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Gastric cancer (GC) is one of the most common malignancies worldwide and the leading cause of cancer-related deaths. Exosomes are nanoscale extracellular vesicles secreted by a variety of cells and play an important role in cellular communication and epigenetics by transporting bioactive substances in the tumor microenvironment (TME). Circular RNA (circRNA) is a type of non-coding RNA (ncRNA) with a specific structure, which is widely enriched in exosomes and is involved in various pathophysiological processes mediated by exosomes. Exosomal circRNAs play a critical role in the development of GC by regulating epithelial-mesenchymal transition (EMT), angiogenesis, proliferation, invasion, migration, and metastasis of GC. Given the biological characteristics of exosomal circRNAs, they have more significant diagnostic sensitivity and specificity in the clinic and may become biomarkers for GC diagnosis and prognosis. In this review, we briefly describe the biogenesis of exosomes and circRNAs and their biological functions, comprehensively summarize the mechanisms of exosomal circRNAs in the development of GC and chemotherapy resistance, and finally, we discuss the potential clinical application value and challenges of exosomal circRNAs in GC.
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1 Introduction

Gastric cancer (GC) is a common gastrointestinal malignancy with a high incidence and mortality rate. According to global cancer statistics from the International Agency for Research on Cancer (1), there were 1.09 million new cases of GC worldwide in 2020, making up 5.6% of all diagnosed cancer cases; of these, approximately 770,000 were related to GC deaths, accounting for 7.7% of all cancer-related deaths (2). GC is caused by a combination of factors, including pathogenic infections such as Helicobacter pylori and Epstein Barr virus, poor lifestyle habits such as unclean diet, smoking, high salt intake, consumption of large amounts of red meat and processed meat products, etc., which may increase the risk of GC to a certain extent (3). In addition, family inheritance and gene mutation are also significant factors leading to the development of gastric cancer (4). GC remains a significant problem with a heavy social and economic burden on human life and health (5), despite the current decline in GC incidence and mortality, as well as the further understanding and advances in the epidemiology and pathological mechanisms of GC (6–8). In the absence of sensitive and specific diagnostic markers as well as precise and effective therapeutic targets at an early stage, the early detection rate of GC and the effectiveness of treatment remain limited. Most of patients with gastric cancer are diagnosed at the advanced stage of the disease and are often accompanied by lymph node and peritoneal metastases (9). For these gastric cancer patients with metastases, the effect of surgical treatment is limited, chemotherapy is often resistant to drugs, and the effect of targeted and immune therapies is not satisfactory, resulting in a poor clinical prognosis (10). Furthermore, the heterogeneity of GC tumor tissue with genetic and epigenetic variations is a major source of complexity in GC treatment (11). Therefore, the search for highly sensitive and specific GC diagnostic markers and precise therapeutic targets is of great significance for the early diagnosis, treatment, and prognosis of GC. The tumor microenvironment (TME) is an essential site for tumor cell growth and development, and among the many components of the TME, exosomes are an indispensable part of it (12, 13).

Exosomes are extracellular vesicles between 30-150 nm in diameter with a phospholipid bilayer composed of various proteins, lipids and nucleic acids (14). The phospholipid bilayer protects protect the material within the exosome from removal or degradation. To maintain homeostasis and resist stress in the organism, exosomes carry out intercellular communication by delivering functional substances (15). Several recent studies have shown that exosomes are closely associated with human health and diseases, including cancer, neurological disorders, cardiovascular diseases, inflammatory diseases, and autoimmune diseases (16). Exosomes are involved in tumor development through multiple pathways including regulating tumor growth, invasion, migration, and angiogenesis (17). Exosomes and their contents have the potential to serve as diagnostic and prognostic biomarkers for cancer, as therapeutic targets for cancer, and as drug delivery vehicles for cancer therapeutics (18, 19).

Circular RNAs (circRNAs) are endogenous biomolecules in eukaryotic cells and are considered to be a member of the large family of non-coding RNAs. Unlike microRNAs (miRNAs) and linear RNAs, circRNAs have a unique ring-like covalently linked structure that makes them highly stable and more tolerant of degradation of their internal molecules by nucleic acid exonucleases (20). CircRNAs have multiple roles in tumor development, including regulation of tumor cell cycle and proliferation, regulation of cellular autophagy or apoptosis, angiogenesis, modulation of cellular energy metabolism, and evasion of tumor immune surveillance (21). An increasing number of studies have shown that circRNAs are widely present in exosomes and are involved in various pathophysiological processes. CircRNAs are delivered by exosomes to different receptor cells and contribute to tumorigenesis through local or distant regulation of interactions with receptor cells, as well as through regulation of epithelial-mesenchymal transition (EMT), invasion, metastasis, angiogenesis, and chemoresistance, and play a vital role in TME (13, 22, 23).

Exosomal circRNAs are currently very promising for research as diagnostic and prognostic biomarkers of GC. In this review, we briefly introduce the biogenesis and functional characteristics of exosomes and circRNAs, summarize the roles and mechanisms of exosomal circRNAs in GC progression, and explore their potential clinical applications in GC diagnosis and treatment.




2 Biogenesis and biological functions of exosomes and circRNAs



2.1 Biogenesis of exosomes

The biogenesis of exosomes begins with endocytosis of the cell membrane, where the plasma membrane (PM) budded into the cell to produce initial vesicles, or early endosomes, whose role is to sort the molecular material being endocytosed (24). The early endosomes mature into late endosomes, which encapsulate specific proteins, lipids, nucleic acids, and other materials to form multiple intraluminal vesicles (ILVs), the precursors of exosomes. Late endosomes continue to develop and mature to form multivesicular vesicles (MVBs), which are essential for exosome biogenesis and MVBs can dynamically communicate with other organelles such as the Golgi apparatus (Golgi), endoplasmic reticulum (ER), and autophagosomes through multiple pathways (25–27). Most MVBs fuse with lysosomes, resulting in the degradation of both MVBs and their contents, while a small proportion of MVBs fuse with the PM, resulting in the release of ILVs to form extracellular vesicles, also known as exosomes (28) (Figure 1).




Figure 1 | Biogenesis and biological function of exosomes. (A) Exosome biogenesis begins with endocytosis of the cell membrane, followed by the production of early endosomes, which mature to form MVBs. Some MVBs fuse with the PM and the ILVs are released outside the cell to form exosomes. ILVs production involves both ESCRT-dependent and ESCRT-independent pathways. (B) Exosomes exert their biological functions in three main ways: 1) ligand binding to receptors; 2) fusion; 3) substances of exosomes act on target cell surface receptors. (C) Exosomes are extracellular vesicles between 30-150 nm in diameter, consisting of proteins, lipids, DNA, mRNAs, miRNAs, lncRNAs, circRNAs, and other substances in a phospholipid bilayer structure. MHC molecules (MHC-I/II), tetraspanins (CD63, CD81, CD9), integrins (αMβ2, β2) and other protein molecules are distributed on the membrane of exosomes. MVBs, Multivesicular bodies; ILVs, Intraluminal vesicles; Golgi, Golgi apparatus; ER, Endoplasmic reticulum.



Exosomes are highly heterogeneous since each stage of exosome biogenesis is mediated by many processes that depend on various molecular substances, cell types, and cellular microenvironments. The production of early endosomes and ILVs is regulated by a variety of mechanisms, the most studied being the endosomal sorting complex required for transport (ESCRT) dependent pathway and the ESCRT-independent pathway (15, 29). For the classical ESCRT-dependent pathway, ESCRT-0, -I, -II, -III subcomplexes and the ATPase VPS4 synergistically mediate ILV formation, whereas non-classical ESCRT-dependent pathways, such as the HD-PTP-dependent pathway and the Alix-dependent pathway, can recruit ESCRT-III and VPS4 to the MVB by recognizing specific membrane-bound molecular substances to promote ILV formation (30, 31). Among the ESCRT-independent pathways, the nSMase2-ceramide-dependent pathway has been well studied, in addition to lipid components such as the membrane protein caveolin 1, the membrane backbone protein flotillins, cholesterol, and tetraspanins also play a critical role in the formation of ESCRT-independent ILV (15, 32).




2.2 Biological functions of exosomes

In the 1980s, exosomes, extracellular vesicles isolated from sheep reticulocytes cultured in vitro, were thought to be a dumping ground for cellular metabolites and did not receive sufficient attention (33). The exosomes secreted by EBV-infected B lymphocytes were later found to induce T-cell responses by antigen presentation (34). Subsequent studies further revealed that RNA within exosomes could exchange genetic material between cells (35). Today an increasing number of studies have focused on the intracellular biological processes of exosomes, finding that they play a significant role in intercellular communication and are involved in cell differentiation, tumor immune response, tumor cell proliferation, migration, and invasion (36).

Exosomes contain proteins, lipids, sugar structures, metabolites, DNA, messenger RNAs (mRNAs), miRNAs, long non-coding RNAs (lncRNAs), circRNAs, and other substances (37). Several protein molecules are distributed on the membrane of exosomes, including MHC molecules (MHC-I/II), tetraspanins (CD63, CD81, CD9), and integrins (αMβ2, β2), of which tetraspanins can be used as specific markers for the isolation of exosomes (36) (Figure 1). The cellular state from which exosomes originate drives the contents of exosomes in a dynamic state of flux and consequently determines the function of exosomes (38). Exosomes exert their biological functions in three main ways firstly, ligands on the exosome membrane bind to receptors to transmit intercellular information; secondly, exosomes are extensively involved in material transport by fusing with target cells and releasing the specific components they carry into the recipient cells; finally, exosomes release substances from the body and act on the receptors on the surface of the target cells to complete the information transfer and thus produce biological effects (39, 40). Exosomes are widely distributed throughout the body and can be found in a variety of bodily fluids, such as blood, saliva, urine, milk, cerebrospinal fluid, malignant exudates (peritoneal fluid), and cell culture media. They transmit molecular signals through autocrine, paracrine, and endocrine mechanisms (29). Tumor cell-derived exosomes, known as texosome (TEX), are an essential component of the TME, and the number of TEX is much higher than that secreted by normal tissues. TEX regulates the tumor microenvironment and promotes tumor cell proliferation and migration, and tumor cells in turn contribute to tumor progression by regulating the biogenesis, composition, and function of exosomes (15). In the early stages of the disease, the isolation and purification of exosomes can be used for clinical assessment (41). As research on exosomes progresses, several databases on exosomes have been established, including the ExoCarta database (http://www.exocarta.org/), the Fudan University exosome database (http://www.exoRBase.org), and the Vesiclepedia database (http://microvesicles.org/index.html).




2.3 CircRNAs biogenesis

CircRNAs are a covalently closed-loop single RNA structure consisting of single or multiple exons, mostly derived from precursor mRNAs and expressed by known protein-coding genes (42, 43). Unlike the 3’ and 5’ ends of lncRNA structures, which are covalently linked, they are closed-loop structures with no tails at the 3’ and 5’ ends. CircRNAs are covalently linked at the flanking sites of the splice indicator to form a circRNA, the downstream splice donor site binds covalently to the upstream splice acceptor site, a phenomenon or process known as back-splicing. Unlike the normal form of splicing, this is a unique biological process for circRNAs (44). Despite the lower efficiency of back-splicing compared to linear splicing, circRNAs can accumulate in a time-regulated manner in a given cell while retaining their function for long periods without inactivation due to their high stability (45). CircRNAs have a longer half-life compared to linear RNAs and in some cases are 10 times more abundant than related linear RNAs (46). Besides, circRNAs contain all the products of selectively spliced linear RNAs, yet linear transcription does not contain some of the exons of circRNAs (47). The biogenesis of numerous circRNAs is influenced by combinations of cis-acting elements and trans-acting splicing factors, including heterogeneous nuclear ribonucleoproteins (hnRNPs) and long-repeat SR proteins containing serine and arginine amino acid residues (43). Mechanisms of circRNAs formation typically include RNA-binding proteins (RBPs) such as HQK and FUS binding to flanking introns after dimerization, which promotes circular splicing of circRNAs (48, 49); introns located upstream and downstream, which promote the formation of circular structures through the base complementary pairing of inverted repetitive Alu elements; lariat formation during exon skipping, which promotes the formation of circRNAs by internal splicing where intron sequences have been removed; moreover, intron escape debranching also contributes to the formation of circRNAs (22, 49). CircRNAs exist in three main forms (Figure 2), including exon circRNAs (ecircRNAs), intron circRNAs (ciRNAs), and exon-intron circRNAs (EIciRNAs), where ecircRNAs are mainly located in the cytoplasm, and ciRNAs and EIciRNAs are mainly located in the nucleus (40, 50) (Figure 2).




Figure 2 | Biogenesis and biological functions of circRNAs. (A) Biogenesis of circRNAs: CircRNAs are derived from precursor mRNAs(pre-mRNAs), which form mRNAs by linear splicing and circRNAs by back-splicing. Mechanisms of circRNAs formation: RNA-binding proteins (RBPs) dimerize upon binding to flanking introns, upstream and downstream introns promote the formation of loop structures by the base complementary pairing of reverse repeat Alu elements, lariat formation during exon skipping and internal splicing of the lariat where the intron sequence is removed drives the formation of circRNAs. CircRNAs usually exist in three forms: exon circRNAs (ecircRNAs), intron circRNAs (ciRNAs), and exon-intron circRNAs (EIciRNAs). (B) Biological functions of circRNAs: 1) act as miRNA sponges; 2) act as protein sponges; 3) act as protein scaffolds by providing binding sites for protein assembly; 4) CircRNAs containing internal ribosome entry site (IRES) elements can be translated into proteins or peptides.






2.4 Biological functions of circRNAs

CircRNAs were first discovered by electron microscopy in the cytoplasmic fraction of eukaryotic cell lines (51) and were thought to be cellular ‘waste’ from abnormal splicing or by-products of abnormal RNA splicing (52, 53). The function of circRNAs was revisited when B Capel et al. discovered that Sry genes from the sex-determining region of the Y chromosome existed as circRNAs and played a significant role in the testis (54). As research progressed, circRNAs were found to act as a competitive endogenous RNA (ceRNA) or as a miRNA sponge (Figure 2), regulating gene expression by binding to miRNA, inhibiting miRNA binding to the 3’UTR of specific genes, and ultimately by triggering mRNA cleavage or mRNA translation inhibition (55). CircRNAs have a large number of binding sites for RBPs and can act as protein sponges while blocking the activity of RBPs (53). CircRNAs provide binding sites for protein assembly and act as protein scaffolds to form protein complexes (56). In addition, circRNAs can regulate the transcription and post-translation of parental genes to perform their biological functions (57, 58) (Figure 2). CircRNAs have been widely used in a variety of diseases, such as cardiovascular diseases (59), diabetes (60), neurological diseases (61), and cancer (21), with the application of circRNAs in cancer currently being a hot topic in oncology research. CircRNAs are abundantly expressed, highly stable, with tissue-restricted and cancer-specific expression patterns, and can be detected in liquid biopsies such as plasma, urine, and saliva. Dysregulated expression of circRNAs is involved in cancer development and plays a vital role in tumor cell proliferation, metastasis, and drug resistance (21).





3 Overview of exosomal circRNAs

It was found that circRNAs were highly enriched in exosomes and could be stably present in exosomes (62, 63), especially from TEX compared to exosomes secreted by normal cells, where the abundance of circRNAs was significantly increased. Dou et al. found that the number of circRNAs in exosomes secreted by colon cancer cell lines was greater than that of free circRNAs in colon cancer cells, but the relationship between circRNAs in colon cancer cells and their secreted exosomal circRNAs and their regulatory mechanisms were not clear (64). It has also been reported that circRNAs in exosomes are two times more abundant than circRNAs in parental cells and six times more abundant than linear RNAs compared to parental cells (63). The sorting of circRNAs into exosomes is regulated by changes in the levels of parental cell-associated miRNAs and transmits biological activity to recipient cells, thereby participating in intercellular communication (63). The nanosize and lipid bilayer structure of exosomes can prolong the circulation time of circRNAs and enhance their biological activity, thus exosomal circRNAs have both exosome-like transfer targeting characteristics and the original biological functions of circRNAs, resulting in more significant regulatory advantages (65). Several studies have discovered that tumor-specific circRNAs can be selectively packaged, secreted, and transported via TEX to participate in the regulation of TME, promoting or inhibiting tumor cell growth and metastasis, while exosomal circRNAs have more significant diagnostic sensitivity and specificity than free circRNAs in body fluids, and may become biomarkers for clinical diagnosis and prognosis (66).




4 Role and mechanism of exosomal circRNAs in GC

Exosomal circRNAs play multiple roles in GC, including promotion of GC proliferation, induction of EMT as well as invasion and migration of GC cells, mediation of GC angiogenesis, regulation of GC metastasis, modulation of chemoresistance, and radiosensitivity in GC Table 1.


Table 1 | Role of exosomal circRNAs in GC.





4.1 Exosomal circRNAs regulate GC proliferation

Several studies have shown that exosomal circRNAs are involved in the regulation of GC proliferation. For example, Shi et al. revealed that cancer-associated fibroblasts (CAF) deliver circ_0088300 to GC cells via exosomes, and that overexpression of exosomal circ_0088300 promotes upregulation of anti-apoptotic protein Bcl-2 expression and downregulation of apoptotic proteins Bax, caspase 3 and caspase 9 expression, thereby enhancing malignant cell transformation in vitro and promoting GC cell proliferation. Mechanistically, the CAF-derived exosomal circ_0088300 regulates the JAK/STAT signaling pathway by sponging miR-1305 to promote the proliferation, migration, and invasion of GC cells. Moreover, RBP KHDRBS3 drives circ_0088300 encapsulation into exosomes and regulates circ_0088300 levels in exosomes to promote GC development (67). Similarly, another study demonstrated that plasma exosomal circNEK9 acts as a miR-409-3p sponge to upregulate MAP7 protein expression and promote GC cell proliferation, invasion, and metastasis (68). Zhang et al. found that circFCHO2 was upregulated in serum exosomes of GC patients. Functional assays suggested that circFCHO2 increased the proliferation, invasion, angiogenesis, and stem cell properties of GC cells. In a nude mouse xenograft tumor model, silencing of circFCHO2 attenuated GC cell growth and lung metastasis. Mechanistically, circFCHO2 acts as an oncogenic factor to promote GC progression by activating the JAK1/STAT3 signaling pathway by sponging miR-194-5p (69). Wang et al. reported that serum exosomal circ-ITCH expression was downregulated in GC patients and its expression level correlated with the depth of GC infiltration. Functional assays showed that overexpression of circ-ITCH inhibited EMT as well as proliferation, migration, and invasion of GC cells. Mechanistically, circ-ITCH acted as a sponge for miR-199a-5p and increased Klotho expression, thereby inhibiting GC invasion and migration. Interestingly, circ-ITCH was not detected in serum but could be detected in serum exosomes, suggesting that circ-ITCH could be enriched in exosomes. In addition, the combination of overexpression of circ-ITCH and cisplatin (CDDP) had a synergistic effect on GC cells (70).Thus, exosomal circRNA promotes or inhibits the malignant progression of GC through multiple mechanisms.




4.2 Exosomal circRNAs induce EMT, invasion, and migration of GC cells

EMT is the biological process by which epithelial cells are transformed into mesenchymal-like cells with stem cell-like characteristics, motility, and greater invasive capacity, and is an important procedure in the malignant progression of cancer. In the early stages of cancer, tumor cells have epithelial-like characteristics and acquire more mesenchymal properties as the tumor progresses, thus giving them the ability to invade and migrate (91). In the TME, paracrine types of cells can almost always release exosomes. Exosomes carry a variety of bioactive molecules, including circRNAs (92), which promote tumor EMT by activating the expression of EMT-inducible transcription factors (EMT-TF) or effector molecules, where EMT-TF can repress the expression of genes that maintain the epithelial state and promote the expression of genes in the mesenchymal cell state (93). During EMT, the expression of epithelial markers such as E-cadherin and ZO-1 is downregulated, and the expression of mesenchymal markers such as N-cadherin and vimentin is upregulated (94).

A large body of literature reports that exosomal circRNAs regulate EMT in GC cells and promote their invasion and migration. For instance, Zhang et al. found that circNRIP1 was highly expressed in GC tissues and cells, could be transported via exosomes secreted by GC cells, and promoted lung and peritoneal metastasis of GC via EMT. In addition, circNRIP1 knockdown inhibited GC cell proliferation, migration, invasion, and AKT1 expression levels, and mechanistically, circNRIP1 acted as a miR-149-5p sponge to induce GC cell metabolism and autophagy through regulation of the AKT1/mTOR pathway and promote GC progression via exosomal transport. RBP QKI was also found to promote the up-regulation of circNRIP1 in GC tissues. QKI may be a major regulator of circRNAs biosynthesis in EMT and may regulate the formation of circNRIP1 via a post-transcriptional pathway during GC development (71). Similarly, another study revealed that circUBE2Q2 is present in exosomes released from GC cells and is highly expressed in plasma exosomes. Exosomal circUBE2Q2 activates the STAT3 signaling pathway in an autocrine or paracrine manner and regulates the GC EMT process. CircUBE2Q2 promotes peritoneal metastasis as well as liver lymph node metastasis (LNM) in GC mice in vivo. Additionally, circUBE2Q2 inhibited GC cell autophagy and enhanced GC cell proliferation, migration, invasion, and glycolysis in vitro. Further research has shown that circUBE2Q2 regulates GC advancement via the circUBE2Q2/miR-370-3p/STAT3 axis and encourages GC metastasis via exosomal communication, ultimately resulting in the malignant development of GC (72). Song et al. revealed that the exosomal hsa_circ_0017252 secreted by GC cells interfered with GC EMT by increasing E-cadherin expression and inhibiting N-calmodulin and vimentin protein production. Hsa_circ_0017252 also reduced the expression levels of IL-10 and IL-1β in macrophages and inhibited DUSP2 by upregulating inhibitor p-STAT3 expression, thereby reducing macrophage M2-like polarization to inhibit GC cell invasion and migration. Exosomal hsa_circ_0017252 inhibited GC proliferation by reducing macrophage M2-like polarization to suppress the growth of gastric tumor mass and volume in vivo. Mechanistically, hsa_circ_0017252 acts as a miR-17-5p sponge to inhibit GC proliferation and migration (73). Zhang et al. found that circDIDO1 overexpression prevented GC EMT, upregulating E-cadherin and significantly downregulating N-calmodulin. CircDIDO1 overexpression prevented GC growth and metastasis in vivo, while circDIDO1 knockdown increased GC cell migration and invasion in vitro. CircDIDO1 also functioned as a PARP1 inhibitor by encoding the DIDO1-529aa protein, which also promoted RBX1-mediated ubiquitination and PRDX2 degradation (74). This team’s subsequent research discovered that circDIDO1 was concentrated in RGD-modified exosomes and that it prevented the development of GC by regulating the miR1307-3p/SOSC2 axis (75). Similarly, Liang et al. found that GC stem cell (GCSC)-derived exosomal circ670 significantly promoted GCSC stemness and EMT, thereby triggering GC development. Interestingly, this study also discovered that circ670 was highly expressed in GC tissues, especially in GC patients with a history of smoking, whose circ670 expression levels were significantly increased (76), suggesting that tobacco smoke may promote the expression of circ670 in GCSC and their exosomes, which provides new insights into the molecular mechanisms by which tobacco smoke promotes GC development. In conclusion, the above studies demonstrate that circRNAs can regulate GC cell EMT and other molecular signaling pathways via exosomal secreted by GC cells, thereby promoting GC invasion and migration.




4.3 Exosomal circRNAs mediate GC angiogenesis

Tumor angiogenesis is a critical cause of rapid tumor proliferation, early metastasis, and poor prognosis (66). Through angiogenesis, tumor cells not only receive sufficient oxygen and nutrients but also remove carbon dioxide and metabolic waste, thus facilitating tumor cell growth and metabolism (95, 96). Tumor angiogenesis requires the synergistic cooperation of tumor cells and tumor stromal cells and their secretagogues, such as cytokines and extracellular vesicles (97). Several protein tyrosine kinase receptors are involved in tumor angiogenesis, among which vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor (VEGFR) can promote vascular endothelial formation and have an important role in regulating tumorigenesis, development (98, 99). Bevacizumab, a clinically used tumor-targeting inhibitor, inhibits tumor angiogenesis by significantly reducing the expression of VEGF (100).

Numerous studies have reported that exosomal circRNAs may be involved in tumor angiogenesis by regulating secreted factors such as VEGF and signaling pathways, thereby influencing the development of GC. For example, Xie et al. found that circSHKBP1 expression was increased in serum exosomes and tumor tissues of GC patients. Microtubule formation assays showed that exosomal circSHKBP1 promoted VEGF secretion and induced angiogenesis, and that bevacizumab inhibited this process. In addition, serum exosomal circSHKBP1 overexpression can promote GC cell proliferation, migration, and invasion. Mechanistically, circSHKBP1 increases HUR expression and enhances VEGF mRNA stability through the adsorption of miR-582-3p. Furthermore, circSHKBP1 directly binds to HSP90 and blocks the interaction of STUB1 with HSP90, inhibiting the ubiquitination of HSP90 and thus accelerating GC development (77). Similarly, another study demonstrated that exosomal circ29 (circ_0044366) was highly expressed in GC cells and plasma of GC patients. Overexpression of exosomal circ29 significantly increased angiogenesis and mechanistically, exosomal circ29 as a miR-29a sponge to regulate VEGF expression levels in human umbilical vein endothelial cells (HUVEC), thereby promoting an aggressive phenotype of HUVEC. Moreover, Edu and Transwell assays showed that overexpressed exosomal circ29 promoted proliferation, invasion, and malignant phenotype of HUVEC (78). You et al. found by microtubule formation assay that GC cell exosomal circ_0001789 could increase the expression of VEGF-A and promote angiogenesis in endothelial cells, thus favoring the malignant progression of GC. In addition, GC cell exosomal circ_0001789 can mediate intercellular signaling exchange and induce changes in EMT markers, resulting in upregulation of N-calmodulin and wave protein expression and downregulation of E-cadherin expression. Mechanistically, circ_0001789 promotes GC genesis and metastasis by regulating the miR-140-3p/PAK2 axis (79). In summary, the above studies in the literature reveal that exosomal circRNAs regulate tumor angiogenesis and intervene in GC development as well as the malignant progression through various functional experiments and in vivo.




4.4 Exosomal circRNAs modulate GC metastasis

GC metastasis is the migration of GC cells from their primary site to other sites, is associated with multiple oncogenes, and involves multiple signaling pathways. GC metastasis is also a major cause of rapid GC progression and poor prognosis (101).

Exosomal circRNAs play a crucial role in the interaction between GC cells and other cells, contributing to GC invasion and metastasis. For example, Shen et al. found that hsa_circ_0000437 was enriched in exosomes secreted by GC cells and transported to lymphatic endothelial cells via exosomes, and gain-of-function and loss-of-function experiments showed that highly expressed exosomal hsa_circ_0000437 promoted invasion and migration of human lymphatic endothelial cells (HLECs); in a popliteal LNM model, exosomal hsa_circ_0000437 promoted lymphangiogenesis and LNM. Mechanistically, exosomal hsa_circ_0000437 induced GC LNM through a non-VEGF-C-dependent HSPA2-ERK signaling pathway. Hsa_circ_0000437 was also found to regulate GC cell apoptosis by targeting SRSF3 and inhibiting programmed cell death 4 (PDCD4), and thus by regulating SRSF3/PDCD4 axis to promote GC progression (80). Similarly, Zhang et al. showed by FISH analysis that circSTAU2 was mainly located in the cytoplasm and significantly down-regulated in GC. It was confirmed that exosomal circSTAU2 overexpression inhibited GC cell proliferation, migration, and invasion in vivo, and mechanistically, exosomal circSTAU2 inhibited GC progression by regulating the miR-589/CAPZA1 axis. Interestingly, a study found that CAPZA1 was negatively correlated with markers of EMT (81) and that CAPZA1 overexpression inhibited the GC EMT process, suggesting that exosomal circSTAU2 is closely associated with the development of EMT, but further confirmation of the specificity is needed. MBNL1, an RBP upstream of circSTAU2, was also found to significantly promote circSTAU2 expression (82). Another study showed that circ-RanGAP1 expression was significantly upregulated in tumor tissues and plasma exosomes of GC patients. Inhibition of exosomal circ-RanGAP1 promotes invasion of GC cells in vitro and vivo. Mechanistically, circ-RanGAP1 acts as a ceRNA to inhibit miR-877-3p and increase the expression of the target gene VEGFA, thereby promoting GC invasion and metastasis (83). Similarly, Sang et al. demonstrated through in vivo and in vitro functional experimental studies that the exosomal circRELL1 significantly inhibited the proliferation, migration, invasion, and anti-apoptotic capacity of GC cells and attenuated GC lung metastasis. Mechanistically, circRELL1 functions as a ceRNA at the post-transcriptional level by sponging miR-637, down-regulating EPHB3, and regulating GC autophagy activation, thereby inhibiting GC progression. Furthermore, this study confirmed that plasma exosomes maintain some stability when stored for different periods in a room-temperature environment and during repeated freeze-thaw cycles, suggesting the potential of plasma exosomal circRELL1 as a diagnostic biomarker for GC (84). Taken together, the above studies confirmed in vivo and in vitro that exosomal circRNAs act on GC cells through multiple pathways to promote or inhibit GC invasion and metastasis.




4.5 Exosomal circRNAs regulate GC chemotherapy resistance and radiosensitivity

Chemotherapy resistance is a key impediment to GC treatment, not only affecting GC outcomes but also leading to poor GC prognosis. Exosomes can transport a variety of drug-resistant biomolecules, including circRNAs, which regulate GC chemoresistance. For example, circ_0063526 expression is increased in GC tissues, cells, and CDDP-resistant cells. circ_0063526 promotes CDDP resistance in CDDP-sensitive GC cells via exosomal packaging. Knockdown of exosomal circ_0063526 attenuates CDDP resistance by inhibiting GC cell migration, invasion, and autophagy. Mechanistically, exosomal circ_0063526 acts as a miR-449a sponge to upregulate SHMT2 expression to enhance CDDP resistance in GC cells. Furthermore, high expression of serum exosomal circ_0063526 in GC patients correlates with CDDP resistance and adverse effects of CDDP therapy in GC patients, and serum exosomal circ_0063526 may serve as a promising prognostic biomarker for GC patients (85). Yao et al. revealed that exosomal circ-PVT1 was expressed at elevated levels in CDDP-resistant GC cells and serum, and knockdown of circ-PVT1 inhibited CDDP resistance by inducing apoptosis and inhibiting invasion or autophagy in CDDP-resistant GC cells. Mechanistically, exosomal circ-PVT1 regulates GC cell apoptosis, invasion, and autophagy through the miR-30a-5p/YAP1 axis and promotes CDDP resistance. In addition, exosomal circ-PVT1 expression levels were elevated in GC tissues, and high expression of circ-PVT1 was positively correlated with tumor LNM grade, LNM, and tumor size (86). Similarly, another study found that circ-LDLRAD3 was highly expressed in CDDP-resistant GC tissues and cells. circ-LDLRAD3 was transported by exosomes and overexpressed in CDDP-resistant GC cell-derived exosomes. circ-LDLRAD3 knockdown reduced drug resistance and inhibited the growth and invasion of CDDP-resistant GC cells, and mechanistically, knockdown of circ-LDLRAD3 inhibits CDDP chemoresistance and suppresses CDDP-resistant GC via miR-588 enrichment-mediated SOX5 (87). Liu et al. demonstrated that circ_0000260 expression was increased in tissues and serum-derived exosomes from gastric adenocarcinoma patients. Circ_0000260 was more highly expressed in CDDP-resistant gastric adenocarcinoma cells compared to CDDP-sensitive gastric adenocarcinoma cells in vitro. Circ_0000260 knockdown increased CDDP chemotherapy sensitivity, inhibited CDDP-resistant gastric adenocarcinoma cells proliferation, migration, invasion, and adhesion, and induced apoptosis. Circ_0000260 knockdown reduced CDDP chemoresistance and inhibited tumor growth in vivo, and mechanistically, circ_0000260 acted as a ceRNA to regulate gastric adenocarcinoma development and CDDP resistance by targeting mir-129-5p, which upregulates MMP11 progression (88). Chen et al. revealed that circ_0091741 is highly expressed in GC cells and their secreted exosomes, and mechanistically, GC cell-derived exosomal circ_0091741 competitively binds miR-330-3p, decreasing its binding to the target gene TRIM14, thereby increasing TRIM14 expression, and TRIM14 overexpression promotes GC cell autophagy and oxaliplatin (OXA) resistance, Furthermore, TRIM14 can activate the Wnt/β-catenin signaling pathway by stabilizing Dvl2, thus exosomal circ_0091741 promotes GC cell autophagy and chemoresistance through the miR-330-3p/TRIM14/Dvl2/Wnt/β-catenin axis (89). He et al. found that exosomal circPRRX1 interfered with GC cell proliferation, migration, invasion, and radiosensitivity by MTT, cell colony formation, and transwell assays, and that mechanistically, exosomal circPRRX1 acted as a ceRNA for miR-596 to upregulate NF-κB activating protein (NKAP) thereby regulating GC development and radiosensitivity (90). Taken together, the above findings suggest that GC cells remodel the GC TME via exosomal circRNAs to regulate resistance to chemotherapeutic agents as well as radiosensitivity.





5 Potential of exosomal circRNAs in the diagnosis and prognosis of GC

Currently, the biomarkers used to screen for GC such as glycoprotein chain antigen 125 (CA125), CA19-9, CA72-4, pepsinogen I/II ratio (PG I/PG II), gastrin-17 (G-17), anti-gastric parietal cell antibodies (APCA), squamous cell carcinoma antigen (SCCA), cytokeratin 19 fragment (CYFRA 21-1), and carcinoembryonic antigen (CEA) are found to be not sensitive and specific enough during the time of diagnosis, as reported by studies (3, 102, 103). Therefore, it is imperative to continue searching for novel biomarkers that can aid in the early detection of GC.

Several studies have shown that GC-derived or GC-associated exosomal circRNAs are closely associated with the TNM stage, tumor volume, survival, and poor prognosis of GC and that the expression of exosomal circRNAs at different stages of GC has high sensitivity and specificity. As a non-invasive marker, exosomal circRNAs may become a reliable indicator for GC diagnosis and prognosis Table 2. For example, circFCHO2 is upregulated in serum exosomes of GC patients. The receiver operating characteristic (ROC) curve suggests that serum exosomal circFCHO2 is a sensitive and effective diagnostic indicator of GC, with the area under the ROC curve (AUC) of 0.8449. CircFCHO2 was more highly expressed in GC patients with LNM and pulmonary metastases compared to patients without LNM. Moreover, circFCHO2 expression correlated with poor survival in GC patients. GC patients with high circFCHO2 expression had shorter metastasis-free survival, suggesting that high circFCHO2 expression may be a marker of poor prognosis in GC (69). Similarly, another study found that the exosomal hsa_circ_0000437 was enriched in the serum of GC patients and significantly correlated with the TNM stage of GC and with LNM. The ROC curve analysis showed that serum exosomal hsa_circ_0000437 could discriminate between GC patients and healthy volunteers with the AUC of 0.808, indicating that serum exosomal hsa_circ_0000437 has high diagnostic accuracy. The Kaplan-Meier survival curve (KM) showed that high expression of serum exosomal hsa_circ_0000437 was associated with poor survival outcomes in GC patients, suggesting that serum exosomal hsa_circ_0000437 may be a diagnostic and prognostic biomarker for GC (80). Shi et al. found that circ_0088300 expression was significantly higher in plasma exosomes of GC patients and was consistent with levels in GC tissues. The ROC curve showed that plasma exosomal circ_0088300 has a high reference value in the diagnosis of GC with the AUC of 0.7961; the survival curve suggested that plasma exosomal circ_008830 survival was shorter in GC patients with high expression than in GC patients with low expression, suggesting that plasma exosomal circ_0088300 may serve as a diagnostic and prognostic biomarker for GC (67). Another study showed that circ-RanGAP1 expression was elevated in plasma exosomes of preoperative GC patients. High expression of circ-RanGAP1 was associated with tumor volume, TNM stage, LNM, and poor prognosis in GC patients. Prognostic models showed that plasma exosomal circ-RanGAP1 combined with TNM staging was more effective in assessing GC prognosis, with the AUC of 0.830 compared to 0.646 for plasma exosomal circ-RanGAP1 and 0.779 for TNM staging. In addition, plasma exosomal circ-RanGAP1 can be used to differentiate GC patients from healthy individuals and may be used as a diagnostic marker for GC (83). The expression of circ-KIAA1244 was reduced in GC tissues, cells, plasma, and plasma exosomes. Low expression of plasma exosome circ-KIAA1244 was negatively correlated with GC TNM stage and LNM. The ROC curve showed that circ-KIAA1244 differentiated GC patients from normal healthy individuals, with the AUC of 0.7481, a sensitivity of 77.42%, and a specificity of 68.00%. The KM showed that patients with low expression of circ-KIAA1244 had shorter survival times. These results suggest that plasma exosomes circ-KIAA1244 may be an independent prognostic indicator for GC patients (104). Similarly, another study found that hsa_circ_0015286 was highly expressed not only in GC cell-derived exosomes but also in GC patients’ tissues and plasma exosomes. Compared to chronic gastritis and normal healthy volunteers, plasma exosomal hsa_circ_0015286 was expressed at significantly increased levels in GC patients and was strongly correlated with tumor size, TNM stage, and LNM in GC patients. The combination of exosomal hsa_circ_0015286 with CEA and CA19-9 has a higher value for the diagnosis of GC, with the AUC of 0.843, compared to 0.778, 0.673, and 0.665 respectively when tested alone. The expression level of exosomal hsa_circ_0015286 decreased significantly in GC patients after surgical excision of the lesion, and GC patients with low expression of exosomal hsa_circ_0015286 had a significantly longer overall survival than those with high expression of exosomal hsa_circ_0015286. Exosomal hsa_circ_0015286 may be a potential biomarker for monitoring dynamic changes in GC and prognosis (105). In short, the above studies in the literature show that exosomal circRNAs have higher sensitivity and specificity in the diagnosis of GC and may become a specific biomarker for GC diagnosis and prognosis in the clinic in the future.


Table 2 | The potential value of exosomal circRNAs in the diagnosis and prognosis of GC.






6 Potential of exosomal circRNAs in targeted therapy of GC

As chemotherapy resistance and its associated side-effects continue to increase in cancer treatment, targeted therapies have become an effective complementary treatment (106). Considering the biological functions of exosomal circRNAs and their role in GC proliferation, invasion, and metastasis, exosomal circRNAs could be a potential target for GC therapy in addition to being molecular markers for GC diagnosis and prognosis.

As mentioned above, circRNAs can act as drivers or inhibitors of GC. Intervening with circRNAs through effective technical means of gene overexpression or knockdown may provide clues to targeted therapies for GC. Exosomes naturally transport a variety of substances and are used to deliver circRNAs with specific therapeutic effects to the corresponding GC cells, thereby producing therapeutic effects. For example, small interfering RNAs (siRNAs) are designed to target specific circRNAs and delivered to GC cells via exosomes to help reduce the expression of oncogenic circRNAs in cancer cells (107), or to intervene in GC progression by modifying exosomes to load anti-cancer circRNAs into target cells. Guo et al. found that delivery of circDIDO1 via RGD-modified exosomes (RGD-Exo-circDIDO1) to GC cells inhibited their proliferation, migration, and invasion, and promoted apoptosis. GC mice model treated with RGD-Exo-circDIDO1 showed no significant pathological lesions in the kidney, spleen, heart, liver, and lung tissues, and no significant abnormalities in liver and kidney function, indicating that RGD-Exo-circDIDO1 is safe and effective in the treatment of GC and may be a practical treatment for GC (75). Therefore, exosome engineering based on circRNAs may be an effective strategy for GC treatment in the clinic. In addition, given that exosomes are biocompatible and well-targeted and do not interfere with the pharmacological effects of drugs, exosomes hold great promise as drug delivery vehicles in the treatment of cancer (17, 108) (Figure 3).




Figure 3 | Mechanism of action of exosomal circRNAs in GC and their value in GC diagnosis and treatment. (A) Mechanisms of action of exosomal circRNAs in GC: 1) Promotion of GC proliferation; 2) Induction of EMT and invasion and migration of GC cells; 3) Mediation of GC angiogenesis; 4) Regulation of GC metastasis; 5) Modulation of chemotherapy resistance and radiosensitivity in GC. (B) The value of exosomal circRNAs in the management of GC: 1) Diagnostic and prognostic assessment of gastric cancer patients by detection of serum or plasma exosomal circRNAs. 2) Targeted drugs to treat gastric cancer through exosomal delivery of small interfering RNAs (siRNAs), or to intervene in GC progression by modifying exosomes to load anti-cancer circRNAs.






7 Discussion and perspectives

Gastric cancer is a common malignancy of the digestive system and a leading cause of cancer-related deaths (7). Although surgical treatment, radiotherapy, targeted therapy and immunotherapy provide additional treatment options for gastric cancer patients, the therapeutic effects for patients with advanced gastric cancer are still restricted (3). Molecular typing of gastric cancer provides an opportunity for individualized treatment of gastric cancer patients, especially markers such as microsatellite instability (MSI), programmed cell death ligand (PD-L1), human epidermal growth factor receptor 2 (HER2), tumor mutation burden (TMB) and mismatch repair deficiency (dMMR) can select gastric cancer patients who would benefit from immunotherapy and targeted therapy. However, the existing markers have low positivity rates in gastric cancer patients, which to some extent restricts the personalized diagnosis and treatment of gastric cancer. Therefore, the continued search for effective biomarkers and potential therapeutic targets is of great importance for the clinical diagnosis and treatment of gastric cancer (6). Currently, tumor treatment has shifted from targeting tumor cells to regulating TME, making TME a potential target for gastric cancer treatment. TME is an essential prerequisite for tumor development, and among the many components of TME, exosomal circRNAs are an indispensable part. and exosomal circRNAs are a hotspot in the field of oncology research at present. Exosomal circRNAs can regulate EMT, angiogenesis, tumor metabolism, drug resistance, tumor proliferation, invasion, and metastasis. This review summarizes the literature on the mechanisms of exosomal circRNAs in GC and finds that the mechanisms of exosomal circRNAs in GC are not fully elucidated, and most of the studies focus on exosomal circRNAs as a ceRNA network that sponge miRNAs to regulate the expression of target proteins and thus influence the malignant progression of GC. Furthermore, the regulation of the immune microenvironment in GC has been relatively understudied, and the majority of existing studies have focused on tumor proliferation, invasion and metastasis, and drug resistance in GC. Therefore, the role of exosomal circRNAs in the immune microenvironment of GC and their mechanisms can be further explored in the future. With the development and advancement of exosome engineering technology, the identification of circRNAs that can affect PD-1/PD-L1 expression in GC cells and their transfer to target cells through engineering-engineered exosomes, thereby increasing the sensitivity of targeted drug therapy, holds great potential for targeted therapy in GC.

CircRNAs are enriched in exosomes and have good stability, which would facilitate the storage, isolation, and detection of circRNAs. Exosomes are widely present in the body fluids of GC patients, especially in the patients’s blood (109). Therefore, the detection of exosomal circRNAs by non-invasive methods to screen early GC patients and develop personalized treatment plans will enable GC patients to receive timely and effective treatment and achieve better prognostic outcomes. Liquid biopsy is of great value for screening exosomal circRNAs due to its non-invasive, low-cost, high-efficiency, and high-precision features. Previous studies have shown that upper gastrointestinal endoscopic biopsy is the gold standard for GC diagnosis (103). However, it is an invasive operation and can lead to undesirable complications. Tissue biopsy is affected by tumor heterogeneity, which can easily lead to unsuccessful biopsies. As tumor research has become more refined, the move towards a molecular analysis model of biological fluids has made liquid biopsies more advantageous in clinical practice. Compared to tissue biopsy, liquid biopsy is less invasive, less expensive, and relatively less affected by tumor heterogeneity, while liquid biopsy allows access to the spectrum of variability present in heterogeneous tumors and real-time monitoring of changes in tumor status (41). For example, by detecting circulating tumor DNA (ctDNA), and circulating tumor cells (CTCs) in the blood, it is possible to assess microscopic tumor foci that remain after tumor resection (6). Although ctDNA and CTCs have made great progress in the application of liquid biopsy for monitoring tumor recurrence and metastasis, exosomal circRNAs may be a useful complement and have a broader potential for application. The application of liquid biopsy techniques to detect exosomal circRNAs is of great importance for early diagnosis and therapeutic stratification in GC. However, there is currently no method that can guarantee the purity, content, and biological activity of isolated and extracted exosomes. Ultracentrifugation is a common method for the isolation and extraction of exosomes (110). However, it does not exclude other components of similar volume and density in the sample and is complex and time-consuming; immunoaffinity capture has limited purity due to the absence of specific markers on the exosome surface, and other methods including exosome extraction kits have corresponding drawbacks and cannot guarantee the purity of exosomes (111). The limitations of exosome isolation and purification methods are also a major factor limiting exosome-related research, so further improvement of exosome isolation and purification methods and the establishment of a uniform and standardized technique will enable more effective application of exosomal circRNAs in clinical practice.

Exosomal circRNAs have the potential to become GC-targeted therapeutics, but many issues remain to be addressed, including the route of exosome delivery when using exosomes as a vehicle for therapy, the site of delivery, the specific quantitative-effect relationship when exosomes are loaded with circRNAs, the timing of intervention in GC therapy, and the stability of exosomal circRNAs under conditions of light and different temperature gradients still need to be further addressed (112, 113). Preclinical models are also needed to assess the safety of exosomal circRNAs treatment and to test their pharmacological toxicity in vivo and in vitro. Furthermore, the actual translation of exosomal circRNAs into clinical applications needs to be validated by large, multicenter prospective cohort studies. Therefore, although exosomal circRNAs have a promising future in the clinical management of GC, there is still a long way to go before they can become diagnostic and prognostic biomarkers and therapeutic targets for GC and other tumors.




8 Conclusion

In conclusion, exosomal circRNAs play a significant role in the incidence and progression of GC, and they may also serve as key diagnostic and prognostic biomarkers as well as therapeutic targets for GC. It will be more beneficial for the clinical translation application of exosomal circRNAs as a result of the ongoing development and enhancement of the technology of exosomal circRNAs isolation and extraction. The range of applications for exosomal circRNAs in GC will be further broadened by continuing in-depth research on the molecular mechanisms of exosomal circRNAs in the TME. It is believed that with the continuous progress of exosomal circRNAs research, exosomal circRNAs will be applied in clinical practice in the future.





Author contributions

SF guided the direction of this manuscript. FL designed the review and provided supervision. MZ, MQ, and YZ collected relevant literature. HM drafted and corrected the manuscript. All of the authors have read and approved the final manuscript.





Funding

This study was financially supported by the Natural Science Foundation of Shanghai Science and Technology Commission (No. 20ZR1459300). Heathcote-Henry Oncology Research Fund. The Special Fund of Yueyang Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai University of Traditional Chinese Medicine (No.2021yygm06), the Key Project of Yueyang Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai University of Traditional Chinese Medicine (No.2019YY201), and Shanghai Municipal Hospital Gastroenterclogy clinical competence improvement and advancement specialist alliance (SHDC22021311) Special Construction of Traditional Chinese Medicine Advantage Specialty (YW(2023-2024)-01-08).





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.





References

1. Ferlay J, EM, Lam, F, Colombet, M, Mery, L, Piñeros, M, Znaor, A, et al. Global cancer observatory: cancer today. Lyon, France: International Agency for Research on Cancer (2020) 2022. Available at: https://gco.iarc.fr/today.

2. Sung H, FJ, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, and Bray, F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

3. Sexton, RE, Al Hallak, MN, Diab, M, and Azmi, AS. Gastric cancer: a comprehensive review of current and future treatment strategies. Cancer Metastasis Rev (2020) 39(4):1179–203. doi: 10.1007/s10555-020-09925-3

4. Vogelaar, IP, van der Post, RS, Bisseling, TM, van Krieken, JHJ, Ligtenberg, MJ, and Hoogerbrugge, N. Familial gastric cancer: detection of a hereditary cause helps to understand its etiology. Hered Cancer Clin Pract (2012) 10(1):18. doi: 10.1186/1897-4287-10-18

5. Thrift, AP, and El-Serag, HB. Burden of gastric cancer. Clin Gastroenterol Hepatol (2020) 18(3):534–42. doi: 10.1016/j.cgh.2019.07.045

6. Joshi, SS, and Badgwell, BD. Current treatment and recent progress in gastric cancer. CA Cancer J Clin (2021) 71(3):264–79. doi: 10.3322/caac.21657

7. Smyth, EC, Nilsson, M, Grabsch, HI, van Grieken, NC, and Lordick, F. Gastric cancer. Lancet (2020) 396(10251):635–48. doi: 10.1016/S0140-6736(20)31288-5

8. Johnston, FM, and Beckman, M. Updates on management of gastric cancer. Curr Oncol Rep (2019) 21(8):67. doi: 10.1007/s11912-019-0820-4

9. Cristescu, R, Lee, J, Nebozhyn, M, Kim, KM, Ting, JC, Wong, SS, et al. Molecular analysis of gastric cancer identifies subtypes associated with distinct clinical outcomes. Nat Med (2015) 21(5):449–56. doi: 10.1038/nm.3850

10. Biagioni, A, Skalamera, I, Peri, S, Schiavone, N, Cianchi, F, Giommoni, E, et al. Update on gastric cancer treatments and gene therapies. Cancer Metastasis Rev (2019) 38(3):537–48. doi: 10.1007/s10555-019-09803-7

11. Machlowska, J, Baj, J, Sitarz, M, Maciejewski, R, and Sitarz, R. Gastric cancer: epidemiology, risk factors, classification, genomic characteristics and treatment strategies. Int J Mol Sci (2020) 21(11): 4012. doi: 10.3390/ijms21114012

12. Oya, Y, Hayakawa, Y, and Koike, K. Tumor microenvironment in gastric cancers. Cancer Sci (2020) 111(8):2696–707. doi: 10.1111/cas.14521

13. Li, J, Zhang, G, Liu, CG, Xiang, X, Le, MTN, Sethi, G, et al. The potential role of exosomal circRNAs in the tumor microenvironment: insights into cancer diagnosis and therapy. Theranostics (2022) 12(1):87–104. doi: 10.7150/thno.64096

14. Mishra, A, Bharti, PS, Rani, N, Nikolajeff, F, and Kumar, S. A tale of exosomes and their implication in cancer. Biochim Biophys Acta Rev Cancer. (2023) 1878(4):188908. doi: 10.1016/j.bbcan.2023.188908

15. Han, QF, Li, WJ, Hu, KS, Gao, J, Zhai, WL, Yang, JH, et al. Exosome biogenesis: machinery, regulation, and therapeutic implications in cancer. Mol Cancer. (2022) 21(1):207. doi: 10.1186/s12943-022-01671-0

16. Deb, A, Gupta, S, and Mazumder, PB. Exosomes: A new horizon in modern medicine. Life Sci (2021) 264:118623. doi: 10.1016/j.lfs.2020.118623

17. Dai, J, Su, Y, Zhong, S, Cong, L, Liu, B, Yang, J, et al. Exosomes: key players in cancer and potential therapeutic strategy. Signal Transduct Target Ther (2020) 5(1):145. doi: 10.1038/s41392-020-00261-0

18. Tai, YL, Chen, KC, Hsieh, JT, and Shen, TL. Exosomes in cancer development and clinical applications. Cancer Sci (2018) 109(8):2364–74. doi: 10.1111/cas.13697

19. Li, T, Li, X, Han, G, Liang, M, Yang, Z, Zhang, C, et al. The therapeutic potential and clinical significance of exosomes as carriers of drug delivery system. Pharmaceutics (2022) 15(1): 21. doi: 10.3390/pharmaceutics15010021

20. Tang, X, Ren, H, Guo, M, Qian, J, Yang, Y, and Gu, C. Review on circular RNAs and new insights into their roles in cancer. Comput Struct Biotechnol J (2021) 19:910–28. doi: 10.1016/j.csbj.2021.01.018

21. Kristensen, LS, Jakobsen, T, Hager, H, and Kjems, J. The emerging roles of circRNAs in cancer and oncology. Nat Rev Clin Oncol (2022) 19(3):188–206. doi: 10.1038/s41571-021-00585-y

22. Wang, D, Li, R, Jiang, J, Qian, H, and Xu, W. Exosomal circRNAs: Novel biomarkers and therapeutic targets for gastrointestinal tumors. BioMed Pharmacother. (2023) 157:114053. doi: 10.1016/j.biopha.2022.114053

23. Vahabi, A, Rezaie, J, Hassanpour, M, Panahi, Y, Nemati, M, Rasmi, Y, et al. Tumor Cells-derived exosomal CircRNAs: Novel cancer drivers, molecular mechanisms, and clinical opportunities. Biochem Pharmacol (2022) 200:115038. doi: 10.1016/j.bcp.2022.115038

24. Grant, BD, and Donaldson, JG. Pathways and mechanisms of endocytic recycling. Nat Rev Mol Cell Biol (2009) 10(9):597–608. doi: 10.1038/nrm2755

25. Kwon, SH, Oh, S, Nacke, M, Mostov, KE, and Lipschutz, JH. Adaptor protein CD2AP and L-type lectin LMAN2 regulate exosome cargo protein trafficking through the Golgi complex. J Biol Chem (2017) 292(40):16523. doi: 10.1074/jbc.A116.729202

26. Di Mattia, T, Tomasetto, C, and Alpy, F. Faraway, so close! Functions of Endoplasmic reticulum-Endosome contacts. Biochim Biophys Acta Mol Cell Biol Lipids. (2020) 1865(1):158490. doi: 10.1016/j.bbalip.2019.06.016

27. Zhao, YG, Codogno, P, and Zhang, H. Machinery, regulation and pathophysiological implications of autophagosome maturation. Nat Rev Mol Cell Biol (2021) 22(11):733–50. doi: 10.1038/s41580-021-00392-4

28. Simons, M, and Raposo, G. Exosomes–vesicular carriers for intercellular communication. Curr Opin Cell Biol (2009) 21(4):575–81. doi: 10.1016/j.ceb.2009.03.007

29. Krylova, SV, and Feng, D. The machinery of exosomes: biogenesis, release, and uptake. Int J Mol Sci (2023) 24(2):1337. doi: 10.3390/ijms24021337

30. McCullough, J, Frost, A, and Sundquist, WI. Structures, functions, and dynamics of ESCRT-III/vps4 membrane remodeling and fission complexes. Annu Rev Cell Dev Biol (2018) 34:85–109. doi: 10.1146/annurev-cellbio-100616-060600

31. Vietri, M, Radulovic, M, and Stenmark, H. The many functions of ESCRTs. Nat Rev Mol Cell Biol (2020) 21(1):25–42. doi: 10.1038/s41580-019-0177-4

32. Skotland, T, Hessvik, NP, Sandvig, K, and Llorente, A. Exosomal lipid composition and the role of ether lipids and phosphoinositides in exosome biology. J Lipid Res (2019) 60(1):9–18. doi: 10.1194/jlr.R084343

33. Trams, EG, Lauter, CJ, Salem, N Jr., and Heine, U. Exfoliation of membrane ecto-enzymes in the form of micro-vesicles. Biochim Biophys Acta (1981) 645(1):63–70. doi: 10.1016/0005-2736(81)90512-5

34. Raposo, G, Nijman, HW, Stoorvogel, W, Liejendekker, R, Harding, CV, Melief, CJ, et al. B lymphocytes secrete antigen-presenting vesicles. J Exp Med (1996) 183(3):1161–72. doi: 10.1084/jem.183.3.1161

35. Valadi, H, Ekstrom, K, Bossios, A, Sjostrand, M, Lee, JJ, and Lotvall, JO. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol (2007) 9(6):654–9. doi: 10.1038/ncb1596

36. Thery, C, Zitvogel, L, and Amigorena, S. Exosomes: composition, biogenesis and function. Nat Rev Immunol (2002) 2(8):569–79. doi: 10.1038/nri855

37. Kalluri, R, and LeBleu, VS. The biology, function, and biomedical applications of exosomes. Science (2020) 367(6478):eaau6977. doi: 10.1126/science.aau6977

38. Haraszti, RA, Didiot, MC, Sapp, E, Leszyk, J, Shaffer, SA, Rockwell, HE, et al. High-resolution proteomic and lipidomic analysis of exosomes and microvesicles from different cell sources. J Extracell Vesicles. (2016) 5:32570. doi: 10.3402/jev.v5.32570

39. Fang, J, Zhang, Y, Chen, D, Zheng, Y, and Jiang, J. Exosomes and exosomal cargos: A promising world for ventricular remodeling following myocardial infarction. Int J Nanomed. (2022) 17:4699–719. doi: 10.2147/IJN.S377479

40. Guo, X, Gao, C, Yang, DH, and Li, S. Exosomal circular RNAs: A chief culprit in cancer chemotherapy resistance. Drug Resist Updat. (2023) 67:100937. doi: 10.1016/j.drup.2023.100937

41. Yu, W, Hurley, J, Roberts, D, Chakrabortty, SK, Enderle, D, Noerholm, M, et al. Exosome-based liquid biopsies in cancer: opportunities and challenges. Ann Oncol (2021) 32(4):466–77. doi: 10.1016/j.annonc.2021.01.074

42. Guo, JU, Agarwal, V, Guo, H, and Bartel, DP. Expanded identification and characterization of mamMalian circular RNAs. Genome Biol (2014) 15(7):409. doi: 10.1186/s13059-014-0409-z

43. Kramer, MC, Liang, D, Tatomer, DC, Gold, B, March, ZM, Cherry, S, et al. Combinatorial control of Drosophila circular RNA expression by intronic repeats, hnRNPs, and SR proteins. Genes Dev (2015) 29(20):2168–82. doi: 10.1101/gad.270421.115

44. Ebbesen, KK, Kjems, J, and Hansen, TB. Circular RNAs: Identification, biogenesis and function. Biochim Biophys Acta (2016) 1859(1):163–8. doi: 10.1016/j.bbagrm.2015.07.007

45. Kristensen, LS, Andersen, MS, Stagsted, LVW, Ebbesen, KK, Hansen, TB, and Kjems, J. The biogenesis, biology and characterization of circular RNAs. Nat Rev Genet (2019) 20(11):675–91. doi: 10.1038/s41576-019-0158-7

46. Jeck, WR, Sorrentino, JA, Wang, K, Slevin, MK, Burd, CE, Liu, J, et al. Circular RNAs are abundant, conserved, and associated with ALU repeats. RNA (2013) 19(2):141–57. doi: 10.1261/rna.035667.112

47. Zhang, XO, Dong, R, Zhang, Y, Zhang, JL, Luo, Z, Zhang, J, et al. Diverse alternative back-splicing and alternative splicing landscape of circular RNAs. Genome Res (2016) 26(9):1277–87. doi: 10.1101/gr.202895.115

48. Li, Z, Huang, C, Bao, C, Chen, L, Lin, M, Wang, X, et al. Exon-intron circular RNAs regulate transcription in the nucleus. Nat Struct Mol Biol (2015) 22(3):256–64. doi: 10.1038/nsmb.2959

49. Zhang, Y, Zhang, XO, Chen, T, Xiang, JF, Yin, QF, Xing, YH, et al. Circular intronic long noncoding RNAs. Mol Cell (2013) 51(6):792–806. doi: 10.1016/j.molcel.2013.08.017

50. Wen, SY, Qadir, J, and Yang, BB. Circular RNA translation: novel protein isoforms and clinical significance. Trends Mol Med (2022) 28(5):405–20. doi: 10.1016/j.molmed.2022.03.003

51. Hsu, MT, and Coca-Prados, M. Electron microscopic evidence for the circular form of RNA in the cytoplasm of eukaryotic cells. Nature (1979) 280(5720):339–40. doi: 10.1038/280339a0

52. Cocquerelle, C, Mascrez, B, Hetuin, D, and Bailleul, B. Mis-splicing yields circular RNA molecules. FASEB J (1993) 7(1):155–60. doi: 10.1096/fasebj.7.1.7678559

53. Huang, A, Zheng, H, Wu, Z, Chen, M, and Huang, Y. Circular RNA-protein interactions: functions, mechanisms, and identification. Theranostics (2020) 10(8):3503–17. doi: 10.7150/thno.42174

54. Capel, B, Swain, A, Nicolis, S, Hacker, A, Walter, M, Koopman, P, et al. Circular transcripts of the testis-determining gene Sry in adult mouse testis. Cell (1993) 73(5):1019–30. doi: 10.1016/0092-8674(93)90279-Y

55. Hansen, TB, Jensen, TI, Clausen, BH, Bramsen, JB, Finsen, B, Damgaard, CK, et al. Natural RNA circles function as efficient microRNA sponges. Nature (2013) 495(7441):384–8. doi: 10.1038/nature11993

56. Zhou, WY, Cai, ZR, Liu, J, Wang, DS, Ju, HQ, and Xu, RH. Circular RNA: metabolism, functions and interactions with proteins. Mol Cancer. (2020) 19(1):172. doi: 10.1186/s12943-020-01286-3

57. Verduci, L, Strano, S, Yarden, Y, and Blandino, G. The circRNA-microRNA code: emerging implications for cancer diagnosis and treatment. Mol Oncol (2019) 13(4):669–80. doi: 10.1002/1878-0261.12468

58. Liu, CX, and Chen, LL. Circular RNAs: Characterization, cellular roles, and applications. Cell (2022) 185(12):2016–34. doi: 10.1016/j.cell.2022.04.021

59. Mei, X, and Chen, SY. Circular RNAs in cardiovascular diseases. Pharmacol Ther (2022) 232:107991. doi: 10.1016/j.pharmthera.2021.107991

60. Jiang, Q, Liu, C, Li, CP, Xu, SS, Yao, MD, Ge, HM, et al. Circular RNA-ZNF532 regulates diabetes-induced retinal pericyte degeneration and vascular dysfunction. J Clin Invest. (2020) 130(7):3833–47. doi: 10.1172/JCI123353

61. Rybak-Wolf, A, Stottmeister, C, Glazar, P, Jens, M, Pino, N, Giusti, S, et al. Circular RNAs in the mamMalian brain are highly abundant, conserved, and dynamically expressed. Mol Cell (2015) 58(5):870–85. doi: 10.1016/j.molcel.2015.03.027

62. Han, Z, Chen, H, Guo, Z, Shen, J, Luo, W, Xie, F, et al. Circular RNAs and their role in exosomes. Front Oncol (2022) 12:848341. doi: 10.3389/fonc.2022.848341

63. Li, Y, Zheng, Q, Bao, C, Li, S, Guo, W, Zhao, J, et al. Circular RNA is enriched and stable in exosomes: a promising biomarker for cancer diagnosis. Cell Res (2015) 25(8):981–4. doi: 10.1038/cr.2015.82

64. Dou, Y, Cha, DJ, Franklin, JL, Higginbotham, JN, Jeppesen, DK, Weaver, AM, et al. Circular RNAs are down-regulated in KRAS mutant colon cancer cells and can be transferred to exosomes. Sci Rep (2016) 6:37982. doi: 10.1038/srep37982

65. Bai, H, Lei, K, Huang, F, Jiang, Z, and Zhou, X. Exo-circRNAs: a new paradigm for anticancer therapy. Mol Cancer. (2019) 18(1):56. doi: 10.1186/s12943-019-0986-2

66. Wang, S, Dong, Y, Gong, A, Kong, H, Gao, J, Hao, X, et al. Exosomal circRNAs as novel cancer biomarkers: Challenges and opportunities. Int J Biol Sci (2021) 17(2):562–73. doi: 10.7150/ijbs.48782

67. Shi, H, Huang, S, Qin, M, Xue, X, Guo, X, Jiang, L, et al. Exosomal circ_0088300 Derived From Cancer-Associated Fibroblasts Acts as a miR-1305 Sponge and Promotes Gastric Carcinoma Cell Tumorigenesis. Front Cell Dev Biol (2021) 9:676319. doi: 10.3389/fcell.2021.676319

68. Yu, L, Xie, J, Liu, X, Yu, Y, and Wang, S. Plasma Exosomal CircNEK9 Accelerates the Progression of Gastric Cancer via miR-409-3p/MAP7 Axis. Dig Dis Sci (2021) 66(12):4274–89. doi: 10.1007/s10620-020-06816-z

69. Zhang, Z, Sun, C, Zheng, Y, and Gong, Y. circFCHO2 promotes gastric cancer progression by activating the JAK1/STAT3 pathway via sponging miR-194-5p. Cell Cycle (2022) 21(20):2145–64. doi: 10.1080/15384101.2022.2087280

70. Wang, Y, Wang, H, Zheng, R, Wu, P, Sun, Z, Chen, J, et al. Circular RNA ITCH suppresses metastasis of gastric cancer via regulating miR-199a-5p/Klotho axis. Cell Cycle (2021) 20(5-6):522–36. doi: 10.1080/15384101.2021.1878327

71. Zhang, X, Wang, S, Wang, H, Cao, J, Huang, X, Chen, Z, et al. Circular RNA circNRIP1 acts as a microRNA-149-5p sponge to promote gastric cancer progression via the AKT1/mTOR pathway. Mol Cancer. (2019) 18(1):20. doi: 10.1186/s12943-018-0935-5

72. Yang, J, Zhang, X, Cao, J, Xu, P, Chen, Z, Wang, S, et al. Circular RNA UBE2Q2 promotes Malignant progression of gastric cancer by regulating signal transducer and activator of transcription 3-mediated autophagy and glycolysis. Cell Death Dis (2021) 12(10):910. doi: 10.1038/s41419-021-04216-3

73. Song, J, Xu, X, He, S, Wang, N, Bai, Y, Li, B, et al. Exosomal hsa_circ_0017252 attenuates the development of gastric cancer via inhibiting macrophage M2 polarization. Hum Cell (2022) 35(5):1499–511. doi: 10.1007/s13577-022-00739-9

74. Zhang, Y, Jiang, J, Zhang, J, Shen, H, Wang, M, Guo, Z, et al. CircDIDO1 inhibits gastric cancer progression by encoding a novel DIDO1-529aa protein and regulating PRDX2 protein stability. Mol Cancer. (2021) 20(1):101. doi: 10.1186/s12943-021-01390-y

75. Guo, Z, Zhang, Y, Xu, W, Zhang, X, and Jiang, J. Engineered exosome-mediated delivery of circDIDO1 inhibits gastric cancer progression via regulation of MiR-1307-3p/SOCS2 Axis. J Transl Med (2022) 20(1):326. doi: 10.1186/s12967-022-03527-z

76. Liang, ZF, Zhang, Y, Guo, W, Chen, B, Fang, S, and Qian, H. Gastric cancer stem cell-derived exosomes promoted tobacco smoke-triggered development of gastric cancer by inducing the expression of circ670. Med Oncol (2022) 40(1):24. doi: 10.1007/s12032-022-01906-6

77. Xie, M, Yu, T, Jing, X, Ma, L, Fan, Y, Yang, F, et al. Exosomal circSHKBP1 promotes gastric cancer progression via regulating the miR-582-3p/HUR/VEGF axis and suppressing HSP90 degradation. Mol Cancer. (2020) 19(1):112. doi: 10.1186/s12943-020-01208-3

78. Li, S, Li, J, Zhang, H, Zhang, Y, Wang, X, Yang, H, et al. Gastric cancer derived exosomes mediate the delivery of circRNA to promote angiogenesis by targeting miR-29a/VEGF axis in endothelial cells. Biochem Biophys Res Commun (2021) 560:37–44. doi: 10.1016/j.bbrc.2021.04.099

79. You, J, Chen, Y, Chen, D, Li, Y, Wang, T, Zhu, J, et al. Circular RNA 0001789 sponges miR-140-3p and regulates PAK2 to promote the progression of gastric cancer. J Transl Med (2023) 21(1):83. doi: 10.1186/s12967-022-03853-2

80. Shen, X, Kong, S, Ma, S, Shen, L, Zheng, M, Qin, S, et al. Hsa_circ_0000437 promotes pathogenesis of gastric cancer and lymph node metastasis. Oncogene (2022) 41(42):4724–35. doi: 10.1038/s41388-022-02449-w

81. Huang, D, Cao, L, and Zheng, S. CAPZA1 modulates EMT by regulating actin cytoskeleton remodelling in hepatocellular carcinoma. J Exp Clin Cancer Res (2017) 36(1):13. doi: 10.1186/s13046-016-0474-0

82. Zhang, C, Wei, G, Zhu, X, Chen, X, Ma, X, Hu, P, et al. Exosome-Delivered circSTAU2 Inhibits the Progression of Gastric Cancer by Targeting the miR-589/CAPZA1 Axis. Int J Nanomed. (2023) 18:127–42. doi: 10.2147/IJN.S391872

83. Lu, J, Wang, YH, Yoon, C, Huang, XY, Xu, Y, Xie, JW, et al. Circular RNA circ-RanGAP1 regulates VEGFA expression by targeting miR-877-3p to facilitate gastric cancer invasion and metastasis. Cancer Lett (2020) 471:38–48. doi: 10.1016/j.canlet.2019.11.038

84. Sang, H, Zhang, W, Peng, L, Wei, S, Zhu, X, Huang, K, et al. Exosomal circRELL1 serves as a miR-637 sponge to modulate gastric cancer progression via regulating autophagy activation. Cell Death Dis (2022) 13(1):56. doi: 10.1038/s41419-021-04364-6

85. Yang, G, Tan, J, Guo, J, Wu, Z, and Zhan, Q. Exosome-mediated transfer of circ_0063526 enhances cisplatin resistance in gastric cancer cells via regulating miR-449a/SHMT2 axis. Anticancer Drugs (2022) 33(10):1047–57. doi: 10.1097/CAD.0000000000001386

86. Yao, W, Guo, P, Mu, Q, and Wang, Y. Exosome-derived circ-PVT1 contributes to cisplatin resistance by regulating autophagy, invasion, and apoptosis via miR-30a-5p/YAP1 axis in gastric cancer cells. Cancer Biother Radiopharm. (2021) 36(4):347–59. doi: 10.1089/cbr.2020.3578

87. Liang, Q, Chu, F, Zhang, L, Jiang, Y, Li, L, and Wu, H. circ-LDLRAD3 Knockdown Reduces Cisplatin Chemoresistance and Inhibits the Development of Gastric Cancer with Cisplatin Resistance through miR-588 Enrichment-Mediated SOX5 Inhibition. Gut Liver (2022) 17(3):389–403. doi: 10.5009/gnl210195

88. Liu, S, Wu, M, and Peng, M. Circ_0000260 regulates the development and deterioration of gastric adenocarcinoma with cisplatin resistance by upregulating MMP11 via targeting miR-129-5p. Cancer Manag Res (2020) 12:10505–19. doi: 10.2147/CMAR.S272324

89. Chen, Y, Liu, H, Zou, J, Cao, G, Li, Y, Xing, C, et al. Exosomal circ_0091741 promotes gastric cancer cell autophagy and chemoresistance via the miR-330-3p/TRIM14/Dvl2/Wnt/beta-catenin axis. Hum Cell (2023) 36(1):258–75. doi: 10.1007/s13577-022-00790-6

90. He, Y, Zheng, L, Yuan, M, Fan, J, Rong, L, Zhan, T, et al. Exosomal circPRRX1 functions as a ceRNA for miR-596 to promote the proliferation, migration, invasion, and reduce radiation sensitivity of gastric cancer cells via the upregulation of NF-kappaB activating protein. Anticancer Drugs (2022) 33(10):1114–25. doi: 10.1097/CAD.0000000000001358

91. Dongre, A, and Weinberg, RA. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol (2019) 20(2):69–84. doi: 10.1038/s41580-018-0080-4

92. Hu, W, Liu, C, Bi, ZY, Zhou, Q, Zhang, H, Li, LL, et al. Comprehensive landscape of extracellular vesicle-derived RNAs in cancer initiation, progression, metastasis and cancer immunology. Mol Cancer. (2020) 19(1):102. doi: 10.1186/s12943-020-01199-1

93. Nieto, MA, Huang, RY, Jackson, RA, and Thiery, JP. Emt: 2016. Cell (2016) 166(1):21–45. doi: 10.1016/j.cell.2016.06.028

94. Pan, G, Liu, Y, Shang, L, Zhou, F, and Yang, S. EMT-associated microRNAs and their roles in cancer stemness and drug resistance. Cancer Commun (Lond). (2021) 41(3):199–217. doi: 10.1002/cac2.12138

95. Lugano, R, Ramachandran, M, and Dimberg, A. Tumor angiogenesis: causes, consequences, challenges and opportunities. Cell Mol Life Sci (2020) 77(9):1745–70. doi: 10.1007/s00018-019-03351-7

96. De Palma, M, Biziato, D, and Petrova, TV. Microenvironmental regulation of tumour angiogenesis. Nat Rev Cancer. (2017) 17(8):457–74. doi: 10.1038/nrc.2017.51

97. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

98. Junttila, MR, and de Sauvage, FJ. Influence of tumour micro-environment heterogeneity on therapeutic response. Nature (2013) 501(7467):346–54. doi: 10.1038/nature12626

99. Roskoski, R Jr. Vascular endothelial growth factor (VEGF) signaling in tumor progression. Crit Rev Oncol Hematol (2007) 62(3):179–213. doi: 10.1016/j.critrevonc.2007.01.006

100. Ferrara, N, Hillan, KJ, Gerber, HP, and Novotny, W. Discovery and development of bevacizumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug Discovery (2004) 3(5):391–400. doi: 10.1038/nrd1381

101. Fidler, IJ. The pathogenesis of cancer metastasis: the ‘seed and soil’ hypothesis revisited. Nat Rev Cancer. (2003) 3(6):453–8. doi: 10.1038/nrc1098

102. Tang, XH, Guo, T, Gao, XY, Wu, XL, Xing, XF, Ji, JF, et al. Exosome-derived noncoding RNAs in gastric cancer: functions and clinical applications. Mol Cancer. (2021) 20(1):99. doi: 10.1186/s12943-021-01396-6

103. Karimi, P, Islami, F, Anandasabapathy, S, Freedman, ND, and Kamangar, F. Gastric cancer: descriptive epidemiology, risk factors, screening, and prevention. Cancer Epidemiol Biomarkers Prev (2014) 23(5):700–13. doi: 10.1158/1055-9965.EPI-13-1057

104. Tang, W, Fu, K, Sun, H, Rong, D, Wang, H, and Cao, H. CircRNA microarray profiling identifies a novel circulating biomarker for detection of gastric cancer. Mol Cancer. (2018) 17(1):137. doi: 10.1186/s12943-018-0888-8

105. Zheng, P, Gao, H, Xie, X, and Lu, P. Plasma exosomal hsa_circ_0015286 as a potential diagnostic and prognostic biomarker for gastric cancer. Pathol Oncol Res (2022) 28:1610446. doi: 10.3389/pore.2022.1610446

106. Boumahdi, S, and de Sauvage, FJ. The great escape: tumour cell plasticity in resistance to targeted therapy. Nat Rev Drug Discovery (2020) 19(1):39–56. doi: 10.1038/s41573-019-0044-1

107. Wang, X, Zhang, H, Yang, H, Bai, M, Ning, T, Deng, T, et al. Exosome-delivered circRNA promotes glycolysis to induce chemoresistance through the miR-122-PKM2 axis in colorectal cancer. Mol Oncol (2020) 14(3):539–55. doi: 10.1002/1878-0261.12629

108. Ha, D, Yang, N, and Nadithe, V. Exosomes as therapeutic drug carriers and delivery vehicles across biological membranes: current perspectives and future challenges. Acta Pharm Sin B (2016) 6(4):287–96. doi: 10.1016/j.apsb.2016.02.001

109. Usman, WM, Pham, TC, Kwok, YY, Vu, LT, Ma, V, Peng, B, et al. Efficient RNA drug delivery using red blood cell extracellular vesicles. Nat Commun (2018) 9(1):2359. doi: 10.1038/s41467-018-04791-8

110. Royo, F, Thery, C, Falcon-Perez, JM, Nieuwland, R, and Witwer, KW. Methods for separation and characterization of extracellular vesicles: results of a worldwide survey performed by the ISEV rigor and standardization subcommittee. Cells (2020) 9(9): 1955. doi: 10.1007/s13577-022-00790-6

111. van Niel, G, Carter, DRF, Clayton, A, Lambert, DW, Raposo, G, and Vader, P. Challenges and directions in studying cell-cell communication by extracellular vesicles. Nat Rev Mol Cell Biol (2022) 23(5):369–82. doi: 10.1038/s41580-022-00460-3

112. Wiklander, OP, Nordin, JZ, O’Loughlin, A, Gustafsson, Y, Corso, G, Mager, I, et al. Extracellular vesicle in vivo biodistribution is determined by cell source, route of administration and targeting. J Extracell Vesicles. (2015) 4:26316. doi: 10.3402/jev.v4.26316

113. Li, S, Yu, Y, Bian, X, Yao, L, Li, M, Lou, YR, et al. Prediction of oral hepatotoxic dose of natural products derived from traditional Chinese medicines based on SVM classifier and PBPK modeling. Arch Toxicol (2021) 95(5):1683–701. doi: 10.1007/s00204-021-03023-1




Glossary

APCA: anti-gastric parietal cell antibodies

AUC: an area under the ROC curve

CAF: cancer-associated fibroblasts

CA125: carbohydrate antigen 125

CDDP: cisplatin

CEA: carcinoembryonic antigen

CeRNA: competitive endogenous RNA

CircRNAs: Circular RNAs

CiRNAs: intron circRNAs

CTCs: circulating tumor cells

CtDNA: circulating tumor DNA

CYFRA 21 -1: cytokeratin 19 fragment

EcircRNAs: exon circRNAs

EIciRNAs: exon-intron circRNAs

EMT: epithelial mesenchymal transition

ER: endoplasmic reticulum

ESCRT: endosomal sorting complex required for transport

G-17: gastrin-17

GC: Gastric cancer

GCSC: Gastric cancer stem cells

Golgi: Golgi apparatus

HnRNPs: heterogeneous nuclear ribonucleoproteins

HUVEC: human umbilical vein endothelial cells

HLECs: human lymphatic endothelial cells

LncRNAs: long non-coding RNAs

LNM: lymph node metastasis

MVBs: multivesicular vesicles

ILVs: intraluminal vesicles

MiRNAs: microRNAs

MRNAs: messenger RNAs

NcRNAs: non-coding RNAs

NKAP: NF-KB activating protein

PDCD4: programmed cell death 4

PG I/PG II: pepsinogen I/pepsinogen II ratio

PM: plasma membrane

ROC: Receiver operating characteristic

SCCA: squamous cell carcinoma antigen

SiRNAs: small interfering RNAs

TEX: Texosome

RBPs: RNA-binding proteins

TME: tumor microenvironment

VEGF: vascular endothelial growth factor

VEGFR: vascular endothelial growth factor receptor
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