2017). Through literature review and analysis, Xie et al. (2017) summarized the role of a number of mineralizing MC3T3 cell-derived exosomes in bone remolding. To be specific, miR-30d-5p, miR-133b-3p, and miR-140-3p were found to inhibit osteoblast differentiation, while let-7, miR-335-3p, miR-378b can promote osteoblast differentiation (Xie et al., 2017).



Osteocyte-Derived Exosomes

Bone tissue is formed by the bone matrix and osteocytes originating from osteoblasts, which are widely distributed in the bone matrix and are tightly connected through the bone lacuna–tubule network system (Bonewald, 2007). Sato et al. firstly indicated the relationship between osteocyte exosomes and circulating exosomes in the serum. It was hinted that 12 miRNAs levels were significantly decreased in the circulating exosomes of OL (osteocyte less) mice plasma in contrast with control mice plasma. Therefore, it could be concluded that osteocytes release exosomes containing specific miRNAs that are transferred into circulating (Sato et al., 2017). The osteocyte-derived exosomes have been proven to mediate muscle–bone communication, and Qin et al. (2017) established that osteocyte-derived exosomes, which express the downregulation of miR-218 after myostatin treatment, can be incorporated into ostoblastic cells and suppress osteoblastic differentiation through downregulation of Wnt signaling; this can be reversed by expression of exogenous miR-218, suggesting the therapeutic potential of miR-218 in osteocytes for the treatment of bone disorders. In addition, the work of Zhang et al. (2014) confirmed the relationship between miR-218 and Wnt/β-catenin signaling in the osteogenic differentiation of human adipose tissue-derived stem cells (hASCs). Their in vitro experiments elucidated that overexpression of miR-218 activates the Wnt signaling pathway via directly downregulating SFRP2/DKK2 levels and then promotes hASCs osteogenic differentiation, whereas upregulation of Wnt/β-catenin signal can enhance the expression of miR-218 (Zhang et al., 2014). It has been proven that Wnt signaling acts as a positive regulator in osteoblast differentiation and regulation of bone mass (Esen et al., 2013). Taken together, miR-218 functions as a signal amplifier in the complex feed-forward regulatory circuit to activate hASCs osteogenic differentiation (Zhang et al., 2014), which further demonstrated the potential application prospect of exosomal miR-218 in bone regeneration.




THE EFFECT OF BONE-DERIVED EXOSOMES IN EXTRAOSSEOUS DISEASES

Recent studies have shown that bone-derived exosomes not only participate in regulating bone remodeling in the bone microenvironment but also act as vital communication media in multiple biological processes, including antigen presentation, apoptosis, inflammation, cancer progression, and so on (Gurunathan et al., 2019). As a result, the multiple roles of bone-derived exosomes in distant tissues and extraosseous systems attracted much attention.


Role of Bone-Derived Exosomes in Cancer

So far, people have tried many ways to explore the mechanism of cancer and conquer oncotherapy. There is no denying that we have a deeper understanding of cancer in multiple areas, such as immune responses (Fritz and Lenardo, 2019), inflammation (Ritter and Greten, 2019), lipid metabolism (Snaebjornsson et al., 2020), and so on, but there is still no proper method that could cure cancer without side effects. It is therefore interesting that bone-derived exosomes were found to participate in the progression of cancer in terms of regulating gene expression, angiogenesis, migration, and proliferation. The work of Naseri et al. (2018) indicated that BMSCs-derived exosomes (MSCs-Exo), which are loaded with LNA-anti-miR-142-3p, can deliver their cargos into 4T1 and TUBO breast cancer cells—leading to downregulation of miR-142-3p and overexpression of tumor suppressor genes—and thereby exert an efficient anti-tumor function. Additionally, their in vivo experiments revealed that the mice treated with LNA-miR-142-3p inhibitor-loaded MSCs-Exos showed reduced tumor volume and growth rate. These results confirmed the efficiency of transferring anti-miR molecules like LNA-anti-miR-142-3p into target tissues via MSCs-Exos and also provided new outlooks in terms of oncotherapy (Naseri et al., 2018). In another study, researchers explored how exosomes isolated from human bone marrow mesenchymal stem cells (hBMSCs) can promote migration and proliferation of osteosarcoma and gastric cancer cells through activating the Hedgehog signaling pathway (Qi et al., 2017). Additionally, it is reported that the Hedgehog signaling pathway, an essential regulator in maintaining tissue polarity and cell differentiation, plays a significant role in multiple cancers, including most basal cell carcinomas (BCCs) and extracutaneous tumors (Yang et al., 2010). Bliss et al. (2016) tried to investigate the mechanisms by which MSCs communicate with BCCs (breast cancer cells) and promote dormancy of human breast cancer cells in bone marrow. They demonstrated that MSCs primed by cancer cells can release exosomes containing miR-222/223, which in turn favor their survival and enhance drug resistance. Moreover, the treatment of MSCs transfected with anti-miR222/223 facilitated chemosensitivity of dormant BCCs in mice (Bliss et al., 2016).

Zhu et al. (2012) figured out another mechanism by which BMSCs-derived exosomes promote tumor growth in vivo. They detected higher expression of VEGF and CXCR4 in tumor cells treated with BMSC-exosomes, suggesting that BMSC-exosomes could enhance angiogenesis and provide tumors with a richer blood supply and therefore promote their proliferation and growth. However, the results of another experiment are different from these. Bruno et al. (2013) found that human hepatocellular carcinoma cells (HepG2), human ovarian cancer cells (Skov-3), and Kaposi’s sarcoma cells incubated with BMSC-derived microvesicles exhibited lower proliferation ability, higher expression of negative regulators of the cell cycle, and an increased number of cells staying in the G0/G1 phase. They also observed the effect of microvesicles on growth of implanted tumors in mice, and the data indicated that BMSC-derived microvesicles could inhibit tumor growth and increase necrosis areas in tumors (Bruno et al., 2013). These opposing conclusions could be derived due to the occasion of MSCs or microvesicles treatment (Klopp et al., 2011). The injection of BMSC-derived extracellular vesicles (EVs) into established tumors could inhibit tumor growth, while the growth of tumors in the early stages treated with EVs could be facilitated.



Role of Bone-Derived Exosomes in Neurologic Diseases

Researchers demonstrated that exosomes isolated from MSCs can mediate the transfer of miR-133b into astrocytes and neurons, inducing increased axonal plasticity and neurite remodeling in the ischemic boundary zone (IBZ), and thereby lead to functional recovery in rats subjected to middle cerebral artery occlusion (MCAo) (Xin et al., 2012, 2013). Besides, miR-133b + MSC treatment dramatically downregulated the expression of the connective tissue growth factor (CTGF) and the Ras homolog gene family member A (RhoA) (Xin et al., 2013), which are relevant to central nervous system (CNS) repair, post-injury restructuring (Hertel et al., 2000) and regulation of axonogenesis (Hall and Lalli, 2010). In another study, Nakano et al. (2016) found that rat BM-MSC-derived exosomes can ameliorate learning and memory impairment in STZ-diabetic mice through suppressing oxidative stress and recovering decreased synapse numbers, and this process might rely on the internalization of exosomes into astrocytes and neurons, causing recovery of damaged astrocytes and neurons. To further investigate the specific miRNAs or proteins that participated in improving diabetes-induced cognitive impairment, they conducted a series of experiments. The results proposed that the oversecretion of exosomal miR-146a due to endogenous bone marrow-derived MSCs within the condition of an enriched environment (EE) plays a key role in restraining astrocytic inflammation and preventing cognitive impairment in diabetic rats (Kubota et al., 2018). Mead and Tomarev (2017) demonstrated that BMSC-derived exosomes can be efficiently integrated into target retinal ganglion cells (RGC), thus promoting the recovery of the RGC function followed by optic nerve crush (ONC) through enhanced regeneration of RGC axons and inhibiting RGC loss in an miRNA-dependent manner. It is worth mentioning that the neuroprotective effect of BMSC-derived exosomes on RGC after ONC is significantly more potent than simple BMSC treatment (Mead et al., 2013; Mesentier-Louro et al., 2014), and this is probably due to their capacity to integrate into the retina and retain high doses. In conclusion, BMSC-derived exosomes exert a significant effect on promoting nerve repair and functional recovery, indicating their potential in the field of regeneration and remodeling of nervous system (Qing et al., 2018).



Role of Bone-Derived Exosomes in Nephropathy

It has been reported in previous researches that BM-MSCs play a key role in protecting kidney from injury (Morigi and De Coppi, 2014), although the mechanisms are not entirely elucidated. Recently, several reports have demonstrated the critical roles of BM-MSC-derived exosomes in renal injury. Wang et al. (2019b) elucidated that BMSC exosomes protect renal tubular epithelial cells (NRK-52E) against apoptosis caused by ischemia reperfusion at the early reperfusion stage through transfer of exosomal miR-199a-5p from BMSCs into NRK-52E, leading to the suppression of endoplasmic reticulum (ER) stress in target cells by targeting the binding immunoglobulin protein (BIP) (Wang et al., 2019b). In another experiment, exosomes derived from MSC-CM were found to play a significant role in preventing diabetic nephropathy by inhibiting apoptosis of tubular epithelial cells (TECs) and reversing decreased tight junction protein ZO-1, thereby enhancing the barrier function of renal tubules (Nagaishi et al., 2016). In the model of kidney injury induced by ischemia reperfusion, BMSC-derived exosomes could inhibit the apoptosis of tubular cells and enhance their proliferation, thus protecting the kidney against AKI and CKD (Gatti et al., 2011).

Bruno et al. (2009) reported that the incorporation of exosomes isolated from bone marrow MSCs into tubular epithelial cells (TECs) can exert proliferative and antiapoptotic effects in vitro and significantly alleviate lesions of glycerol-induced AKI in SCID mice. Moreover, they provided evidence that the effects mentioned above were completely abolished by RNase treatment, indicating that the horizontal transfer of mRNAs contained in exosomes appears to be a requirement of their protective functions (Bruno et al., 2009). Similarly, one study revealed that BM-MSC-derived exosomes have a positive effect on renal PTECs (proximal tubular epithelial cells) after ATP depletion injury, which could inhibit PTECs apoptosis and enhance transespithelial resistance (TER), at least partly, via miRNAs transfer or through transcription modulation stimulated by exosomes. The GO analysis of modulated miRNAs confirmed that several upregulated genes in the condition of ATP depletion injury were suppressed after exosome treatment, including SHC1 (Src homology 2 domain containing transforming protein 1), caspase-3, caspase-7, and SMAD4 (SMAD family member 4) genes (Lindoso et al., 2014).



Role of Bone-Derived Exosomes in Cardiac Diseases

Previous studies have proposed that BMSCs can protect cardiomyocytes from apoptosis and prevent LV (left ventricular) remodeling after MI through paracrine signaling (Uemura et al., 2006), suggesting the potential role of BMSCs in cardiac diseases. Researchers have carried out numerous experiments to investigate the underlying mechanism involved in their cardioprotective effects. Recent studies turned to focus on exosomes which are known as key transporters of paracrine factors (Gartz and Strande, 2018) and revealed the emerging role of exosomes as candidate for treatment of cardiac diseases. One research completed by Ma et al. (2018) confirmed that BMSC-derived exosomes loaded with miR-132 could be taken up by HUVECs (Human umbilical venous endothelial cells), causing overexpression of miR-132 in HUVECs, and they could thereby enhance angiogenesis in vitro and promote recovery of cardiac function in an AMI (acute myocardial infarction) model. To clarify the mechanism by which miR-132 exosomes modulate angiogenesis, they further measured miR-132 target gene RASA1 (Lei et al., 2015). Their data indicated that downregulated RASA1, in response to increased miR-132, can stimulate neovascularization and maintain the cardiac function in vivo (Ma et al., 2018). Feng et al. (2014) demonstrated that BMSC-derived exosomes could mediate the transfer of highly expressed miR-22 in the condition of ischemic preconditioning (IPC) from BMSCs into cardiomyocytes, leading to reduced apoptosis and cardiac fibrosis after myocardial infarction by downregulating the expression level of target Mecp2. Shao et al. (2017) compared the efficiency of bone marrow-derived MSCs and MSC-Exo in myocardial infarction recovery for the first time. The results displayed that MSC-Exo gained an advantage over MSCs in preserving myocardial function after infarction through inhibiting inflammation, suppressing fibrosis, promoting proliferation, and reducing apoptosis. Moreover, the sequencing analysis of miRNA indicated that MSC-Exo and MSCs possessed a similar miRNA profile, including downregulated miR-130, miR-378, and miR-34 as well as upregulated miR-29 and miR-24, suggesting that MSC-Exo could be considered as the replacement for MSCs to develop innovative therapies for myocardial infarction.



Role of Bone-Derived Exosomes in Cutaneous Repair

During the cutaneous repair process, a variety of cells, growth factors, and the extracellular matrix cooperate to replace dead cells and reconstruct damaged tissues, in which the proliferation of fibroblasts, angiogenesis, skin cell proliferation, and re-epithelization are extremely critical (Wu et al., 2018). In a study conducted by McBride et al. (2017), Wnt3a was detected as being tethered with human BM-MSC exosomes exteriorly. Their in vitro results further implied that BM-MSC exosomes significantly promoted dermal fibroblast proliferation, migration, and angiogenesis, which simulative function depends heavily on CD63+ exosomes and Wnt co-receptor lipoprotein-related proteins (LRP6) (McBride et al., 2017). Shabbir et al. (2015) found that BM-MSC exosomes can be incorporated into fibroblasts and stimulate their growth and migration in a normal and diabetic chronic wound; they could also be uptaken by HUVEC cells and enhanced endothelial angiogenesis in vitro. Furthermore, BM-MSC exosomes can activate several pathways that play important roles in skin wound healing, such as AKT, ERK 1/2, and STAT3, and enhance the expression of various growth factors (Shabbir et al., 2015). Considering the important role of STAT3 signaling in wound healing (Dauer et al., 2005), they further investigated the content of exosomes and finally found STAT3 DNA binding activity in BMSC-derived exosomes.



Role of Bone-Derived Exosomes in Metabolic Diseases

Nowadays, patients suffering from metabolic diseases are increasingly widespread through the world, including diabetes, obesity, hyperlipidemia, and so on (Ling and Rönn, 2019; Warshauer et al., 2020). Dysfunction of metabolism is found to greatly promote the occurrence and progression of these diseases (Newgard, 2017). For example, it is already known that the function of the pancreatic islet α cell is extremely important to glucostasis, and researchers have demonstrated that the a kind of pancreatic lncRNA called Paupar could activate Pax6 α-cell target genes and help to maintain glucose homeostasis; the deletion of Paupar in mice resulted in damaged α-cell function (Singer et al., 2019). Recently, researchers have demonstrated that exosomes isolated from BM-MSCs in aged mice could be incorporated into adipocytes, myocytes, and hepatocytes and reduce their insulin sensitivity through targeting SIRT1 (sirtuin 1). They also conducted miRNA microarray analysis and detected extremely high expression of miR-29b- 3p in exosomes from BM-MSCs of old mice. The injection of nanocomplexes mediating BM-MSCs-specific inhibition of miR-29b-3p could alleviate the aging-associated insulin resistance in mice, suggesting the potential therapeutic role of exosomal miR-29b-3p in aging-associated insulin resistance (Su et al., 2019).




BONE-DERIVED EXOSOMES AS A SOURCE OF BIOMARKERS FOR DISEASE DIAGNOSIS

The content in exosomes are alterative according to the physiological and pathological state of cells; exosomes can thus reflect the physiological condition and disease development to some extent. For example, researchers analyzed human plasma EV proteomes in rest and exercise, and they found 322 differently expressed proteins, suggesting transient release of EVs into circulation in the condition of exercise (Whitham et al., 2018). Besides, exosomes can be easily collected because of their existence in blood, urine, milk, and so on (Mori et al., 2019). In previous studies, researchers have discovered the clinical value of miRNAs as potential biomarkers in some diseases. For example, the contents of two miRNAs that are elevated during osteoclastogenesis, miR16 and miR378, are found to be correspondingly higher in mice with a heavy bone metastatic tumor burden or in breast cancer patients, suggesting their potential as indicators for bone metastasis progression (Eii et al., 2013). At present, the proteins and nucleic acids contained in exosomes have been widely researched for their potential as biomarkers in clinical disease diagnosis (Wang et al., 2018).

Sato et al. (2017) firstly revealed the positive correlation between osteocytes and 12 miRNAs contained in circulating plasma exosomes, suggesting that osteocytes released exosomes that then transferred into blood. Muntión et al. (2016) isolated BM-MSC-derived exosomes from MDS patients and healthy donors (HD) and then performed microRNA expression arrays. The results demonstrated that 21 microRNAs in exosomes from MDS patients were overexpressed compared with HDs, among which the microR-10a and miR-15a were extremely high (Muntión et al., 2016). In MM patients, BMSCs release exosomes and deliver them into MM cells to regulate tumor progression. Compared with normal humans, exosomes isolated from patients’ BMSCs contain lower levels of tumor suppressor gene miR-15a and higher levels of oncogenic proteins, cytokines, and adhesion molecules (Roccaro et al., 2013). It has also been reported that elevated serum exosomal miR-214-3p is closely associated with reduced bone formation in elderly women with fractures and OVX mice, suggesting that there is great potential for the use of exosomal miR-214-3p in the diagnosis of osteoporosis (Li et al., 2016). Barrera-Ramirez et al. (2017) compared miRNA profiling of hMSC-derived exosomes from patients with acute myeloid leukemia (AML) patients and healthy people. They identified five differentially expressed miRNAs, including upregulated miR-26a-5p and miR-101-3p as well as downregulated miR-23b-5p, miR-339-3p, and miR-425-5p in AML-derived samples (Barrera-Ramirez et al., 2017); these candidate miRNAs might serve as biomarkers of AML and provide new insight into the pathogenesis and treatment of AML.

In addition, exosomes can be used as markers of diseases progression. Researchers reported exosome profiling in human ES (exudative seroma) for the first time, which was obtained from the lymphatic drainage implanted after lymphadenectomy in melanoma patients. They found that ES-derived exosomes have richer proteins compared with serum derived exosomes, including HSP90B, Annexin A1, and S100 A4, which are related to antigen presentation, the ER–phagosome pathway, and G2/M transition. In comparison with N1a patients, the number of ES-derived exosomes as well as the proteins associated with melanoma tumor cells significantly increased. Finally, they detected BRAFV600E mutation in ES-derived exosomal nucleic acids, which could serve as a factor to evaluate the risk of relapse in patients (García-Silva et al., 2019). In addition, Broggi et al. (2019) also analyzed the lymphatic exudate of metastatic melanoma patients undergoing lymphadenectomy (LAN) and demonstrated that exosomes carrying melanoma-related miRNAs or proteins could be applied as indicators of nodal metastatic spread.



APPLICATION OF MSC-DERIVED EXOSOMES IN BONE TISSUE ENGINEERING

Many clinical diseases can lead to bone defects and reduced bone formation, including fractures (Matsumoto et al., 2010), bone tumors (Waning et al., 2019), osteoporosis (Cao et al., 2012), and so on. The commonly used treatments, such as bone transplantation, are still very limited. How to promote bone formation and repair bone defects has therefore always been a challenge faced by clinicians. Based on the cytobiology and materialogy, bone tissue engineering—now a significant research problem—is focused on promoting bone tissue regeneration by using seed cells, biological scaffolds, and bioactive factors (Bose et al., 2012). Previous studies have reported the important role MSCs play in repairing damaged organs and tissues through multiple mechanisms (Caplan and Dennis, 2006; Cao et al., 2012). BMSCs are most commonly used cells in stem cell researches due to their abundant sources and convenient separation methods (Morikawa et al., 2009). Recently scientists found that MSC-derived exosomes—the microvesicles mediating intercellular communication—have great potential in bone tissue engineering.

Zhang et al. demonstrated that MSC-Exosome/β-TCP complex scaffolds have a better repair effect on rat skull defects in comparison with pure β-TCP scaffolds. They found that the MSC-Exosomes could be internalized into HMBSs and promote their proliferation, migration, and differentiation in vitro. They then examined the gene expression in hBMSCs induced by exosomes, and the results suggested that the underlying mechanism by which exosomes stimulate osteogenic differentiation partly rely on the activation of the PI3K/Akt pathway (Zhang et al., 2016). Qi et al. (2016) indicated that hiPSC-MSC-Exos could upregulate the expression of RUNX2, COL1, and ALP and activate the differentiation of osteoblasts in vitro. They also conducted an in vivo experiment in mice with calvarial defects, and the results showed that hiPSC-MSC-Exos could stimulate bone formation in osteoporotic conditions. Moreover, the three-dimensional micro-CT images showed higher neovascularization in β-TCP + Exos group compared with β-TCP group. Taken together, these works suggested the potential application of MSC-Exos + β-TCP scaffolds in bone defects due to their effect of facilitating angiogenesis and osteogenesis (Qi et al., 2016). In another study, researchers produced two same-sized calvarial bone defects in SD rats and treated them with hydrogel and hydrogel + exosomes; the results showed that exosomes from BMSCs could significantly enhance the bone formation in rats in the aspects of micro-CT, histological examinations, HE, and Masson staining (Qin et al., 2016).

In addition to bone remodeling, angiogenesis is also extremely important for the maintenance of bone homeostasis and bone regeneration (Saran et al., 2014; Xie et al., 2014). Angiogenesis refers to the formation of blood vessels from microvascular endothelial cells through budding, bridging, and microvascular fusion, all of which aid the transportation of necessary oxygen, nutrients, and inorganic salts to bone via extensive networks (Adams and Alitalo, 2007). Previous studies have reported that MSCs-derived exosomes play a role in promoting angiogenesis in heart (Bian et al., 2014), renal injury, cutaneous repair (Zhang et al., 2015), skeletal muscle regeneration (Nakamura et al., 2015), limb ischemia repair, and so on. Likewise, in the process of fracture healing, new blood vessels can provide nutritional support, accelerate local metabolic rate, as well as improve the efficiency of bone reconstruction and the speed of fracture healing (Deschaseaux et al., 2009; Seebach et al., 2012). For example, MSC-derived exosomes could rescue delayed fracture healing in CD9–/– mice and facilitate fracture healing in wild type mice; the mechanism is partly depended on the effect of MCP-1, -3, SDF-1, angiogenic factors and miRNAs (Furuta et al., 2016). In ischemic femoral head necrosis, it is also significant to promote angiogenesis and restrain ischemic necrosis areas (Glueck et al., 2007). Li H. et al. (2017) indicated that BMSC-ExosMU (exosomes secreted from HIF-1α-overexpressing BMSCs) could promote osteogenic differentiation of BMSCs through enhancing the expression of OCN and ALP in vitro. The MTT assay and cell-scratched wound evaluation also found that BMSC-ExosMU could promote proliferation, migration, and tube formation of HUVECs. Next, they conducted an in vivo experiment, and the results revealed that the SANFH (steroid-induced avascular necrosis of femoral head) model treated with BMSC-ExosMU was detected higher vessel density and denser trabecular tissue generation compared with the control group, suggesting the significant role of BMSC-ExosMU in promoting osteogenesis and angiogenesis (Li H. et al., 2017).



EXOSOMES AS TARGETED DELIVERY VEHICLES FOR THERAPY IN SKELETAL AND EXTRAOSSEOUS DISORDERS

In recent years, the application of pharmaceutical carriers in clinical diseases has received extensive attention, and this has particularly applied to nanoscale pharmaceutical carriers, such as liposomes, microparticles, nanoparticles, etc. They have several characteristics that contribute to their high delivery efficiency, including the capacity to encapsulate hydrophobic drugs, improve drug bioavailability, transport molecules with high specificity, and so on (Tan et al., 2010). Despite the advantages mentioned above, the artificial nano drug-loading systems still face many problems. For example, the carrier molecules are easily removed by antibodies as well as complement and coagulation factors. Besides, a toxic reaction cannot be avoided due to their synthetic lipid membranes. As natural endogenous nano-microvesicles, exosomes play important roles in intercellular signal transmission and material exchange. In contrast, exosomes can overcome multiple limitations of artificial nano delivery systems and are more suitable candidates for delivery vehicles. Firstly, the exosomes have higher security because they can evade the immune detection system; in this case the immune rejection is eliminated. They also have better tolerance, which helps to protect cargo from destruction, thus leading to a longer circulating half-life. Secondly, exosomes have a natural targeting capacity depending on their cell sources. Thirdly, the membrane of exosomes can be artificially modified to enhance their functions. Finally, exosomes can penetrate cytomembranes and biological barriers easily due to their nanometer size and specific surface molecules (Ei Andaloussi et al., 2013; Jiang and Gao, 2017).


Exosome as Compounds Delivery System

At present, some chemotherapeutic drugs, such as doxorubicin and paclitaxel, can be effectively loaded into exosomes. Tian et al. (2014) indicated that exosome-encapsulated Dox (doxorubicin) can be integrated into breast cancer cells with high efficiency and significantly enhanced the therapeutic effect of Dox. They also evaluated the cardiac toxicity in tumor-bearing mice, a dose-dependent side effect of Dox (Minotti et al., 2004), and found that intravenously injected iExos-Dox has weaker cardiotoxicity compared with free Dox, suggesting that exsomes are ideal drug delivery vehicles with high safety and efficiency for targeted tumor therapy. Another study revealed that the PTX (Paclitaxel) incorporated into exosomes by mild sonication can maintain stability at various conditions for over a month and has significantly enhanced drug cytotoxicity compared with PTX alone (Kim et al., 2016). In addition to transporting chemotherapeutic drugs to target cells with high efficiency, exosomes can also greatly increase the effects of other drugs, such as anti-inflammatory agents. For example, Sun et al. (2010) found that the binding of curcumin to naturally existing nanoparticle exosomes can significantly enhance the curcumin’s anti-inflammatory activity through increasing its delivery into targeted macrophages, which leads to an improved anti-shock function in mice treated with LPS.



Exosome as siRNA Delivery System

Currently, siRNA technology has been widely used in gene function research, clinical therapy, and other fields for the reason that it can induce targeted mRNA degradation and lead to post-transcriptional gene silencing (Burnett and Rossi, 2012; Crooke et al., 2018). However, siRNA-based gene treatment still faces many challenges, such as the poor cellular uptake and low stability in the circulating system. There is much evidence to suggest that the nanocarrier exosomes facilitate siRNA uptake into the targeted cells and improve its pharmacokinetics (Ozcan et al., 2015; Wang et al., 2017). It was reported that the exosome/TRPP2 siRNA complex can efficiently deliver TRPP2 (transient receptor potential polycystic 2) siRNA into FaDu cells and suppress its expression, resulting in the inhibition of the EMT (epithelial-mesenchymal transition) process and reduced invasion of FaDu cells (Wang et al., 2019a). Shokrollahi et al. (2019) treated human neuroblastoma cells (SH-SY5Y) with exosomes transfected by Hsp27 siRNA and evaluated the maturation of the human neuroblastoma cells. The data showed that the uptake of exosomes carrying siRNA HSP-27 by SH-SY5Y cells significantly inhibited their survival, clonogenic activity, and differentiation toward neuronal lineage (Shokrollahi et al., 2019). Shtam et al. (2013) used siRNA-loading exosomes to deliver RAD51-siRNA into HeLa cells and induce gene silencing, thereby inhibiting cell survival and proliferation. Exosomes can also be engineered into more suitable nanocarriers for carrying siRNA through modification. To enhance the targeting ability, Alvarez-Erviti et al. (2011) remolded the exosomes through attaching a neuron-specific RVG peptide to Lamp2b expressed on the exosomal membrane. The result revealed that the RVG exosomes were able to transport GAPDH siRNA into targeted neurons, microglia, and oligodendrocytes, and this resulted in downregulation of BACE1 gene expression, which plays a key role in Alzheimer’s disease (Alvarez-Erviti et al., 2011).



Exosome as miRNA Delivery System

miRNAs are a group of non-coding single-stranded RNAs of approximately 22 nucleotides that exist in plant and animal cells (Bartel, 2004). A series of studies have shown that miRNAs can participate in cellular gene network regulation by silencing target mRNA, and they therefore play important roles in cell proliferation, differentiation, and apoptosis (Beavers et al., 2015). It has also been summarized that miRNAs play key roles in bone formation and may serve as the new breakthrough in the treatment of skeletal diseases (Hu et al., 2010). As previously mentioned, an exosome can transfer its cargo, such as miRNAs, into targeted cells and regulate their growth and differentiation (Thomou et al., 2017). For instance, brown fat-derived exosomes carrying specific miRNA could regulate liver through targeting Fgf21 (Chen and Pfeifer, 2017). It has been proposed that the exosome can be used as a vehicle for transporting functional miRNAs and exerting therapeutic action. The miRNAs have been proven to be involved in the pathogenesis of several neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, etc. The delivery of miRNAs packed by exosomes to central nervous system is therefore widely used for the improvement of neurological functions (Ridolfi and Abdel-Haq, 2017). Katakowski et al. (2013) obtained exosomes carrying miR-146b through plasmid transfection, and they found that miR-146b can be delivered into tumor cells via exosomes, suppressing expression of EGFR and NF-jB proteins and leading to inhibition of glioma growth in vitro. They also demonstrated that M146-exo can significantly reduce tumor growth in the rat brain (Katakowski et al., 2013). Chen et al. (2018) demonstrated that the miR-223 transferred by BMSCs-exo can greatly protect hepatocytes from injury in autoimmune hepatitis. One study conducted by Yu et al. (2015) revealed that anti-apoptotic miRNAs like miR-19a can be delivered into cardiomyocytes via MSCGATA–4 (MSC overexpressing GATA-4)-derived exosomes and promote cardiac protection, which effect is connected with the inhibition of miR-19a target PTEN as well as activation of the Akt and ERK signaling pathway.




CONCLUSION AND PERSPECTIVE

Since the first discovery of exosomes released by mature erythrocytes in 1983, this topic has attracted much attention from researchers because of their inherent properties. Exosomes are a class of extracellular vesicles sized 30–100 nm that contain cholesterol, sphingomyelin, ceramide, and other lipids on the surface that can be secreted by a variety of cells, including BMSCs, osteoclasts, osteoblasts, osteocytes, dendritic cells, epithelial cells, tumor cells, etc. In the recent years, researchers have developed various techniques to isolate exosomes based on their physical, chemical, and biological properties, and different methods have their unique advantages and disadvantages which may influence the product quality and following analysis.

With the development of molecular biotechnology, many researchers have tended to investigate the bone metabolism and skeletal disorders from a paracrine perspective, among which the exosome-mediated intercellular communication is rapidly gaining increasing attention. Bone-derived exosomes can regulate cell apoptosis, proliferation, and differentiation through multiple pathways, thus exerting important effects during physiological and pathological processes, such as bone remodeling, bone loss, fracture healing, and so on. This review has summarized the role of exosomes derived from BMSCs, osteoclasts, osteoblasts, and osteocytes in skeletal metabolism. The multiple effects of bone-derived exosomal miRNAs in bone remodeling have also been listed in Table 1. Besides, the bone-derived exosomes are found to participate in development of extraosseous diseases. For example, bone-derived exosomes could promote or suppress tumor growth through regulating genes expression, signaling pathways, angiogenesis, and so on. There are also numerous experiments illustrating that bone-derived exosomes are able to protect functional cells from apoptosis, thereby facilitating nerve repair, preventing nephropathy, preserving myocardial functions, and so on. It is reasonable to believe that bone-derived exosomes are highly relevant to the exploration of mechanisms of extraosseous diseases based on their ability to reach distant tissues and extraosseous systems.


TABLE 1. The role of bone-derived exosomal miRNAs in bone remolding.

[image: Table 1]
In recent years, scientists have discovered the important role of exosomes in transmitting information between cells. The contents of the exosomes can reflect the physiological and pathological processes in cells, which can be released into various body fluids and microenvironments, thereby transmitting carried signals to distant tissues and cells (Yoshida et al., 2019). Exosomes can therefore be used for diseases diagnosis. In addition, the microvesicular structure of the exosomes can protect their contents from degradation, which demonstrates their stability in body fluids and enormous potential in the diagnosis and surveillance of diseases (Kourembanas, 2015). Bone-derived exosomes have become a research hotspot in the context of their use as biomarkers for clinical diseases, such as osteoporosis, MDS, AML, and so on; this provides a great opportunity for the development of a novel and sensitive diagnosis method.

BMSCs are one of the most commonly used seed cells in tissue engineering. A series of studies have shown that BMSCs have the ability to repair bone defects (Rackwitz et al., 2012), but there still exist some problems in terms of the immune response, ethics, and so on. Recently, it has been reported that BMSCs release exosomes containing signaling molecules through paracrine mechanisms to promote tissue repair (Liang et al., 2014). Therefore, scientists have started to focus on the application of BMSC-derived exosomes in bone tissue engineering. It has been found that BMSC-derived exosomes have the function of regulating osteoblasts and osteoclasts as well as promoting bone formation and neovascularization, and exosomes thus have great application prospects and research value in the field of bone tissue engineering. In addition, the potential use of exosomes as drug delivery systems for disease treatment has gained significant interest from the scientific community since they are of a nano-size and have strong penetrability and hypotoxicity as well as low immunogenicity and cell targeting properties. However, the clinical application of bone-derived exosomes still faces several challenges. The exosome extraction method currently used is not efficient enough to be applied in clinic; it is therefore imperative to design a strategy to increase the yield and purity of exosomes. Besides, the content and function of exosomes from different sources differ greatly, and the genetic information contained in exosomes is thus still not fully elucidated. There is consequently still a long way to go before exosomes can be widely used in clinic.

In summary, this article has provided an overview of the effect and mechanism of bone-derived exosomes in skeletal metabolism and extraosseous diseases, and it has opened up new perspectives for exosomes serving as biomarkers and drug delivery carriers. We have reason to believe that, with the further development of biotechnology and in-depth exploration of exosomes, the role of bone-derived exosomes in clinical diagnosis, monitoring, and treatment will be fully utilized.



AUTHOR CONTRIBUTIONS

HL wrote the manuscript and designed the figures. YX, QG, and YH revised the manuscript. XL provided critical feedback and helped to shape the manuscript. All authors listed have made a substantial contribution to the work.



REFERENCES

Adams, R. H., and Alitalo, K. (2007). Molecular regulation of angiogenesis and lymphangiogenesis. Nat Rev. Mol. Cell Biol. 8, 464–478. doi: 10.1038/nrm2183

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., and Wood, M. J. (2011). Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 29, 341–345. doi: 10.1038/nbt.1807

Ambrogini, E., Almeida, M., Martin-Millan, M., Paik, J. H., Depinho, R. A., Han, L., et al. (2010). FoxO-mediated defense against oxidative stress in osteoblasts is indispensable for skeletal homeostasis in mice. Cell Metab. 11, 136–146. doi: 10.1016/j.cmet.2009.12.009

Andreola, G., Rivoltini, L., Castelli, C., Huber, V., Perego, P., Deho, P., et al. (2002). Induction of lymphocyte apoptosis by tumor cell secretion of FasL-bearing microvesicles. J. Exp. Med. 195, 1303–1316. doi: 10.1084/jem.20011624

Barrera-Ramirez, J., Lavoie, J. R., Maganti, H. B., Stanford, W. L., Ito, C., Sabloff, M., et al. (2017). Micro-RNA profiling of exosomes from marrow-derived mesenchymal stromal cells in patients with acute myeloid leukemia: implications in leukemogenesis. Stem Cell Rev. 13, 817–825. doi: 10.1007/s12015-017-9762-0

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297.

Beavers, K. R., Nelson, C. E., and Duvall, C. L. (2015). MiRNA inhibition in tissue engineering and regenerative medicine. Adv. Drug Deliver. Rev. 88, 123–137. doi: 10.1016/j.addr.2014.12.006

Bian, S., Zhang, L., Duan, L., Wang, X., Min, Y., and Yu, H. (2014). Extracellular vesicles derived from human bone marrow mesenchymal stem cells promote angiogenesis in a rat myocardial infarction model. J. Mol. Med. 92, 387–397. doi: 10.1007/s00109-013-1110-5

Bianco, F., Perrotta, C., Novellino, L., Francolini, M., Riganti, L., Menna, E., et al. (2009). Acid sphingomyelinase activity triggers microparticle release from glial cells. EMBO J. 28, 1043–1054. doi: 10.1038/emboj.2009.45

Bilen, M. A., Pan, T., Lee, Y. C., Lin, S. C., Yu, G., Pan, J., et al. (2017). Proteomics profiling of exosomes from primary mouse osteoblasts under proliferation versus mineralization conditions and characterization of their uptake into prostate cancer cells. J. Proteome Res. 16, 2709–2728. doi: 10.1021/acs.jproteome.6b00981

Bjørge, I. M., Kim, S. Y., Mano, J. F., Kalionis, B., and Chrzanowski, W. (2017). Extracellular vesicles, exosomes and shedding vesicles in regenerative medicine - a new paradigm for tissue repair. Biomater. Sci. UK 6, 60–78. doi: 10.1039/c7bm00479f

Bliss, S. A., Sinha, G., Sandiford, O. A., Williams, L. M., Engelberth, D. J., Guiro, K., et al. (2016). Mesenchymal stem cell-derived exosomes stimulate cycling quiescence and early breast cancer dormancy in bone marrow. Cancer Res. 76, 5832–5844. doi: 10.1158/0008-5472.can-16-1092

Bonewald, L. F. (2007). Osteocyte messages from a bony tomb. Cell Metab. 5, 410–411. doi: 10.1016/j.cmet.2007.05.008

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

Bourdonnay, E., Zasłona, Z., Penke, L. R., Speth, J. M., Schneider, D. J., Przybranowski, S., et al. (2015). Transcellular delivery of vesicular SOCS proteins from macrophages to epithelial cells blunts inflammatory signaling. J. Exp. Med. 212, 729–742. doi: 10.1084/jem.20141675

Broggi, M. A. S., Maillat, L., Clement, C. C., Bordry, N., Corthésy, P., Auger, A., et al. (2019). Tumor-associated factors are enriched in lymphatic exudate compared to plasma in metastatic melanoma patients. J. Exp. Med. 216, 1091–1107. doi: 10.1084/jem.20181618

Bruno, S., Collino, F., Deregibus, M. C., Grange, C., Tetta, C., and Camussi, G. (2013). Microvesicles derived from human bone marrow mesenchymal stem cells inhibit tumor growth. Stem Cells Dev. 22, 758–771. doi: 10.1089/scd.2012.0304

Bruno, S., Grange, C., Deregibus, M. C., Calogero, R. A., Saviozzi, S., Collino, F., et al. (2009). Mesenchymal stem cell-derived microvesicles protect against acute tubular injury. J Am. Soc. Nephrol. 20, 1053–1067. doi: 10.1681/asn.2008070798

Burnett, J. C., and Rossi, J. J. (2012). RNA-based therapeutics: current progress and future prospects. Chem. Biol. 19, 60–71. doi: 10.1016/j.chembiol.2011.12.008

Cao, L., Liu, G., Gan, Y., Fan, Q., Yang, F., Zhang, X., et al. (2012). The use of autologous enriched bone marrow MSCs to enhance osteoporotic bone defect repair in long-term estrogen deficient goats. Biomaterials 33, 5076–5084. doi: 10.1016/j.biomaterials.2012.03.069

Caplan, A. I., and Dennis, J. E. (2006). Mesenchymal stem cells as trophic mediators. J. Cell. Biochem. 98, 1076–1084. doi: 10.1002/jcb.20886

Chen, L., Lu, F. B., Chen, D. Z., Wu, J. L., Hu, E. D., Xu, L. M., et al. (2018). BMSCs-derived miR-223-containing exosomes contribute to liver protection in experimental autoimmune hepatitis. Mol. Immunol. 93, 38–46. doi: 10.1016/j.molimm.2017.11.008

Chen, T. S., Lai, R. C., Lee, M. M., Choo, A. B., Lee, C. N., and Lim, S. K. (2010). Mesenchymal stem cell secretes microparticles enriched in pre-microRNAs. Nucleic Acids Res. 38, 215–224. doi: 10.1093/nar/gkp857

Chen, Y., and Pfeifer, A. (2017). brown fat-derived exosomes: small vesicles with big impact. Cell Metab. 25, 759–760. doi: 10.1016/j.cmet.2017.03.012

Cheung, K. L., Jarrett, R., Subramaniam, S., Salimi, M., Gutowska-Owsiak, D., Chen, Y. L., et al. (2016). Psoriatic T cells recognize neolipid antigens generated by mast cell phospholipase delivered by exosomes and presented by CD1a. J. Exp. Med. 213, 2399–2412. doi: 10.1084/jem.20160258

Choudhry, H., and Harris, A. L. (2018). Advances in hypoxia-inducible factor biology. Cell Metab. 27, 281–298. doi: 10.1016/j.cmet.2017.10.005

Clayton, A., Turkes, A., Navabi, H., Mason, M. D., and Tabi, Z. (2005). Induction of heat shock proteins in B-cell exosomes. J. Cell Sci. 118, 3631–3638. doi: 10.1242/jcs.02494

Colombo, M., Raposo, G., and Théry, C. (2014). Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Bi. 30, 255–289. doi: 10.1146/annurev-cellbio-101512-122326

Cosenza, S., Ruiz, M., Toupet, K., Jorgensen, C., and Noël, D. (2017). Mesenchymal stem cells derived exosomes and microparticles protect cartilage and bone from degradation in osteoarthritis. Sci. Rep. UK 7:16214. doi: 10.1038/s41598-017-15376-8

Coumans, F. A. W., Brisson, A. R., Buzas, E. I., Dignat-George, F., Drees, E. E. E., Ei-Andaloussi, S., et al. (2017). Methodological guidelines to study extracellular vesicles. Circ. Res. 120, 1632–1648. doi: 10.1161/CIRCRESAHA.117.309417

Crooke, S. T., Witztum, J. L., Bennett, C. F., and Baker, B. F. (2018). RNA-targeted therapeutics. Cell Metab. 27, 714–739. doi: 10.1016/j.cmet.2018.03.004

Cui, Y., Luan, J., Li, H., Zhou, X., and Han, J. (2016). Exosomes derived from mineralizing osteoblasts promote ST2 cell osteogenic differentiation by alteration of microRNA expression. FEBS Lett. 590, 185–192. doi: 10.1002/1873-3468.12024

Dai, J., Escara-Wilke, J., Keller, J. M., Jung, Y., Taichman, R. S., Pienta, K. J., et al. (2019). Primary prostate cancer educates bone stroma through exosomal pyruvate kinase M2 to promote bone metastasis. J. Exp. Med. 216, 2883–2899. doi: 10.1084/jem.20190158

Dalirfardouei, R., Jamialahmadi, K., and Mahdipour, E. (2018). A feasible method for the isolation of mesenchymal stem cells from menstrual blood and their exosomes. Tissue Cell 55, 53–62. doi: 10.1016/j.tice.2018.09.010

Dauer, D. J., Ferraro, B., Song, L., Yu, B., Mora, L., Buettner, R., et al. (2005). Stat3 regulates genes common to both wound healing and cancer. Oncogene 24, 3397–3408. doi: 10.1038/sj.onc.1208469

Deng, L., Peng, Y., Jiang, Y., Wu, Y., Ding, Y., Wang, Y., et al. (2017). Imipramine Protects against Bone Loss by Inhibition of Osteoblast-Derived Microvesicles. Int. J. Mol. Sci. 18:E1013. doi: 10.3390/ijms18051013

Deng, L., Wang, Y., Peng, Y., Wu, Y., Ding, Y., Jiang, Y., et al. (2015). Osteoblast-derived microvesicles: a novel mechanism for communication between osteoblasts and osteoclasts. Bone 79, 37–42. doi: 10.1016/j.bone.2015.05.022

Deschaseaux, F., Sensébé, L., and Heymann, D. (2009). Mechanisms of bone repair and regeneration. Trends Mol. Med. 15, 417–429. doi: 10.1016/j.molmed.2009.07.002

Ei Andaloussi, S., Lakhal, S., Mäger, I., and Wood, M. J. (2013). Exosomes for targeted siRNA delivery across biological barriers. Adv. Drug Deliver. Rev. 65, 391–397. doi: 10.1016/j.addr.2012.08.008

Eii, B., Mercatali, L., Ibrahim, T., Campbell, N., Schwarzenbach, H., Pantel, K., et al. (2013). Tumor-induced osteoclast miRNA changes as regulators and biomarkers of osteolytic bone metastasis. Cancer Cell 24, 542–556. doi: 10.1016/j.ccr.2013.09.008

Esen, E., Chen, J., Karner, C. M., Okunade, A. L., Patterson, B. W., and Long, F. (2013). WNT-LRP5 signaling induces Warburg effect through mTORC2 activation during osteoblast differentiation. Cell Metab. 17, 745–755. doi: 10.1016/j.cmet.2013.03.017

Fan, Y., Hanai, J. I., Le, P. T., Bi, R., Maridas, D., DeMambro, V., et al. (2017). Parathyroid hormone directs bone marrow mesenchymal cell fate. Cell Metab. 25, 661–672. doi: 10.1016/j.cmet.2017.01.001

Fang, S., Li, Y., and Chen, P. (2019). Osteogenic effect of bone marrow mesenchymal stem cell-derived exosomes on steroid-induced osteonecrosis of the femoral head. Drug Design Dev. Ther. 13, 45–55. doi: 10.2147/DDDT.S178698

Feng, Y., Huang, W., Wani, M., Yu, X., and Ashraf, M. (2014). Ischemic preconditioning potentiates the protective effect of stem cells through secretion of exosomes by targeting Mecp2 via miR-22. PLoS One 9:e88685. doi: 10.1371/journal.pone.0088685

Findlay, D. M., and Kuliwaba, J. S. (2016). Bone-cartilage crosstalk: a conversation for understanding osteoarthritis. Bone Res. 4:16028. doi: 10.1038/boneres.2016.28

Fritz, J. M., and Lenardo, M. J. (2019). Development of immune checkpoint therapy for cancer. J. Exp. Med. 216, 1244–1254. doi: 10.1084/jem.20182395

Furuta, T., Miyaki, S., Ishitobi, H., Ogura, T., Kato, Y., Kamei, N., et al. (2016). Mesenchymal stem cell-derived exosomes promote fracture healing in a mouse model. Stem Cells Transl Med. 5, 1620–1630. doi: 10.5966/sctm.2015-0285

García-Silva, S., Benito-Martín, A., Sánchez-Redondo, S., Hernández-Barranco, A., Ximénez-Embún, P., Nogués, L., et al. (2019). Use of extracellular vesicles from lymphatic drainage as surrogate markers of melanoma progression and mutation. J. Exp. Med. 216, 1061–1070. doi: 10.1084/jem.20181522

Garg, P., Mazur, M. M., Buck, A. C., Wandtke, M. E., Liu, J., and Ebraheim, N. A. (2017). Prospective review of mesenchymal stem cells differentiation into osteoblasts. Orthopaedic Surg. 9, 13–19. doi: 10.1111/os.12304

Gartz, M., and Strande, J. L. (2018). Examining the Paracrine Effects of Exosomes in Cardiovascular Disease and Repair. J. Am. Heart Assoc. 7:e007954. doi: 10.1161/JAHA.117.007954

Gatti, S., Bruno, S., Deregibus, M. C., Sordi, A., Cantaluppi, V., Tetta, C., et al. (2011). Microvesicles derived from human adult mesenchymal stem cells protect against ischaemia-reperfusion-induced acute and chronic kidney injury. Nephrol. Dial. Transplant. 26, 1474–1483. doi: 10.1093/ndt/gfr015

Ge, M., Wu, Y., Ke, R., Cai, T., Yang, J., and Mu, X. (2017). Value of Osteoblast-Derived Exosomes in Bone Diseases. J. Craniofac. Surg. 28, 866–870. doi: 10.1097/SCS.0000000000003463

Glueck, C. J., Freiberg, R. A., Oghene, J., Fontaine, R. N., and Wang, P. (2007). Association between the T-786C eNOS polymorphism and idiopathic osteonecrosis of the head of the femur. J. Bone Joint surg. Am. Vol. 89, 2460–2468. doi: 10.2106/jbjs.f.01421

Greenblatt, M. B., Park, K. H., Oh, H., Kim, J. M., Shin, D. Y., Lee, J. M., et al. (2015). CHMP5 controls bone turnover rates by dampening NF-κB activity in osteoclasts. J. Exp. Med. 212, 1283–1301. doi: 10.1084/jem.20150407

Guay, C., Kruit, J. K., Rome, S., Menoud, V., Mulder, N. L., Jurdzinski, A., et al. (2019). Lymphocyte-derived exosomal micrornas promote pancreatic β cell death and may contribute to type 1 diabetes development. Cell Metab. 29, .348.e6–361.e6. doi: 10.1016/j.cmet.2018.09.011

Gurunathan, S., Kang, M. H., Jeyaraj, M., Qasim, M., and Kim, J. H. (2019). Review of the isolation, characterization, biological function, and multifarious therapeutic approaches of exosomes. Cells 8:307. doi: 10.3390/cells8040307

Hall, A., and Lalli, G. (2010). Rho and Ras GTPases in axon growth, guidance, and branching. Csh. Perspect. Biol. 2:a001818. doi: 10.1101/cshperspect.a001818

Ham, O., Song, B. W., Lee, S. Y., Choi, E., Cha, M. J., Lee, C. Y., et al. (2012). The role of microRNA-23b in the differentiation of MSC into chondrocyte by targeting protein kinase A signaling. Biomaterials 33, 4500–4507. doi: 10.1016/j.biomaterials.2012.03.025

Han, Y., You, X., Xing, W., Zhang, Z., and Zou, W. (2018). Paracrine and endocrine actions of bone-the functions of secretory proteins from osteoblasts, osteocytes, and osteoclasts. Bone Res. 6, 16. doi: 10.1038/s41413-018-0019-6

Hayashi, M., Nakashima, T., Yoshimura, N., Okamoto, K., Tanaka, S., and Takayanagi, H. (2019). Autoregulation of Osteocyte Sema3A Orchestrates Estrogen Action and Counteracts Bone Aging. Cell Metab. 29, 627.e5–637.e5. doi: 10.1016/j.cmet.2018.12.021

Hertel, M., Tretter, Y., Alzheimer, C., and Werner, S. (2000). Connective tissue growth factor: a novel player in tissue reorganization after brain injury? Eur. J. Neurosci. 12, 376–380. doi: 10.1046/j.1460-9568.2000.00930.x

Hirose, J., Masuda, H., Tokuyama, N., Omata, Y., Matsumoto, T., Yasui, T., et al. (2014). Bone resorption is regulated by cell-autonomous negative feedback loop of Stat5-Dusp axis in the osteoclast. J. Exp. Med. 211, 153–163. doi: 10.1084/jem.20130538

Hsu, Y. H., Chen, W. Y., Chan, C. H., Wu, C. H., Sun, Z. J., and Chang, M. S. (2011). Anti-IL-20 monoclonal antibody inhibits the differentiation of osteoclasts and protects against osteoporotic bone loss. J. Exp. Med. 208, 1849–1861. doi: 10.1084/jem.20102234

Hu, R., Li, H., Liu, W., Yang, L., Tan, Y. F., and Luo, X. H. (2010). Targeting miRNAs in osteoblast differentiation and bone formation. Expert Opin. Ther. Tar. 14, 1109–1120. doi: 10.1517/14728222.2010.512916

Huynh, N., VonMoss, L., Smith, D., Rahman, I., Felemban, M. F., Zuo, J., et al. (2016). Characterization of regulatory extracellular vesicles from osteoclasts. J. Dent. Res. 95, 673–679. doi: 10.1177/0022034516633189

Ishii, M., Kikuta, J., Shimazu, Y., Meier-Schellersheim, M., and Germain, R. N. (2010). Chemorepulsion by blood S1P regulates osteoclast precursor mobilization and bone remodeling in vivo. J. Exp. Med. 207, 2793–2798. doi: 10.1084/jem.20101474

Ishijima, M., Rittling, S. R., Yamashita, T., Tsuji, K., Kurosawa, H., Nifuji, A., et al. (2001). Enhancement of osteoclastic bone resorption and suppression of osteoblastic bone formation in response to reduced mechanical stress do not occur in the absence of osteopontin. J. Exp. Med. 193, 399–404. doi: 10.1084/jem.193.3.399

Janas, T., Janas, M. M., Sapoñ, K., and Janas, T. (2015). Mechanisms of RNA loading into exosomes. FEBS Lett. 589, 1391–1398. doi: 10.1016/j.febslet.2015.04.036

Jiang, X. C., and Gao, J. Q. (2017). Exosomes as novel bio-carriers for gene and drug delivery. Int. J. Pharmaceut. 521, 167–175. doi: 10.1016/j.ijpharm.2017.02.038

Jin, Z., Wei, W., Yang, M., Du, Y., and Wan, Y. (2014). Mitochondrial complex I activity suppresses inflammation and enhances bone resorption by shifting macrophage-osteoclast polarization. Cell Metab. 20, 483–498. doi: 10.1016/j.cmet.2014.07.011

Johnstone, R. M., Adam, M., Hammond, J. R., Orr, L., and Turbide, C. (1987). Vesicle formation during reticulocyte maturation. Association of plasma membrane activities with released vesicles (exosomes). J Biol. Chem. 262, 9412–9420.

Kang, Y. T., Kim, Y. J., Bu, J., Cho, Y. H., Han, S. W., and Moon, B. I. (2017). High-purity capture and release of circulating exosomes using an exosome-specific dual-patterned immunofiltration (ExoDIF) device. Nanoscale 9, 13495–13505. doi: 10.1039/c7nr04557c

Katakowski, M., Buller, B., Zheng, X., Lu, Y., Rogers, T., Osobamiro, O., et al. (2013). Exosomes from marrow stromal cells expressing miR-146b inhibit glioma growth. Cancer Lett. 335, 201–204. doi: 10.1016/j.canlet.2013.02.019

Kim, M. S., Haney, M. J., Zhao, Y., Mahajan, V., Deygen, I., Klyachko, N. L., et al. (2016). Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells. Nanomedicine 12, 655–664. doi: 10.1016/j.nano.2015.10.012

Klopp, A. H., Gupta, A., Spaeth, E., Andreeff, M., and Marini, F. (2011). Concise review: dissecting a discrepancy in the literature: do mesenchymal stem cells support or suppress tumor growth? Stem Cells 29, 11–19. doi: 10.1002/stem.559

Kourembanas, S. (2015). Exosomes: vehicles of intercellular signaling, biomarkers, and vectors of cell therapy. Annu. Rev. Physiol. 77, 13–27. doi: 10.1146/annurev-physiol-021014-071641

Kowal, J., Tkach, M., and Théry, C. (2014). Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 29, 116–125. doi: 10.1016/j.ceb.2014.05.004

Kubota, K., Nakano, M., Kobayashi, E., Mizue, Y., Chikenji, T., Otani, M., et al. (2018). An enriched environment prevents diabetes-induced cognitive impairment in rats by enhancing exosomal miR-146a secretion from endogenous bone marrow-derived mesenchymal stem cells. PLoS One 13:e0204252. doi: 10.1371/journal.pone.0204252

Kuroda, S., Sumner, D. R., and Virdi, A. S. (2012). Effects of TGF-β1 and VEGF-A transgenes on the osteogenic potential of bone marrow stromal cells in vitro and in vivo. J. Tissue Eng. 3, 2041731412459745. doi: 10.1177/2041731412459745

Lee, H., Li, C., Zhang, Y., Zhang, D., Otterbein, L. E., and Jin, Y. (2019). Caveolin-1 selectively regulates microRNA sorting into microvesicles after noxious stimuli. J. Exp. Med. 216, 2202–2220. doi: 10.1084/jem.20182313

Lei, Z., van Mil, A., Brandt, M. M., Grundmann, S., Hoefer, I., Smits, M., et al. (2015). MicroRNA-132/212 family enhances arteriogenesis after hindlimb ischaemia through modulation of the Ras-MAPK pathway. J. Cell. Mol. Med. 19, 1994–2005. doi: 10.1111/jcmm.12586

Leiferman, A., Shu, J., Upadhyaya, B., Cui, J., and Zempleni, J. (2019). Storage of extracellular vesicles in human milk, and MicroRNA profiles in human milk exosomes and infant formulas. J. Pediatr. Gastr. Nutr. 69, 235–238. doi: 10.1097/MPG.0000000000002363

Li, C. J., Xiao, Y., Yang, M., Su, T., Sun, X., Guo, Q., et al. (2018). Long noncoding RNA Bmncr regulates mesenchymal stem cell fate during skeletal aging. J. Clin. Invest. 128, 5251–5266. doi: 10.1172/JCI99044

Li, D., Liu, J., Guo, B., Liang, C., Dang, L., Lu, C., et al. (2016). Osteoclast-derived exosomal miR-214-3p inhibits osteoblastic bone formation. Nat. Commun. 7:10872. doi: 10.1038/ncomms10872

Li, H., Liu, D., Li, C., Zhou, S., Tian, D., Xiao, D., et al. (2017). Exosomes secreted from mutant-HIF-1α-modified bone-marrow-derived mesenchymal stem cells attenuate early steroid-induced avascular necrosis of femoral head in rabbit. Cell Biol. Int. 41, 1379–1390. doi: 10.1002/cbin.10869

Li, H., Xie, H., Liu, W., Hu, R., Huang, B., Tan, Y. F., et al. (2009). A novel microRNA targeting HDAC5 regulates osteoblast differentiation in mice and contributes to primary osteoporosis in humans. J. Clin. Invest. 119, 3666–3677. doi: 10.1172/JCI39832

Li, P., Kaslan, M., Lee, S. H., Yao, J., and Gao, Z. (2017). Progress in exosome isolation techniques. Theranostics 7, 789–804. doi: 10.7150/thno.18133

Liang, X., Ding, Y., Zhang, Y., Tse, H. F., and Lian, Q. (2014). Paracrine mechanisms of mesenchymal stem cell-based therapy: current status and perspectives. Cell Transplant. 23, 1045–1059. doi: 10.3727/096368913X667709

Lindoso, R. S., Collino, F., Bruno, S., Araujo, D. S., Sant’Anna, J. F., Tetta, C., et al. (2014). Extracellular vesicles released from mesenchymal stromal cells modulate miRNA in renal tubular cells and inhibit ATP depletion injury. Stem Cells Dev. 23, 1809–1819. doi: 10.1089/scd.2013.0618

Ling, C., and Rönn, T. (2019). Epigenetics in human obesity and type 2 diabetes. Cell Metab. 29, 1028–1044. doi: 10.1016/j.cmet.2019.03.009

Liu, J., Li, D., Wu, X., Dang, L., Lu, A., and Zhang, G. (2017). Bone-derived exosomes. Curr. Opin. Pharmacol. 34, 64–69. doi: 10.1016/j.coph.2017.08.008

Liu, S., Liu, D., Chen, C., Hamamura, K., Moshaverinia, A., Yang, R., et al. (2015). MSC transplantation improves osteopenia via epigenetic regulation of notch signaling in lupus. Cell Metab. 22, 606–618. doi: 10.1016/j.cmet.2015.08.018

Luther, G., Wagner, E. R., Zhu, G., Kang, Q., Luo, Q., Lamplot, J., et al. (2011). BMP-9 induced osteogenic differentiation of mesenchymal stem cells: molecular mechanism and therapeutic potential. Curr. Gene Ther. 11, 229–240.

Ma, T., Chen, Y., Chen, Y., Meng, Q., Sun, J., Shao, L., et al. (2018). MicroRNA-132, delivered by mesenchymal stem cell-derived exosomes, promote angiogenesis in myocardial infarction. Stem Cells Int. 2018:3290372. doi: 10.1155/2018/3290372

Manek, R., Moghieb, A., Yang, Z., Kumar, D., Kobessiy, F., Sarkis, G. A., et al. (2018). Protein Biomarkers and Neuroproteomics Characterization of Microvesicles/Exosomes from Human Cerebrospinal Fluid Following Traumatic Brain Injury. Mol. Neurobiol. 55, 6112–6128. doi: 10.1007/s12035-017-0821-y

Matsumoto, T., Ii, M., Nishimura, H., Shoji, T., Mifune, Y., Kawamoto, A., et al. (2010). Lnk-dependent axis of SCF-cKit signal for osteogenesis in bone fracture healing. J. Exp. Med. 207, 2207–2223. doi: 10.1084/jem.20100321

McBride, J. D., Rodriguez-Menocal, L., Guzman, W., Candanedo, A., Garcia-Contreras, M., and Badiavas, E. V. (2017). Bone marrow mesenchymal stem cell-derived CD63 exosomes transport wnt3a exteriorly and enhance dermal fibroblast proliferation, migration, and angiogenesis in vitro. Stem Cells Dev. 26, 1384–1398. doi: 10.1089/scd.2017.0087

Mead, B., Logan, A., Berry, M., Leadbeater, W., and Scheven, B. A. (2013). Intravitreally transplanted dental pulp stem cells promote neuroprotection and axon regeneration of retinal ganglion cells after optic nerve injury. Invest. Ophth. Vis. Sci. 54, 7544–7556. doi: 10.1167/iovs.13-13045

Mead, B., and Tomarev, S. (2017). Bone marrow-derived mesenchymal stem cells-derived exosomes promote survival of retinal ganglion cells through miRNA-dependent mechanisms. Stem Cell. Transl. Med. 6, 1273–1285. doi: 10.1002/sctm.16-0428

Mesentier-Louro, L. A., Zaverucha-do-Valle, C., Da Silva-Junior, A. J., Nascimento-Dos-Santos, G., Gubert, F., de Figueirêdo, A. B., et al. (2014). Distribution of mesenchymal stem cells and effects on neuronal survival and axon regeneration after optic nerve crush and cell therapy. PLoS One 9:e110722. doi: 10.1371/journal.pone.0110722

Minotti, G., Menna, P., Salvatorelli, E., Cairo, G., and Gianni, L. (2004). Anthracyclines: molecular advances and pharmacologic developments in antitumor activity and cardiotoxicity. Pharmacol. Rev. 56, 185–229. doi: 10.1124/pr.56.2.6

Moerman, E. J., Teng, K., Lipschitz, D. A., and Lecka-Czernik, B. (2004). Aging activates adipogenic and suppresses osteogenic programs in mesenchymal marrow stroma/stem cells: the role of PPAR-gamma2 transcription factor and TGF-beta/BMP signaling pathways. Aging Cell 3, 379–389. doi: 10.1111/j.1474-9728.2004.00127.x

Mori, M. A., Ludwig, R. G., Garcia-Martin, R., Brandão, B. B., and Kahn, C. R. (2019). Extracellular miRNAs: from biomarkers to mediators of physiology and disease. Cell Metab. 30, 656–673. doi: 10.1016/j.cmet.2019.07.011

Morigi, M., and De Coppi, P. (2014). Cell therapy for kidney injury: different options and mechanisms–mesenchymal and amniotic fluid stem cells. Nephron. Exp. Nephrol. 126:59. doi: 10.1159/000360667

Morikawa, S., Mabuchi, Y., Kubota, Y., Nagai, Y., Niibe, K., Hiratsu, E., et al. (2009). Prospective identification, isolation, and systemic transplantation of multipotent mesenchymal stem cells in murine bone marrow. J. Exp. Med. 206, 2483–2496. doi: 10.1084/jem.20091046

Muntión, S., Ramos, T. L., Diez-Campelo, M., Rosón, B., Sánchez-Abarca, L. I., Misiewicz-Krzeminska, I., et al. (2016). Microvesicles from mesenchymal stromal cells are involved in hpc-microenvironment crosstalk in myelodysplastic patients. PLoS One 11:e0146722. doi: 10.1371/journal.pone.0146722

Nagaishi, K., Mizue, Y., Chikenji, T., Otani, M., Nakano, M., Konari, N., et al. (2016). Mesenchymal stem cell therapy ameliorates diabetic nephropathy via the paracrine effect of renal trophic factors including exosomes. Sci. Rep. UK 6:34842. doi: 10.1038/srep34842

Nakajima, K., Kunimatsu, R., Ando, K., Ando, T., Hayashi, Y., Kihara, T., et al. (2018). Comparison of the bone regeneration ability between stem cells from human exfoliated deciduous teeth, human dental pulp stem cells and human bone marrow mesenchymal stem cells. Biochem. Bioph. Res. Co. 497, 876–882. doi: 10.1016/j.bbrc.2018.02.156

Nakamura, Y., Miyaki, S., Ishitobi, H., Matsuyama, S., Nakasa, T., Kamei, N., et al. (2015). Mesenchymal-stem-cell-derived exosomes accelerate skeletal muscle regeneration. FEBS Lett. 589, 1257–1265. doi: 10.1016/j.febslet.2015.03.031

Nakano, M., Nagaishi, K., Konari, N., Saito, Y., Chikenji, T., Mizue, Y., et al. (2016). Bone marrow-derived mesenchymal stem cells improve diabetes-induced cognitive impairment by exosome transfer into damaged neurons and astrocytes. Sci. Rep. UK 6:24805. doi: 10.1038/srep24805

Narayanan, R., Huang, C. C., and Ravindran, S. (2016). Hijacking the cellular mail: exosome mediated differentiation of mesenchymal stem cells. Stem Cells Int. 2016:3808674. doi: 10.1155/2016/3808674

Naseri, Z., Oskuee, R. K., Jaafari, M. R., and Forouzandeh Moghadam, M. (2018). Exosome-mediated delivery of functionally active miRNA-142-3p inhibitor reduces tumorigenicity of breast cancer in vitro and in vivo. Int. J. Nanomed. 13, 7727–7747. doi: 10.2147/IJN.S182384

Nejadnik, H., Hui, J. H., Feng Choong, E. P., Tai, B. C., and Lee, E. H. (2010). Autologous bone marrow-derived mesenchymal stem cells versus autologous chondrocyte implantation: an observational cohort study. Am. J. Sports Med. 38, 1110–1116. doi: 10.1177/0363546509359067

Nevius, E., Pinho, F., Dhodapkar, M., Jin, H., Nadrah, K., Horowitz, M. C., et al. (2015). Oxysterols and EBI2 promote osteoclast precursor migration to bone surfaces and regulate bone mass homeostasis. J. Exp. Med. 212, 1931–1946. doi: 10.1084/jem.20150088

Newgard, C. B. (2017). Metabolomics and metabolic diseases: where do we stand? Cell Metab. 25, 43–56. doi: 10.1016/j.cmet.2016.09.018

Ng, K. S., Kuncewicz, T. M., and Karp, J. M. (2015). beyond hit-and-run: stem cells leave a lasting memory. Cell Metab. 22, 541–543. doi: 10.1016/j.cmet.2015.09.019

Ning, G., Liu, X., Dai, M., Meng, A., and Wang, Q. (2013). MicroRNA-92a upholds Bmp signaling by targeting noggin3 during pharyngeal cartilage formation. Dev. Cell 24, 283–295. doi: 10.1016/j.devcel.2012.12.016

Novack, D. V. (2007). Estrogen and bone: osteoclasts take center stage. Cell Metab. 6, 254–256. doi: 10.1016/j.cmet.2007.09.007

Ozcan, G., Ozpolat, B., Coleman, R. L., Sood, A. K., and Lopez-Berestein, G. (2015). Preclinical and clinical development of siRNA-based therapeutics. Adv. Drug Deliver. Rev. 87, 108–119. doi: 10.1016/j.addr.2015.01.007

Pan, B. T., and Johnstone, R. M. (1983). Fate of the transferrin receptor during maturation of sheep reticulocytes in vitro: selective externalization of the receptor. Cell 33, 967–978. doi: 10.1016/0092-8674(83)90040-5

Pourakbari, R., Khodadadi, M., Aghebati-Maleki, A., Aghebati-Maleki, L., and Yousefi, M. (2019). The potential of exosomes in the therapy of the cartilage and bone complications; emphasis on osteoarthritis. Life Sci. 236:116861. doi: 10.1016/j.lfs.2019.116861

Qi, J., Zhou, Y., Jiao, Z., Wang, X., Zhao, Y., Li, Y., et al. (2017). Exosomes Derived from Human Bone Marrow Mesenchymal Stem Cells Promote Tumor Growth Through Hedgehog Signaling Pathway. Cell. Physiol. Biochem. 42, 2242–2254. doi: 10.1159/000479998

Qi, X., Zhang, J., Yuan, H., Xu, Z., Li, Q., Niu, X., et al. (2016). Exosomes secreted by human-induced pluripotent stem cell-derived mesenchymal stem cells repair critical-sized bone defects through enhanced angiogenesis and osteogenesis in osteoporotic rats. Int. J. Biol. Sci. 12, 836–849. doi: 10.7150/ijbs.14809

Qin, Y., Peng, Y., Zhao, W., Pan, J., Ksiezak-Reding, H., Cardozo, C., et al. (2017). Myostatin inhibits osteoblastic differentiation by suppressing osteocyte-derived exosomal microRNA-218: a novel mechanism in muscle-bone communication. J. Biol. Chem. 292, 11021–11033. doi: 10.1074/jbc.M116.770941

Qin, Y., Wang, L., Gao, Z., Chen, G., and Zhang, C. (2016). Bone marrow stromal/stem cell-derived extracellular vesicles regulate osteoblast activity and differentiation in vitro and promote bone regeneration in vivo. Sci. Rep. UK 6:21961. doi: 10.1038/srep21961

Qing, L., Chen, H., Tang, J., and Jia, X. (2018). Exosomes and their MicroRNA cargo: new players in peripheral nerve regeneration. Neurorehab. Neural Re. 32, 765–776. doi: 10.1177/1545968318798955

Rackwitz, L., Eden, L., Reppenhagen, S., Reichert, J. C., Jakob, F., Walles, H., et al. (2012). Stem cell- and growth factor-based regenerative therapies for avascular necrosis of the femoral head. Stem Cell Res. Ther. 3:7. doi: 10.1186/scrt98

Rahmati, M., Nalesso, G., Mobasheri, A., and Mozafari, M. (2017). Aging and osteoarthritis: central role of the extracellular matrix. Ageing Res. Rev. 40, 20–30. doi: 10.1016/j.arr.2017.07.004

Raposo, G., Nijman, H. W., Stoorvogel, W., Liejendekker, R., Harding, C. V., Melief, C. J., et al. (1996). B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 183, 1161–1172. doi: 10.1084/jem.183.3.1161

Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol. 200, 373–383. doi: 10.1083/jcb.201211138

Rauch, A., Seitz, S., Baschant, U., Schilling, A. F., Illing, A., Stride, B., et al. (2010). Glucocorticoids suppress bone formation by attenuating osteoblast differentiation via the monomeric glucocorticoid receptor. Cell Metab. 11, 517–531. doi: 10.1016/j.cmet.2010.05.005

Ridolfi, B., and Abdel-Haq, H. (2017). Neurodegenerative disorders treatment: the MicroRNA role. Curr. Gene Ther. 17, 327–363. doi: 10.2174/1566523218666180119120726

Ritter, B., and Greten, F. R. (2019). Modulating inflammation for cancer therapy. J. Exp. Med. 216, 1234–1243. doi: 10.1084/jem.20181739

Roccaro, A. M., Sacco, A., Maiso, P., Azab, A. K., Tai, Y. T., Reagan, M., et al. (2013). BM mesenchymal stromal cell-derived exosomes facilitate multiple myeloma progression. J. Clin. Invest. 123, 1542–1555. doi: 10.1172/jci66517

Rood, I. M., Deegens, J. K., Merchant, M. L., Tamboer, W. P., Wilkey, D. W., Wetzels, J. F., et al. (2010). Comparison of three methods for isolation of urinary microvesicles to identify biomarkers of nephrotic syndrome. Kidney Int. 78, 810–816. doi: 10.1038/ki.2010.262

Saran, U., Gemini Piperni, S., and Chatterjee, S. (2014). Role of angiogenesis in bone repair. Arch. Biochem. Biophys. 561, 109–117. doi: 10.1016/j.abb.2014.07.006

Sato, M., Suzuki, T., Kawano, M., and Tamura, M. (2017). Circulating osteocyte-derived exosomes contain miRNAs which are enriched in exosomes from MLO-Y4 cells. Biomed. Rep. 6, 223–231. doi: 10.3892/br.2016.824

Seebach, C., Henrich, D., Wilhelm, K., Barker, J. H., and Marzi, I. (2012). Endothelial progenitor cells improve directly and indirectly early vascularization of mesenchymal stem cell-driven bone regeneration in a critical bone defect in rats. Cell Transplant. 21, 1667–1677. doi: 10.3727/096368912X638937

Shabbir, A., Cox, A., Rodriguez-Menocal, L., Salgado, M., and Van Badiavas, E. (2015). Mesenchymal stem cell exosomes induce proliferation and migration of normal and chronic wound fibroblasts, and enhance angiogenesis in vitro. Stem Cells Dev. 24, 1635–1647. doi: 10.1089/scd.2014.0316

Shao, L., Zhang, Y., Lan, B., Wang, J., Zhang, Z., Zhang, L., et al. (2017). MiRNA-sequence indicates that mesenchymal stem cells and exosomes have similar mechanism to enhance cardiac repair. Biomed Res. Int. 2017:4150705. doi: 10.1155/2017/4150705

Shokrollahi, E., Nourazarian, A., Rahbarghazi, R., Salimi, L., Karbasforush, S., Khaksar, M., et al. (2019). Treatment of human neuroblastoma cell line SH-SY5Y with HSP27 siRNA tagged-exosomes decreased differentiation rate into mature neurons. J. Cell. Physiol. 234, 21005–21013. doi: 10.1002/jcp.28704

Shtam, T. A., Kovalev, R. A., Varfolomeeva, E. Y., Makarov, E. M., Kil, Y. V., and Filatov, M. V. (2013). Exosomes are natural carriers of exogenous siRNA to human cells in vitro. Cell Commun. Signal. 11:88. doi: 10.1186/1478-811X-11-88

Simons, M., and Raposo, G. (2009). Exosomes–vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 21, 575–581. doi: 10.1016/j.ceb.2009.03.007

Singer, R. A., Arnes, L., Cui, Y., Wang, J., Gao, Y., Guney, M. A., et al. (2019). The long noncoding RNA paupar modulates PAX6 regulatory activities to promote alpha cell development and function. Cell Metab. 30, 1091.e8–1106.e8. doi: 10.1016/j.cmet.2019.09.013

Snaebjornsson, M. T., Janaki-Raman, S., and Schulze, A. (2020). Greasing the wheels of the cancer machine: the role of lipid metabolism in cancer. Cell Metab. 31, 62–76. doi: 10.1016/j.cmet.2019.11.010

Sponton, C. H., and Kajimura, S. (2017). Burning fat and building bone by FSH blockade. Cell Metab. 26, 285–287. doi: 10.1016/j.cmet.2017.07.018

Street, J. M., Koritzinsky, E. H., Glispie, D. M., and Yuen, P. S. T. (2017). Urine exosome isolation and characterization. Methods Mol. Biol. 1641, 413–423. doi: 10.1007/978-1-4939-7172-5_23

Su, T., Xiao, Y. Z., Xiao, Y., Guo, Q., Li, C., Huang, Y., et al. (2019). Bone marrow mesenchymal stem cells-derived exosomal MiR-29b-3p regulates aging-associated insulin resistance. ACS Nano 13, 2450–2462. doi: 10.1021/acsnano.8b09375

Suchacki, K. J., Roberts, F., Lovdel, A., Farquharson, C., Morton, N. M., MacRae, V. E., et al. (2017). Skeletal energy homeostasis: a paradigm of endocrine discovery. J. Endocrinol. 234, R67–R79. doi: 10.1530/JOE-17-0147

Sun, D., Zhuang, X., Xiang, X., Liu, Y., Zhang, S., Liu, C., et al. (2010). A novel nanoparticle drug delivery system: the anti-inflammatory activity of curcumin is enhanced when encapsulated in exosomes. Mol. Ther. 18, 1606–1614. doi: 10.1038/mt.2010.105

Sun, W., Zhao, C., Li, Y., Wang, L., Nie, G., Peng, J., et al. (2016). Osteoclast-derived microRNA-containing exosomes selectively inhibit osteoblast activity. Cell Discov. 2:16015. doi: 10.1038/celldisc.2016.15

Tan, M. L., Choong, P. F., and Dass, C. R. (2010). Recent developments in liposomes, microparticles and nanoparticles for protein and peptide drug delivery. Peptides 31, 184–193. doi: 10.1016/j.peptides.2009.10.002

Tatsumi, S., Ishii, K., Amizuka, N., Li, M., Kobayashi, T., Kohno, K., et al. (2007). Targeted ablation of osteocytes induces osteoporosis with defective mechanotransduction. Cell Metab. 5, 464–475. doi: 10.1016/j.cmet.2007.05.001

Taylor, D. D., and Gerçel-Taylor, C. (2005). Tumour-derived exosomes and their role in cancer-associated T-cell signalling defects. Brit. J. Cancer 92, 305–311. doi: 10.1038/sj.bjc.6602316

Thomou, T., Mori, M. A., Dreyfuss, J. M., Konishi, M., Sakaguchi, M., Wolfrum, C., et al. (2017). Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature 542, 450–455. doi: 10.1038/nature21365

Tian, Y., Li, S., Song, J., Ji, T., Zhu, M., Anderson, G. J., et al. (2014). A doxorubicin delivery platform using engineered natural membrane vesicle exosomes for targeted tumor therapy. Biomaterials 35, 2383–2390. doi: 10.1016/j.biomaterials.2013.11.083

Toh, W. S., Lai, R. C., Hui, J. H. P., and Lim, S. K. (2017). MSC exosome as a cell-free MSC therapy for cartilage regeneration: implications for osteoarthritis treatment. Semin. Cell Dev. Biol. 67, 56–64. doi: 10.1016/j.semcdb.2016.11.008

Uemura, R., Xu, M., Ahmad, N., and Ashraf, M. (2006). Bone marrow stem cells prevent left ventricular remodeling of ischemic heart through paracrine signaling. Circ. Res. 98, 1414–1421. doi: 10.1161/01.res.0000225952.61196.39

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

van der Pol, E., Böing, A. N., Harrison, P., Sturk, A., and Nieuwland, R. (2012). Classification, functions, and clinical relevance of extracellular vesicles. Pharmacol. Rev. 64, 676–705. doi: 10.1124/pr.112.005983

van Niel, G., Raposo, G., Candalh, C., Boussac, M., Hershberg, R., Cerf-Bensussan, N., et al. (2001). Intestinal epithelial cells secrete exosome-like vesicles. Gastroenterology 121, 337–349. doi: 10.1053/gast.2001.26263

Wang, C., Chen, L., Huang, Y., Li, K., Jinye, A., Fan, T., et al. (2019a). Exosome-delivered TRPP2 siRNA inhibits the epithelial-mesenchymal transition of FaDu cells. Oncol. Lett. 17, 1953–1961. doi: 10.3892/ol.2018.9752

Wang, C., Zhu, G., He, W., Yin, H., Lin, F., Gou, X., et al. (2019b). BMSCs protect against renal ischemia-reperfusion injury by secreting exosomes loaded with miR-199a-5p that target BIP to inhibit endoplasmic reticulum stress at the very early reperfusion stages. FASEB J. 33, 5440–5456. doi: 10.1096/fj.201801821R

Wang, J., Liu, Y., Sun, W., Zhang, Q., Gu, T., and Li, G. (2018). Plasma exosomes as novel biomarker for the early diagnosis of gastric cancer. Cancer Biomark. Sec. A of Dis. Mark. 21, 805–812. doi: 10.3233/CBM-170738

Wang, T., Shigdar, S., Shamaileh, H. A., Gantier, M. P., Yin, W., Xiang, D., et al. (2017). Challenges and opportunities for siRNA-based cancer treatment. Cancer Lett. 387, 77–83. doi: 10.1016/j.canlet.2016.03.045

Wang, X., Wei, W., Krzeszinski, J. Y., Wang, Y., and Wan, Y. (2015). A liver-bone endocrine relay by igfbp1 promotes osteoclastogenesis and mediates fgf21-induced bone resorption. Cell Metab. 22, 811–824. doi: 10.1016/j.cmet.2015.09.010

Waning, D. L., Guise, T. A., and Mohammad, K. S. (2019). A “Connexin” responsible for the fatal attraction of cancer to bone. Cell Metab. 29, 6–8. doi: 10.1016/j.cmet.2018.12.014

Warshauer, J. T., Bluestone, J. A., and Anderson, M. S. (2020). New frontiers in the treatment of type 1 diabetes. Cell Metab. 31, 46–61. doi: 10.1016/j.cmet.2019.11.017

Whitham, M., Parker, B. L., Friedrichsen, M., Hingst, J. R., Hjorth, M., Hughes, W. E., et al. (2018). Extracellular vesicles provide a means for tissue crosstalk during exercise. Cell Metab 27, 237–251. doi: 10.1016/j.cmet.2017.12.001

Wu, M., Ouyang, Y., Wang, Z., Zhang, R., Huang, P. H., Chen, C., et al. (2017). Isolation of exosomes from whole blood by integrating acoustics and microfluidics. Proc. Natl. Acad. Sci. U.S.A. 114, 10584–10589. doi: 10.1073/pnas.1709210114

Wu, P., Zhang, B., Shi, H., Qian, H., and Xu, W. (2018). MSC-exosome: a novel cell-free therapy for cutaneous regeneration. Cytotherapy 20, 291–301. doi: 10.1016/j.jcyt.2017.11.002

Xie, H., Cui, Z., Wang, L., Xia, Z., Hu, Y., Xian, L., et al. (2014). PDGF-BB secreted by preosteoclasts induces angiogenesis during coupling with osteogenesis. Nat. Med. 20, 1270–1278. doi: 10.1038/nm.3668

Xie, X., Wang, Y., Zhao, C., Guo, S., Liu, S., Jia, W., et al. (2012). Comparative evaluation of MSCs from bone marrow and adipose tissue seeded in PRP-derived scaffold for cartilage regeneration. Biomaterials 33, 7008–7018. doi: 10.1016/j.biomaterials.2012.06.058

Xie, Y., Chen, Y., Zhang, L., Ge, W., and Tang, P. (2017). The roles of bone-derived exosomes and exosomal microRNAs in regulating bone remodelling. J. Cell. Mol. Med. 21, 1033–1041. doi: 10.1111/jcmm.13039

Xin, H., Li, Y., Buller, B., Katakowski, M., Zhang, Y., Wang, X., et al. (2012). Exosome-mediated transfer of miR-133b from multipotent mesenchymal stromal cells to neural cells contributes to neurite outgrowth. Stem Cells 30, 1556–1564. doi: 10.1002/stem.1129

Xin, H., Li, Y., Liu, Z., Wang, X., Shang, X., Cui, Y., et al. (2013). MiR-133b promotes neural plasticity and functional recovery after treatment of stroke with multipotent mesenchymal stromal cells in rats via transfer of exosome-enriched extracellular particles. Stem Cells 31, 2737–2746. doi: 10.1002/stem.1409

Xu, J. F., Yang, G. H., Pan, X. H., Zhang, S. J., Zhao, C., Qiu, B. S., et al. (2014). Altered microRNA expression profile in exosomes during osteogenic differentiation of human bone marrow-derived mesenchymal stem cells. PLoS One 9:e114627. doi: 10.1371/journal.pone.0114627

Yang, L., Xie, G., Fan, Q., and Xie, J. (2010). Activation of the hedgehog-signaling pathway in human cancer and the clinical implications. Oncogene 29, 469–481. doi: 10.1038/onc.2009.392

Yang, M., Guo, Q., Peng, H., Xiao, Y. Z., Xiao, Y., Huang, Y., et al. (2019). Krüppel-like factor 3 inhibition by mutated lncRNA results in human high bone mass syndrome. J. Exp. Med. 216, 1944–1964. doi: 10.1084/jem.20181554

Yoshida, M., Satoh, A., Lin, J. B., Mills, K. F., Sasaki, Y., Rensing, N., et al. (2019). Extracellular vesicle-contained enampt delays aging and extends lifespan in mice. Cell Metab. 30, 329–342. doi: 10.1016/j.cmet.2019.05.015

Yu, B., Kim, H. W., Gong, M., Wang, J., Millard, R. W., Wang, Y., et al. (2015). Exosomes secreted from GATA-4 overexpressing mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for cardioprotection. Int. J. Cardiol. 182, 349–360. doi: 10.1016/j.ijcard.2014.12.043

Yu, Y., Newman, H., Shen, L., Sharma, D., Hu, G., Mirando, A. J., et al. (2019). Glutamine Metabolism Regulates Proliferation and Lineage Allocation in Skeletal Stem Cells. Cell Metab. 29, 966.e4–978.e4. doi: 10.1016/j.cmet.2019.01.016

Zhang, H., and Lyden, D. (2019). Asymmetric-flow field-flow fractionation technology for exomere and small extracellular vesicle separation and characterization. Nat. Protoc. 14, 1027–1053. doi: 10.1038/s41596-019-0126-x

Zhang, J., Guan, J., Niu, X., Hu, G., Guo, S., Li, Q., et al. (2015). Exosomes released from human induced pluripotent stem cells-derived MSCs facilitate cutaneous wound healing by promoting collagen synthesis and angiogenesis. J. Transl. Med. 13:49. doi: 10.1186/s12967-015-0417-0

Zhang, J., Liu, X., Li, H., Chen, C., Hu, B., Niu, X., et al. (2016). Exosomes/tricalcium phosphate combination scaffolds can enhance bone regeneration by activating the PI3K/Akt signaling pathway. Stem Cell Res. Ther. 7:136. doi: 10.1186/s13287-016-0391-3

Zhang, W. B., Zhong, W. J., and Wang, L. (2014). A signal-amplification circuit between miR-218 and Wnt/β-catenin signal promotes human adipose tissue-derived stem cells osteogenic differentiation. Bone 58, 59–66. doi: 10.1016/j.bone.2013.09.015

Zhao, C., Irie, N., Takada, Y., Shimoda, K., Miyamoto, T., Nishiwaki, T., et al. (2006). Bidirectional ephrinB2-EphB4 signaling controls bone homeostasis. Cell Metab. 4, 111–121. doi: 10.1016/j.cmet.2006.05.012

Zhao, C., Sun, W., Zhang, P., Ling, S., Li, Y., Zhao, D., et al. (2015). miR-214 promotes osteoclastogenesis by targeting Pten/PI3k/Akt pathway. RNA Biol. 12, 343–353. doi: 10.1080/15476286.2015.1017205

Zhu, W., Huang, L., Li, Y., Zhang, X., Gu, J., Yan, Y., et al. (2012). Exosomes derived from human bone marrow mesenchymal stem cells promote tumor growth in vivo. Cancer Lett. 315, 28–37. doi: 10.1016/j.canlet.2011.10.002

Zou, W., Greenblatt, M. B., Brady, N., Lotinun, S., Zhai, B., de Rivera, H., et al. (2013). The microtubule-associated protein DCAMKL1 regulates osteoblast function via repression of Runx2. J. Exp. Med. 210, 1793–1806. doi: 10.1084/jem.20111790

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 Lyu, Xiao, Guo, Huang and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-08-00089-g001.jpg
Microvesicles

Late endosome Multivesicular Body
(MVB)

Early endosome

o

Exosomes





OPS/images/fcell-08-00089-g002.jpg
Exosome
RANKL
RANK
miR-214
EphrinA2
EphA2
Activate
Inhibit





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Role of Bone-Derived Exosomes in Regulating Skeletal Metabolism and Extraosseous Diseases



		THE INTRODUCTION OF EXOSOMES



		TECHNIQUES FOR ISOLATING EXOSOMES



		THE CHARACTERISTICS AND CONTENTS OF BONE-DERIVED EXOSOMES



		THE ROLES OF BONE-DERIVED EXOSOMES IN SKELETAL METABOLISM



		BMSC-Derived Exosomes



		Osteoclast-Derived Exosomes



		Osteoblast-Derived Exosomes



		Osteocyte-Derived Exosomes







		THE EFFECT OF BONE-DERIVED EXOSOMES IN EXTRAOSSEOUS DISEASES



		Role of Bone-Derived Exosomes in Cancer



		Role of Bone-Derived Exosomes in Neurologic Diseases



		Role of Bone-Derived Exosomes in Nephropathy



		Role of Bone-Derived Exosomes in Cardiac Diseases



		Role of Bone-Derived Exosomes in Cutaneous Repair



		Role of Bone-Derived Exosomes in Metabolic Diseases







		BONE-DERIVED EXOSOMES AS A SOURCE OF BIOMARKERS FOR DISEASE DIAGNOSIS



		APPLICATION OF MSC-DERIVED EXOSOMES IN BONE TISSUE ENGINEERING



		EXOSOMES AS TARGETED DELIVERY VEHICLES FOR THERAPY IN SKELETAL AND EXTRAOSSEOUS DISORDERS



		Exosome as Compounds Delivery System



		Exosome as siRNA Delivery System



		Exosome as miRNA Delivery System







		CONCLUSION AND PERSPECTIVE



		AUTHOR CONTRIBUTIONS



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

The Role of Bone-Derived
Exosomes in Regulating Skeletal
Metabolism and Extraosseous
Diseases








OPS/images/fcell-08-00089-t001.jpg
Exosomal miRNA

miR-27a
miR-206a
miR-196a
miR-214

miR-30d-5p
miR-133b-3p
miR-140-3p
let-7
miR-335-3p
miR-378b
miR-218
miR-1192

miR-680
miR-302a

Cells

BMSCs

Osteoclasts

Mineralizing MC3T3 cells

Mineralizing MC3T3 cells

Osteocytes
Mineralizing osteoblasts (MOBSs)

miRNA expression

High

High

High

High

Low
High

miRNA function

Promote osteogenic differentiation of osteoblasts (Qin et al., 2016)

Inhibit osteoblasts function Promote RANKL induced osteoclasts
differentiation (Zhao et al., 2015; Sun et al., 2016)

Inhibit osteoblasts differentiation (Xie et al., 2017)

Promote osteoblasts differentiation (Xie et al., 2017)

Inhibit osteoblastic differentiation (Zhang et al., 2014; Qin et al., 2017)

Promote bone marrow stromal cell (ST2) differentiation to osteoblasts
(Cuietal., 2016)






OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





