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Prostate cancer is the second most frequent cancer type among men globally. Herein, the roles of exosomes in prostate cancer tumorigenesis, progress along with metastasis were reviewed. Exosomes are small extracellular vesicles originated from the endosomal system then released to surrounding body fluids. They carry cargo comprising nucleic acids and proteins and deliver then to recipient cells and are implicated in cell-to-cell communications. They regulate the activities of recipient cells by modulating several physiological and pathological processes, such as remodeling the properties of the tumor microenvironment, modulating cancer metabolism and metastases, and regulating drug resistance. Tumor derived exosomes are present in various body fluids and their molecular profile can reflect the real-time status of the cancer cell. These characteristics make them prospective biologic signatures for diagnosis along with prognosis of different cancer types. Besides, exosomes have good biophysical properties, for instance high stability in the lipid bilayer membrane, as well as low immunogenicity which are key parameters for development of novel drug delivery approach.
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Introduction

Prostate cancer (PCa) is the second most frequent tumor in males. PCa is high prevalent in developing countries. Most individuals with prostate cancer present with locally advanced or metastatic disease at diagnosis thus limiting effectiveness of conventional therapies. Prostate specific antigen (PSA) is a widely utilized biomarker for PCa screening, nonetheless, it does not provide precise and accurate diagnostic and prognostic information. Androgen-deprivation therapy (ADT) is the conventional treatment for individuals with mPCa (1–3). Most patients respond to ADT initially, whilst some cases progress eventually to incurable CRPC (castrate-resistance prostate cancer) despite sustained hormonal manipulation (4). Predictive biomarkers are therefore required to ensure early diagnosis and for detection of CRPC thus providing a basis for development of personalized treatment. Liquid biopsies including circulating tumor cells, nucleic acids in circulation, and exosomes have recently been explored as minimally infiltrative biologic signatures for diagnosis, as well as predictive markers for prognosis of individuals with PCa (5, 6).

Exosomes are small extracellular vesicles (EVs) enclosed by a lipid bilayer membrane and are secreted by most eukaryotic cells. The size of EVs range from 50 nm to 1000 nm in diameter, and the size of exosomes range from 30 to 120 nm in diameter (7). Exosomes are present in various biological fluids, for instance blood, urine, milk, semen as well as saliva, and can be purified from cell growth medium. Previous investigations document that exosomes have pivotal roles in diseases through inter-cellular communication and modulation of biological processes. The biological function of an exosome depends on the contents of the cargo, for instance miRNAs, viral particles, mRNAs, proteins, or lipids (8). Exosomes and their cargos play roles as mediators in short- or long-distance communication, as observed in tumor-derived EVs (TDEs). Tumor cells have been documented to be generating, releasing, and utilizing exosomes to enhance tumor growth. Therefore, have an indispensable role in tumorigenesis, proliferation, migration and drug resistance and are prospective signatures for diagnosis along with prognosis and can be used as drug-delivering systems (9, 10).



Biogenesis and Exosome Composition

Exosomes originate from the multivesicular endosome (MVE). The following processes are mainly involved in exosome formation: budding, inward invagination, MVE formation and release. Early endosomes are generated via plasma membrane’s budding inwards. The early endosome membrane buds into the surrounding lumen with cytoplasmic contents through further invaginations leading to generation of numerous intraluminal vesicles (ILV). The late endosomal structures harboring numerous ILVs are termed as MVBS (multivesicular bodies). MVB contains multiple vesicles with each vesicle encapsulating a small portion of the cytosol and comprises numerous proteins, lipids, nucleic acids. Some MVBs are translocated to the trans-Golgi network for recycling in the endosomes and moved to lysosomes for cargo degradation. However, other MVBs fuse with plasma membrane resulting in exosomes’ release into extra-cellular space (11, 12). Exosome biogenesis and secretion is induced via ESCRT (endosomal sorting complex required for transport) and various ESCRT-associated molecules. Four distinct ESCRT (0, I-III) protein complexes and linked proteins (VPS4, Tsg101 and ALIX) have been identified and each protein is implicated in mediating a discrete step in MVB vesicle formation. ESCRT-I along with ESCRT-II triggered deformation of the membrane generating stable membrane neck (13, 14). The mobilization of Vps4 complex to ESCRT-III triggers neck scission of vesicles, and dissociation along with recycling of the ESCRT-III complex. Besides, investigations have proposed an ESCRT-based pathway in bio-generation of exosomes. This cascade is driven by lipids, for instance LBPA (lysobisphosphatidic acid), as well as ceramides. These lipids are transported into specialized endosomal sites, which invaginate and ultimately form vesicles from the local lipid composition. Moreover, proteins are implicated in exosome biogenesis and protein loading. RNA interference-mediated knockdown of RAB27, SLP4 and SLAC2B proteins negatively affects exosome release, indicating that these proteins play important roles in exosomes’ secretion (15).

Exosomes comprise a lipid bilayer membrane and encapsulated molecules (Figure 1). Components of the membrane include lipids and proteins. Raft-forming lipids, for instance cholesterol, sphingolipids and saturated phospholipids are highly enriched in exosomal membranes. These lipids play important role in exosome structure stability and prevent degradation of the molecules in the exosome (16). Proteins that form part of exosome membrane include tetraspanins, (for instance, CD9, CD63 and CD81 which are 4-transmembrane domain-proteins) MHC molecules (a class of proteins linked to antigen’s presentation), cell adherence molecule integrins, and other protein molecules such as PD-L1. Tetraspanin is a relatively specific exosome marker. The contents and surface molecules of the exosome vary under different physiological and pathological conditions. Presence of a specific molecule signature on the surface of exosomes enable them to target recipient cells with high specificity and regulate the biological activities of recipient cells. Encapsulated biomolecules in exosomes include proteins along with nucleic acids. Proteins transported in exosomes mainly include heat-shock proteins (for instance Hsp70, Hsp90), ESCRT-linked proteins (Alix, Tsg101) and cytoskeletal proteins (for instance actin and Tubulin). These proteins are implicated in biogenesis, sorting and secretion of exosomes, organization of membrane microdomains, and form part of the cytoskeleton system, and the endosomal system (17). Proteins in comprise ubiquitous proteins found in most cell types and cell-type specific proteins. Nucleic transported in exosomes include DNA, miRNAs, mRNAs, circRNAs (circular RNAs) and lncRNAs (long noncoding RNAs). Contents of exosomes are released to the cytoplasmic space of recipient cells, when exosomes interact and fuse with recipient cells. This process can be triggered by direct interaction of a receptor with its ligand, can be mediated by adhesion molecules such as integrins which induce fusion and endocytosis, or through phagocytosis of opsonized exosomes (18).




Figure 1 | Schematic illustration of an exosome and its composition. Tumor-derived exosomes harbor numerous bioactive molecules, constituting nucleic acids, proteins along with lipids.





Role of Exosomes in Prostate Cancer


Effects of Exosomes in Progression of Prostate Cancer

Tumor cells from various origins constitutively release exosomes, which play indispensable roles in malignant transformation and progress of tumors. Effects of exosomes are mediated through transfer of cargo that comprises various proteins, RNA (including miRNAs), and DNA. A previous study reports that a favorable prostatic tumoral niche is established through the CXCR1 chemokine receptor present in the exosome membrane derived from the cancer cell in prostate cancer. Tumor derived exosomes activate fibroblasts by upregulating expression of metalloprotein 9 (MMP-9). MMPs are implicated in degrading the extracellular matrix and promote cancer cell invasion. MMP-9 upregulation increases cell motility and promotes increased exosome secretion from activated fibroblasts which ultimately increases cancer cell migration (Figure 2). This cancer-to-fibroblast cell communication mediated by exosomes provides a favorable environment for cancer development (19). Besides, miR-139, miR-21 along with miR-100 trigger migrations of fibroblasts via upregulating expressions of MMP-2, RANKL, MMP-9, as well as MMP-13 (20).




Figure 2 | Multiple roles of cancer originated exosomes in PCa. Tumor exosomes can modulate cancer metastasis by forming the niche of pre-metastasis via miRNA regulation of MMP9 expression. TGF-β can induce differentiation of stromal fibroblasts to myofibroblast-like phenotype and promote tumor progression. Tumor exosomes downregulate NKG2D-triggered cytotoxic response in individuals with PC, resulting in immune repression and tumor escape. Cross-talk between tumor originated exosome proteins Src and IGF-1R promotes angiogenesis.



A hallmark of cancer development is transition of the normal stroma cells to reactive stroma cells promoting cancer cell growth along with metastasis. The influenced stromal cells then use exosomes to modulate the tumor microenvironment, as well as enhance tumor growth along with metastasis. A sustained interplay ensues between tumor cells and neighboring stromal cells (21). TGF-β bearing cancer exosomes have pivotal roles in generating tumor-promoting stroma by promoting differentiation of fibroblast to a myofibroblast-like phenotype that induces angiogenesis and tumor growth. This effect is achieved via activating the TGF-β/SMAD3 cascade (Figure 2). Exosomes generated by PCa cells highly express latent TGF-β which bind the exosome surface through proteoglycans thus promote activation of SMAD3 dependent signaling pathways (18).



Role of Exosomes in Cancer Metastasis

Metastasis is reported in most advanced PCa patients and is linked to high incidence of death. Pre-metastatic niche (PMN) is a key determinant priming distal site for metastasis. Studies report that exosomes have an indispensable role in triggering tumor cell metastasis via establishing the PMN by acting as cellular communicators. Different populations of PCa cells (bulk and cancer stem cells, CSCs) generate exosomes that harbor miRNAs which modify the pre-metastatic niche. Two miRNA types derived from PCa exosomes including miRNA-21 along with miRNA-139, upregulate protein expressions of MMP-2, MMP-9 coupled with MMP -13, and RANKL in fibroblasts. The balance between RANKL and OPG level at the niche of pre-metastasis can modify tumor microenvironment and promote cell migration. In addition, miRNA-21 upregulates expression of MMPs in normal fibroblasts and triggers cellular alterations involved in activating fibroblast such as alterations in cell shape along with elavated cell migration (22).

Bone metastasis is the most common type of metastasis from of advanced prostate cancer (PCa). Pyruvate kinase M2 (PKM2) is transported through exosomes from PCa cells into BMSCs (bone marrow stromal cells). This feature is a novel mechanism via which primary tumor-originated exosomes enhance pre-metastatic niche formation (8). PCa-derived exosomes upregulate PKM2 expression, which ultimately upregulates CXCL12 expression (C-X-C motif chemokine ligand-12) in BMSCs thus inducing a pre-metastatic niche. Targeting the exosome-triggered CXCL12 axis abrogates exosome-stimulated bone metastasis indicating the therapeutic potential of targeting exosome derived PKM2.



Role of Exosomes in Angiogenesis

Tumor microenvironment has an indispensable role in cancer development mainly resulting in formation of vascular tumors (13). Angiogenesis constitutes a multistep process for generation of new blood vessels from the already-existing vasculature and is the main cause of tumor metastasis, as well as malignancy (23, 24). Prostate cancer cells generate EVs for transporting sphingomyelin along with CD147 into endothelial cells, and enhance migration coupled with proangiogenic activity of endothelial cells (25, 26). Proteins such as c-Src tyrosine kinase, IGF-R (insulin-like growth factor 1 receptor) as well as FAK (focal adhesion kinase) play pivotal roles in prostate tumor growth along with progression (27). Prostate cancer exosomes have high levels of these proteins. Cross-talk between Src and IGF-1R promotes angiogenesis (28). Src coupled with c-Src are highly expressed in plasma exosomes of prostate tumor-bearing mice, indicating that Src-rich exosomes can enhance angiogenesis in vivo (Figure 2). In addition, Src and IGF1-R modulate angiogenesis by inducing VEGF and VEGF-C, respectively (29, 30). Exosomes derived from menstrual stem cells block prostate tumor-induced angiogenesis through inhibition of reactive oxygen species. Notably, exosomes with anti-angiogenic effect are only derived from menstrual cells (31). These findings indicate that prostate cancer exosomes can stimulate or block angiogenic activity within the tumor microenvironment.



Role of Exosomes in Immune Response

Immune cells present in tumor stroma have a key role in cancer occurrence and development (32). Prostate cancer-originated exosomes enhance evasion of immune responses by cancer cells (33). NKG2D constitutes an activating cell surface receptor that is mainly expressed on cytotoxic immune cells such as NK cells, sub-sets of T cells, NKT cells, as well as CD8+ T cells (34, 35). NKG2D ligands including ULBP1-2 and MICA/B are highly expressed at cancer-originated exosomes’ surfaces. These ligands trigger downregulation of receptors of NKG2D and ultimately impair the cytotoxic role of immune cells. (Figure 2) Individuals with CRPC (Castration-resistant) show a remarkable reduction in expression of surface NKG2D on the circulating NK cells, as well as CD8+ T cells in contrast with the levels in healthy individuals. Cancer-originated exosomes purified from plasma or serum of individuals with CRPC enhance downregulation of the expression of NKG2D in cultured lymphocytes. These in vivo and in vitro findings indicate that prostate tumor-originated exosomes dampen NKG2D-triggered cytotoxic response in individuals with PCa, hence enhancing immune repression and tumor escape.

Moreover, exosome-mediated immune surveillance escape is mediated through impairment of the cytotoxic role of lymphocytes coupled with induction of apoptosis of CD8+ T cells (36, 37). Exosomes stimulate the T cell receptor and upregulate Fas expression on T cells. FasL then triggers apoptosis directly through the CD 95/APO1 receptor or indirectly by modulation of dendritic cells (38). Fas-triggered apoptosis results in immune evasion and can promote tumorigenesis. Furthermore, exosomes transport programmed death ligand 1 (PDL-1). PDL-1 docks to its receptor, PD-1, which is expressed on activated T along with B cells’ surfaces or macrophages and promotes T cell apoptosis (39). Cancer-originated exosomes can affect the role of T cells along with that of NK cells via dampening activation, as well as proliferation or stimulation of apoptosis, and can further dampen antigen-presenting cells along with antitumor immune response (36).




Exosomes as Diagnostic and Risk Stratification Biomarkers in Clinical Applications

Markers can be determine in liquid biopsies (such as biofluids) thus avoiding use of invasive approaches and can reflect heterogeneity of the tumor effectively compared with prostate needle biopsies (40). Studies are currently exploring biomarkers for PCa that can supplement PSA and improve efficacy of diagnosis. Biologic signatures for early diagnosis, as well as risk stratification should be explored for timely diagnosis and aid in designing more effective therapies. Exosomes generated by cancer cells into biological fluids harbor biomolecules that exhibit the disease condition, and are currently referred as a new kind of liquid biopsies (6, 41).

These molecules include DNA, RNA (such as miRNAs) and proteins. NGS assessment of small amount of urine exosomal RNA showed that miRNA-196a-5p along with miRNA-501-3p harbor diagnostic ability for PCa (42). The elevated content of plasma exosomal miRNA-1290 along with miRNA-375 in CRPC is linked to poor patient prognosis (43). A previous investigation explored tyrosine-protein kinase Met (Met)/miRNA-130b cascade expression in serum and reported that the protein/mRNA expression level is correlated with the risk that individuals with PCa become resistant to castration treatment and present with high metastasis rate. miRNA-1246 constitute an exosomal signature for aggressive PCa whereas miRNA-26a regulates metastasis along with tumor growth of PCa (44, 45). Exosomal survivin protein is a possible signature that can be used for early detection of PCa (46). Besides, PCa antigen 3 (PCA3), flotillin 2, Rab3B as well as LAMTOR1 (late endosomal/lysosomal adaptor, MAPK and mTOR activator-1) present in exosomes are potential diagnostic signatures for PCa (47, 48).



Exosomes as Drug Delivery Systems

Exosomes have a high potential for targeted drug delivery owing to their excellent biophysical features, for instance high stability, high biocompatibility, high permeability, low toxicity along with low immunogenicity (49). Previous investigations report that stem cell-originated EVs are key mediators of tissue repair, as well as regeneration in diverse animal disease models (50). The endogenous origin and biological properties of exosomes confer them with significant benefits compared with conventional drug delivery approaches, for instance liposome and synthetic nano-particles. Therefore, studies are exploring utility of EVs as drug delivery approaches for chemical drugs, genetic materials along with proteins. EVs contents can be effectively modified through chemical, biological or physical methods. Exosomal miRNA-145 derived from adipose-derived stromal cells (ASCs) reduces the activity of Bcl-xL and promotes apoptosis of prostate cancer cells through caspase-3/7 cascade (37). This implies that RNAs can be encapsulated into exosomes and delivered to target tissue for therapy. Mesenchymal stromal cells (MSCs) can package, then deliver active drugs via their membrane microvesicles (MVs) (51). MSCs can be primed with Paclitaxel (PTX) owing to the properties of exosomes thus transporting and releasing the drug, resulting in effective anti-tumor activities. Recent studies report that loading of Paclitaxel into autologous PCa cell-originated exosomes via an endocytic cascade increases the cytotoxic effect (52). Notably, the effect was independent of the population of EVs.



Conclusion

Exosomes are nano-sized vesicles secreted by mammalian cells into body fluids. Exosomes play several roles in prostate cancer biology, such as promotion of cancer progression and metastasis by inducing the pre-metastatic niche. Exosomes comprise cancer cell-specific protein and nucleic acid contents with immune-regulatory potential and genetic information. Encapsulated molecules of exosomes are potential markers for prostate cancer diagnosis. In addition, these molecules can be used as ana effective approach to explore the response of cancer cells to therapeutic intervention(s) when monitoring cancer progression and treatment. The unique characteristics of exosomes such as high stability and high biocompatibility imply that they are potential effective drug delivery systems. However, further studies on translation of EVs into clinical therapies should be conducted to design standards for exosome classification and manipulation. In summary, exosomes are prospective tools for development of diagnosis, as well as therapy of PCa, however, further studies should explored clinical application of exosomes.
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