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Erythropoietin-producing hepatocellular (Eph) receptors comprise the largest group of surface receptors and are responsible for cellular signals. Eph/ephrin signaling has been identified to play a role in key cancer development and progression processes, especially in the upper gastrointestinal tract. The Eph/ephrin system has been described as a tumor suppressor in duodenal cancer, while in esophageal, gastric, hepatic, and pancreatic cancer, the system has been related to tumor progression. For their significant role in developing a wide range of malignancies, Eph receptors and their ligands have proven to be an important target for new anticancer therapies. In this review, we present an overview of the literature and highlight evidence supporting the role of the Eph/ephrin system in upper digestive tract cancers. In addition, we discuss molecular findings that represent promising therapeutic targets for these cancers.
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Graphical Abstract | Eph receptors and ephrin in upper digestive system cancers






1 Introduction

Upper digestive cancer (UDC) is a class of cancers affecting the esophagus, stomach, and small intestine. As the global cancer burden continues to rise, gastrointestinal (GI) tract tumors, including those originating in the stomach, colorectum, and liver, rank among the five most prevalent cancers worldwide in men whereas stomach and liver tumors are the leading causes of cancer-related deaths (1). In women, colorectal cancer is the second most frequently diagnosed cancer, followed by stomach cancer (1).

The Eph (erythropoietin-producing hepatocellular carcinoma) receptor family, the largest subgroup of tyrosine protein kinase receptors, plays a crucial role in normal physiological function as well as disease. This is achieved through their interaction with ephrin, which generates bidirectional signals at sites of cell-cell contact (2). For its significant role in developing a wide range of malignancies, Eph receptors and their ligands proved to be an important target for new anticancer therapies. Over the years, several drugs have been developed that target Eph/ephrin signaling, including dasatinib, sitravinib, JI-101, XL647, and ifabotuzumab (3). Except for Ifabotuzumab, these drugs demonstrate a multikinase effect and were not developed primarily as an anti-Eph drug, making the results of the studies conflicting regarding the direct effect on the molecule. So far, there are no clinical trials specifically targeting Eph receptors in UDC, but there are promising results in lung cancer and leukemia (4, 5). With the increased knowledge about the Eph/ephrin system and its potential role in tumorigenesis, Eph receptors and their ligands may be more common in the current therapies for cancer treatment. Given the conflicting data regarding the roles of Eph receptors in UDC, here we aim to underscore evidence that highlights the complex and often ambiguous functions of the Eph/ephrin system in these tumors.




2 Overview


2.1 The role of EPH receptors and ephrin in cancer

Among the 20 receptor tyrosine kinase (RTK) subfamilies, erythropoietin-producing hepatocellular (Eph) receptors comprise the largest group of surface receptors (3, 6). They are two subfamilies of Eph receptors, the EphA subclass, consisting of nine members (EphA1-A8 and EphA10), and the EphB subclass, composed of five members (EphB1-B4 and EphB6) (3, 7). The classification of each Eph receptor depends on the types of ligands (ephrins) that they bind. The ligands of the Eph receptors are divided into two subclasses: Ephrin A ligands, which are attached to the cell surface by a glycosylphosphatidylinositol anchor, and Ephrin B ligands, which contain a transmembrane domain and a short cytoplasmic region (3, 7). A-type receptors typically bind to most or all A-type ligands, and B-type receptors bind to most or all B-type ligands (8). The exception includes EphA4, which can bind both A-type and most B-type ligands, and ephrin A5, which can bind to EphB2 in addition to A-type receptors, but not to other EphBs (8, 9).

The interaction between the Eph receptors and ephrin ligands forms an important cell communication system with bidirectional signaling, reverse and forward. An ephrin ligand can function as a receptor, and an Eph receptor can also act as a ligand (9). The so-called ‘forward signaling’ mostly occurs through phosphoserine-dependent pathways (6). In this forward signaling, a variety of molecular cascades are activated to further convey the message into the cytoplasm, such as Janus kinase (JAK)-signal transducer and activator of transcription (STAT), GTPases of the Rho and Ras family, focal adhesion kinase (FAK), as well as the phosphoinositide 3-kinase (PI3K) (8). In reverse signaling, the signal transduction occurs in the ephrin-expressing cell. For example, the activation of signaling effectors and the initiation of a signal transduction cascade are caused by the phosphorylation of tyrosine residues in the cytoplasmic tail of B-ephrins (9) (Figure 1).




Figure 1 | Eph signaling, and pathways involved in upper digestive tract cancers. The interaction between Eph receptors and ephrin ligands constitutes a crucial cellular communication system characterized by bidirectional signaling, encompassing both forward and reverse pathways. Ephrin ligands possess the ability to function as receptors, while Eph receptors can also serve as ligands. “Forward signaling” primarily operates via phosphoserine-dependent pathways. Within this forward signaling mechanism, various molecular cascades are triggered to propagate the signal intracellularly. In “reverse signaling,” signal transduction occurs within the cell expressing ephrins.



The interactions of the Eph/ephrin system promote extensive roles in normal physiology and disease pathogenesis. For instance, the interaction of Eph with the Src family kinases results in the regulation of synapse formation, and Rho GTPases lead to junction stabilization. Additionally, the interaction with ERK/MAPK leads to cell proliferation and the interaction with FAK and JAK/STAT results in modulation of cell adhesion (8). During embryogenic development, where their expressions are more prominent, they can regulate cell movement and adhesion during gastrulation, somatogenesis, tissue, and organ boundary formation, axon guidance, vascular development, and other developmental processes (8, 10).

Eph receptors and ephrins are less active in adulthood, but they still perform crucial roles, such as stem cell function as well as in tumorigenisis (11). The significance of Eph/ephrins signaling in carcinogenesis and the potential for metastasis in relation to the growth and survival of tumors is one of the main effects of these molecules (9). The expression of Eph receptors and their ligands is frequently conflicting, and the underlying molecular pathways are complex in diverse malignancies. Interestingly, Eph receptors can either stimulate or restrain tumor growth in malignant tumors (3). Numerous studies have demonstrated the role of the Eph/ephrin system in a variety of cancers, including carcinoma from the gastrointestinal tract (12–14), colon (15, 16), pancreas (17), esophagus (18, 19), liver (20), prostate (21, 22), lung (23, 24), thyroid (25), breast (26, 27), ovaries (28), and others.

Eph/ephrin signaling has been identified to play a role in key processes that are known to be significant in tumorigenesis and metastasis. For instance, many of VEGF’s angiogenic functions have been found to be inhibited by EphA2 (29). Blocking the EphA receptor may inhibit VEGF-dependent endothelial cell migration, growth, survival, and angiogenesis (9). In addition, the stimulation of EphA2 reduces FAK phosphorylation, resulting in the inhibition of integrin-mediated cell adhesion (30). Integrins have a direct impact on cell motility and invasion because of their critical function in mediating cell anchoring, adhesion, and fibronectin deposition (9). As a result, they aid in the growth of malignancies and metastasis, contributing to carcinogenesis (9).





3 Eph receptors and ephrin in upper digestive system cancers


3.1 Esophageal tumors

Esophageal cancer is the seventh most common malignant tumor contributing to half a million deaths in 2020 worldwide (1). Esophageal squamous cell carcinoma (ESCC) is the predominant histologic subtype, representing more than 90% of cases in developing countries. ESCC is followed by esophageal adenocarcinoma (EAC) which is even more prevalent in developed nations, reaching two-thirds of cases (1, 31, 32). While tobacco use and alcohol consumption are the major risk factor for SCC, EAC is related to gastroesophageal reflux disease and obesity settings (31). Multimodality treatment, involving surgery, chemo, and radiotherapy is the major therapeutic approach and, despite these efforts, 5-year overall survival remains around 20% (1).

Several Eph receptors and ephrin ligands have been identified in tumor samples of esophageal cancers from patients or cell lines and their levels of expression have been correlated with the progression of cancer (Table 1). However, the mechanisms of direct regulation of Eph remain unknown and further studies are needed to verify the role of these receptors in the progression of esophageal cancer, especially in EAC, where studies are still scarce.


Table 1 | Eph expression and role in esophageal cancer .





3.1.1 Ephrin-A and EphA

The first association between Eph receptors and esophageal cancer was reported in 2003 by Miyazaki et al. The authors found through an IHC study that the overexpression of the EphA2 protein was correlated with poor tumor differentiation and regional lymph node metastasis. The authors also found that EphA2 was positively expressed in fifty percent of the studied population, presenting survival rates significantly lower than in EphA2-negative patients. Complementing these findings, they identified by western blotting that Eph2 was more expressed in ESCC cell lines than in untransformed cell lines, suggesting that the level of the EphA2 protein reflects the tumor’s malignancy (18).

Corroborating with the above-cited results, a further investigation performed by the same authors found that the overexpression of EphA2 was correlated with the advanced stage of the disease. Such results suggested that EphA2 expression levels could be assessed before the treatment approach (36).

The ephrinA1 ligand and EphA2 are co-expressed in various types of human malignant tumor cells such as in breast cancer and Kaposi’s sarcoma, influencing tumor neovascularization (40). Analyzes of EphA2 and ephrinA1 protein and mRNA expressions in ESCC samples revealed that both markers are co-located in the same tumor areas and vascular endothelial cells. Thus, tumors with positive immunostaining had higher mRNA levels than those with negative staining. Noteworthy, no difference was observed regarding the intensity of staining in the positive cases, indicating that the expression of mRNA did not fully correspond to its protein expression in ESCC (37). In addition, high levels of EphA2 and ephrinA1 expression were significantly associated with lower overall survival, making EphA2 a strong independent predictor that could be used as a prognostic marker for ESCC (37).

To better understand the above-cited findings, a study of the phosphoproteomic profile in ESCC cell lines was performed to identify the tyrosine kinase signaling pathways activated in this cancer. A total of 278 unique phosphopeptides were identified and EPHA2 was hyperphosphorylated in all studied ESCC cell lines. Next, EPHA2 siRNA-mediated knockdown was performed showing high hyperphosphorylation, resulting in a significant decrease in cell proliferation and invasion (35). Together, this evidence strongly suggests that EPHA2 acts as an oncogene in the ESCC, becoming a promising therapeutic target, which justifies in-depth mechanistic studies in additional in vitro, transgenic, and PDX mouse models.

However, researchers have suggested that other members of the EphA family may have a tumor suppressor role in the ESCC. A previous IHC study on EphA7 protein expression in 352 cases of ESCC showed that the low expression of EphA7 was significantly associated with lymph node metastasis, low degree of tumor differentiation, and pTNM staging. In addition, the low expression of EphA7 was correlated with a lower survival rate, although it was not considered an independent prognostic factor (19). In this sense, previous studies have shown in colorectal cancer (41), gastric carcinoma (42), and prostate cancer (43) that downregulation of EphA7 may also play an important role in carcinogenesis and differentiation. Nevertheless, EphA7-specific signal transduction pathways mediating carcinogenesis in ESCC have not yet been elucidated.

Studies on EphA3 also suggested that this protein may act as a tumor suppressor in ESCC. Chen et al. (2018) detected lower levels of EPHA3 mRNA expression in ESCC tissues compared to the normal counterparts, while in cell lines EphA3 expression was minimal or undetectable. These findings were in agreement with previous studies, which revealed that the EPHA3 gene is deleted in the ESCC (44, 45). Also, the knockdown of EphA3 induced EMT and promoted cell migration and invasion via the RhoA-GTPase signaling pathway (Figure 1). Interestingly, the authors concluded that EphA3 expression was significantly suppressed in the ESCC due to promoter methylation. Additionally, EphA3 functions were dependent on kinase activity and tyrosine phosphorylation status (34). Recently, Zhang et al. (2020) demonstrated that EphA5 acts as an EMT suppressor by activating the Wnt/β-catenin pathway and therefore plays an essential role in ESCC migration and invasion. The authors detected high expression of EphA5 in ESCC tissues and low expression in normal esophageal epithelial tissues. Further analyses showed that high EphA5 expression was correlated with the presence of regional metastasis and advanced-stage disease, while low expression of this receptor was associated with neural invasion (33). In this study, the functions of EphA5 and its molecular mechanisms were also investigated in ESCC cell lines. The knockdown of EphA5 increased malignant characteristics of cells in vitro, such as the capacity for cell proliferation, migration, and invasion, as well as induced EMT. It is worth mentioning that the high expression of EphA5 correlated with metastases in lymph nodes in patients with ESCC although this seems to be inconsistent with the results in vitro. Therefore, it is necessary to investigate the effect of EphA5 on other signaling pathways that contribute to regional lymph node metastasis (33).

In summary, while EphA2 promotes cancer progression in ESCC, EphA7, EphA3, and EphA5 act as tumor suppressors, suggesting that members of the Eph family may have opposing effects depending on the tumor context.




3.1.2 Ephrin-B and EphB

Bioinformatic analyzes using the Oncomine platform revealed a dramatic increase in EphB1, EphB2, and EphB4 in esophageal cancer, suggesting these receptors as potential biomarkers (46). Among the four members of the Eph family B receptors, only one subtype has been identified in ESCC to date. EphB4 has been reported to have tumor-suppressive properties in breast cancer (47). However, in esophageal cancer, its overexpression is related to tumor progression. The first study evaluating gene and protein expression of the EFNB2 ligand and its EphB4 receptor in patients with ESCC showed correlations between high EFNB2 expression, advanced stage of the disease, and a worse prognosis (38). Another study by Hasina et al. (2013) showed that EphB4 expression was consistently higher in squamous cancer and adenocarcinoma than in adjacent normal tissue. Additional results revealed that EphB4 contributes to increased proliferation, motility, and migration of cancer cells. Moreover, in a tumor cell xenograft model, a significant reduction in tumor volume was observed after treatment with an EphB4 inhibitor, reinforcing its effectiveness as a new biomarker and molecular target for esophageal cancer (39).





3.2 Gastric tumors

Gastric cancer (GC) is the sixth most common cancer worldwide and the type of cancer fourth most related to death (48). Despite the decline in cancer-related mortality in recent years, the GC prognosis remains uncertain (49). Most GC are adenocarcinomas that arise from glands in the superficial layer of the stomach (50) and may be related to poor diet, smoking, alcoholism, and Helicobacter pylori infection (50, 51). Besides the known risk factors, GC may be related to several local and genetic factors that act collectively during carcinogenesis (52). Surgery remains the only treatment with curative purpose while QT and RT are reserved for advanced tumors (53). The role of Eph-Ephrin in GC progression has been questioned for over twenty years (54), being responsible for a massive literature development in this field.



3.2.1 Ephrin-A and EphA

EphA1 and ephrinA1 are up or downregulated in several malignant tumors, such as advanced skin cancer and colorectal cancer (52). In GC, the EFNA1 and ephrinA1 receptor polymorphisms were related to susceptibility to tumor development (55). Also, ephrinA1 was related to worse clinical staging, lymph node metastasis, and poor prognosis (56–59)(Figure 2). Furthermore, the knockout EphA1 from GC cell lines reduced invasiveness in vivo showing a potential role in tumor progression (58). Nevertheless, EphA1 was detected more frequently in well-differentiated tumors indicating its role in the differentiation of GC (60). Zhuo et al. (2019) described a lncRNA (GMAN) overexpressed in GC that binds competitively with EFNA1. The author concluded that targeting both genes may be an important therapeutic option for GC treatment (58).




Figure 2 | Eph expression and its association with gastric cancer progression. Different levels of Eph expression are observed throughout the progression of gastric cancer. The figure illustrates the dynamics of the expression of these molecules along tumor progression, revealing a dynamic change in the expression gradient, represented by the transition of the red bars. In the early stages of tumor development and differentiation, greater expression of EphA1, EphB2 and EphB6 is observed. However, in more undifferentiated tumors and with the progression of the disease stage, there is greater expression of EphA2, EphA4, EphA5, EphA7, EphA8, EphB1, EphB3 and EphB4, which then contribute to poor disease behavior.



EphA2 is seen to also play a significant role in the GC progression (56, 61) (Figure 2). GC with EphA2 overexpression may show a greater possibility of invisible metastasis (62), distant metastasis (63), tumor invasion, worse clinical staging (51, 56, 60, 64, 65), recurrence (62), tumor differentiation (60), and poor prognosis (64). Also, the expression of EphA2 was associated with proliferation, colony formation, migration, and cell motility in vitro (61, 63, 65, 66). The EphA2 mechanism of carcinogenesis is still unknown, however, the EphA2 expression seems to be a driver of EMT via Wnt/β-catenin pathway (Figure 1) (63, 67). A study conducted by Huang et al. (2017) showed the inhibition of the EphA2 via Wnt/β-catenin by activation of miR-302b presented an important antitumor activity in vitro and in a mouse xenograft model (male BALB/c nude mice), followed by decreasing the cell growth, migration, and metastasis (66). EphA2 also seems to present a role in drug resistance. In vitro studies showed that EPHA2 overexpression was related to increased tumor cell resistance to 5-FU and afatinib, a multi-kinase inhibitor (61, 68). EphA2 seems to induce phosphorylation of yes-associated protein (YAP), a transcriptional coactivator that promotes cell proliferation and tissue homeostasis, which may be the mechanism related to tumor drug resistance (61). Interestingly, the bacteria H. Pylori seems to target EphA2 (51).

EphA3 expression is seen to be related to tumor progression by angiogenic activity in GC (69, 70). EphA3 was associated with vascular endothelial growth factor (VEGF) expression and MVD quantification in those tumors (70). Studies show that EphA3 depletion inhibited cell growth and angiogenesis of GC cells in vitro and in vivo (69, 70). Also, EphA3 overexpression was associated with histological differentiation, tumor depth, lymph node metastasis, distant metastasis, and poor prognosis (12) (Figure 2). Similar tumor behavior and clinical course were found with the overexpression of EphA4 (71), EphA5 (72), and EPHA8 (73). EphA7 seems to play a carcinogenic role in younger patients and was related to advanced tumors (42) (Figure 2).

In summary, most Eph receptors (EphA1, EphA2, EphA3, EphA4, EphA5, and EphA7) function as promoters of GC progression, influencing metastasis, tumor invasion, angiogenesis, and drug resistance, while EphA1 has a more complex role depending on tumor differentiation.




3.2.2 Ephrin-B and EphB

In gastric tissue, ephrinB1 is highly expressed in the superficial gastric regions, more specifically in the pit cells of the body and the proliferating cells of the isthmus (74). The expression of EphB1, EphB2, and EphB3 is higher in deeper regions of the gastric units (74). Besides the EphB in normal gastric mucosa, the combined expression of EphB2, B3, and B4 with ephrinB1 was associated with gastric dysplasia (75), showing that EphB-ephrin-B dysfunctions may contribute to tumor development and progression (74) (Figure 2).

EphB1 is a member of the receptor tyrosine kinase that plays important role in angiogenesis (76). EphB1 also appears to exhibit a tumor suppressor role in GC. Studies indicate that low expression of EphB1 is associated with disease stage, invasion, and metastasis (77) (Figure 2). Tanaka et al. (2010) used amino acids derived from EphB1 composition to treat scirrhous GC cells. The combination inhibited RhoA activation and extracellular metalloproteinase-8 (MMP-8) secretion. Application of the ephrinB1 peptide to mouse peritoneum suppressed carcinomatous peritonitis, showing the potential for its use as therapy (78). On the other hand, blocking phosphorylation of ephrinB1 decreased cancer cell dissemination and local invasion in a mouse xenograft model (BALB/c nude mice), indicating a tumor-promoting activity (79). Also, EPHB1 overexpression was more frequently detected in poorly differentiated adenocarcinoma (14).

EphB2 is one of the most studied Ephs in malignant tumors (80). In GC, EphB2 overexpression has been reported in tumor (14, 54, 81) and serum samples (13). The first relationship of EphB2 in GC was reported in 1994, attributing its overexpression to chromosomal locus 1p36, generally considered the tumor suppressor locus of colon cancer (54). Several studies showed that EphB2 may present the same role in GC carcinogenesis (82) (Figure 2). EPHB2 downregulation was related to nodal metastasis, advanced disease stage, low histological differentiation, and poor survival (14, 83). Furthermore, it was noted that tumor grade increased as EphB2 levels decreased (83). On the other hand, EphB2 activation was related to high levels of migration and invasion in vitro (81) along with tumor size, metastasis, clinical staging (13), and poor survival (13, 84). Nevertheless, further studies showed an association between EphB2 and better survival (85). Overall, EphB2 seems to act at some point in GC carcinogenesis and may be explored as a potential therapeutic target (84, 85).

Similarly, EphB3 appears to have tumor suppressor activity. Depletion of EPHB3 promoted cell growth and invasion in vitro while EphB3 downregulation is associated with increased tumor size, invasion, clinical staging, lymphatic metastasis, and poor prognosis (Figure 2) (86). On other hand, EPHB3 upregulation seems to be related to resistance to tyrosine kinase inhibitors such as AZD4547 (87).

EphB6 is poorly described in the GC literature and may be a potential metastasis inhibitor (88). The EphB6 expression was detected in four GC cell lines, its overexpression was associated with tumor differentiation while its underexpression was associated with lymph node metastasis and tumor stage (Figure 2) (88).

To summarize, EphB receptors play tumor suppressor and promoter roles. EphB1 and EphB3 act as tumor suppressors, and their low expression is associated with metastasis and a poor prognosis. EphB2 has a complex role, in which its overexpression is associated with tumor progression, and downregulation correlates with worse outcomes. EphB6 can inhibit metastasis, and its downregulation is associated with advanced disease. Thus, EphB receptors can suppress or promote tumor progression, depending on their expression in the GC.





3.3 Small intestine

The small bowel includes the duodenum, jejunum, and ileum (89). Small bowel tumors are rarer than other cancers of the gastrointestinal tract (90). This may explain the difference in research aimed at the Eph/Ephrin interaction in these tumors when compared, for example, with colon carcinomas (91).

The epithelium of the small intestine presents an accelerated cellular turnover rate, associated with significant structural and functional differentiation (92). This aspect may explain the expression heterogeneity of these tyrosine kinases in the small intestine and the role of Eph/Ephrin signaling in the regulation of the cellular positioning of the pyloric and duodenal epithelium. Ephrins are preferentially expressed in the superficial part (such as cells lining the ducts of the Brunner glands, as well as those covering villi and the upper portion of lieberkühn crypts) while EphB receptors are most expressed in the deepest part of epithelial tissue (such as in the segment of the Brunner glands and the lower portion of the crypts) (93).

Islam et al., 2010 showed that EphA4, EphA8, EphB4, and ephrinB2 were more expressed during the fetal period, and may be able to regulate the migration of intestinal epithelial cells during morphogenesis (92). This pattern of expression seems to remain in the stages after development, except for EphA8, whose expression is not seen in normal adult intestinal tissue (92, 94). Co-expression of EphB2 and ephrinB1/B2 in the normal bowel mucosa is mainly related to cellular homeostasis (95). Recently, Zhu et al. (2021) reported that the maintenance of this homeostasis may be through Notch signaling (96) or via β-catenin/TCF dependent, contributing to the ordering of cellular populations through Eph/Ephrin signaling (97). Data in the literature show that EphB receptors may be important regulators of migration and proliferation also of intestinal stem cells (ISCs) (98–100) and this may provide important insights into therapy for small intestinal tumors.

A robust study evaluated the expression of EphB2 protein in a cohort of 138 different types of cancer. In the small intestine, EphB2 protein expression was found in 70% of small bowel adenocarcinomas (82). Bogan et al. (2009) showed that the gene and protein expression of EphA2 was significantly regulated in small intestine tumors when compared with control tissues. Genetic knockout of the EPHA2 gene in rats has been translated into reducing the number and size of tumors in both the small and large intestines (101). Regarding the expression pattern of ephrins, the increased expression of ephrinA1 accelerated the process of malignant transformation of small and large intestinal adenomas (102).

In summary, Eph/Ephrin signaling in small bowel tumors exhibits both tumor-promoting and tumor-suppressing roles. EphB receptors, particularly EphB2, are crucial for maintaining cellular homeostasis and regulating stem cell function, while EphA2 and ephrinA1 contribute to tumor progression and malignant transformation. These findings highlight the complex and context-dependent roles of Eph/Ephrin signaling in developing small bowel tumors.




3.4 GI glandular organs


3.4.1 Liver tumors

Approximately 80% of primary liver malignancies constitute hepatocellular carcinomas (HCCs). About 906,000 cases of HCCs were diagnosed worldwide in 2020 (103, 104). HCC predominantly impacts the male population and tends to manifest within individuals aged 60 to 70 years (105). Additionally, this tumor is the third main contributor to global cancer-related fatalities, exhibiting a 5-year survival rate of approximately 18% (106). Notably, persistent liver disease arising from chronic infections with hepatitis B virus (HBV) or hepatitis C virus (HCV), excessive alcohol consumption, and the presence of non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis (NASH) are the primary precursors to HCC (105, 107).

The second most common type of liver cancer is cholangiocarcinoma (CCA), which predominantly affects the bile ducts, originating from cholangiocytes (108). In recent decades, CCA has shown an increase from 0.1 to 0.6 cases per 100,000 people (105). As treatment, for early-stage CCA, surgical resection associated with chemotherapy is the first option. However, many patients are diagnosed at late stages and the prognosis becomes worse (109). The Eph/ephrin signaling network has emerged as a viable candidate for therapeutic intervention in liver cancer. Modulating this intricate system holds substantial promise as a strategy to tackle liver cancers, encompassing both HCC and CCA (107).



3.4.1.1 Ephrin-A and EphA

The role of EphA1 in angiogenesis and HCC progression has been investigated. It was shown that suppression of EphA1, in an in vitro model, led to a reduction in proliferation, motility, and invasive capacity of HCC cells (110). A correlation was also seen between hypoxic conditions and elevated ephrinA1 expression in HCC cell lines (PLC/PRF/5, HuH7, HepG2 and Hep3B cells) (111). Alpha-fetoprotein (AFP) plays the role of a wide-ranging biomarker in the detection and monitoring of HCC. Elevated serum AFP levels signal a consistent association with unfavorable prognosis for HCC, giving it significant relevance. In this sense, ephrinA1 expression was elevated in HCC samples and strongly correlated with AFP expression, suggesting a contribution to the malignant characteristics of AFP-producing HCC. It also promotes tumor cell growth, angiogenesis, invasion, and metastasis (112). Therefore, it is suggested that molecules of the ephrinA1 system may play a crucial role in the pathogenesis and progression of AFP-associated HCC and may serve as biomarkers of the disease (112).

Studies in animal models have demonstrated that EphA2 is critically important for tumor growth in HCC. Furthermore, suppression of tumor initiation against EphA2 using CRISPR-Cas9 mediated increased overall mouse survival (113, 114). Regarding CCA, EphA2 is seen to play an important role in its pathogenesis, since EphA2 is overexpressed in response to growth factors, leading to activation of the mammalian target of rapamycin complex 1 (mTORC1) and extracellular signal-regulated kinase (ERK) pathways (Figure 1). This overexpression facilitates tumor growth by activation of Akt (T308)/mTORC1 (115). EphrinA2 was shown to be up-regulated in HCC cell lines and clinical tissue samples in tumors invading the portal veins. Overexpression of ephrinA2 in HCC cells were found to increase tumorigenicity in vivo, while its suppression had the opposite effect (116).

When investigating the levels of eNOS and phosphorylated eNOS (P-eNOS), together with the regulators VEGFR3, VEGFC, EphA3 and ephrin1, in a hamster model of induced CCA and human CCA, it was seen that in the latter intense immunohistochemical staining of all examined proteins was associated with metastasis. Therefore, up-regulation of eNOS, P-eNOS and their regulators is involved in CCA development by potentiating angiogenesis and metastasis (117). It has been seen that EFNA3 signaling induced by miR-210 may be a potential target of cisplatin in the treatment of HCC (118). When studying the role of ephrinA3 in hypoxia, it was seen that there is an up-regulation of ephrinA3 by hypoxia in a HIF-1α dependent manner in HCC tumors, which was associated with worse overall survival (119).

When investigating the role of ephrinA4 in HCC it was found that this ligand was highly expressed in HCC cell lines and its inhibition significantly reduced cell proliferation, migration, and invasion in Huh7 cells. In addition, another study conducted both in vitro and in a mouse xenograft model suggested that ephrinA4 may serve as a potential therapeutic target for this tumor (120).

Studies using human umbilical cord-derived mesenchymal stem cells suggested that EphA5 can be investigated as a biological therapy for HCC (121). The co-activation of ALK, FGR2 and EphA5 function as central kinases in HCC cells and this co-activation is important for cell growth. In this sense, the presence of this triple-positive state can be used as a potential therapeutic target for treatment purposes (122). When exploring the regulation of EFNA5 expression in HCC using miR-96 and miR-182, a reciprocal correlation between the expression levels of these miRNAs and the levels of ephrinA5 was observed and associated with increased proliferation and migration of HCC cells (123).

In summary, suppression of EphA1 in models of HCC resulted in reduced proliferation, motility, and invasion of tumor cells. EphA2 and ephrinA2 play essential roles in HCC growth and invasion, with potential as therapeutic targets. The inhibition of ephrinA3 and ephrinA4 has shown promise in reducing the proliferation, migration, and invasion of HCC cells, suggesting a therapeutic potential. In addition, EphA5 and its coactivation with ALK and FGFR2 also represent potential targets for biological therapy and treatment of this type of tumor.




3.4.1.2 Ephrin-B and EphB

EFNB1 was highly expressed in HCC tissues compared to normal samples, and high expression of this gene was associated with tumor progression and vascular invasion, which led to a poor prognosis in HCC patients (124). Also, Sawai et al. demonstrated that overexpression of ephrinB1 is involved in HCC progression by promoting neovascularization in vivo (125).

To understand the mechanisms related to tumor and endothelial cells, crosstalk between HepG2 cells (human hepatocellular carcinoma, HCC) and human endothelial progenitor cells (EPCs) in co-culture was investigated. The results showed that both Delta-like 4 (DLL4), a protein related to angiogenesis, and ephrinB2 appear to play essential roles in various stages of this activity. The high expression of ephrinB2 and DLL4 associated with the activated phenotype of EPCs suggests their involvement in the development of HCC. In summary, these findings highlight ephrinB2 and DLL4 as promising targets for new clinical strategies for the treatment of this tumor (126).

An in vivo and in vitro study evaluating the effects of HMQ-T-B10 (B10) on HCC. In this study, it was found that ephrinB2 is overexpressed in liver cancer and can serve as a promoter of apoptosis. B10 has an inhibitory effect on HCC cells, by targeting the ephrinB2 signaling pathway and inducing apoptosis. Thus, B10 represents a promising anticancer agent for new clinical trials for the treatment of liver cancer (127).

Regarding the role of these ligands in CCA, Khansaard et al. studied their importance and association with metastasis. Upon evaluation of immunohistochemical staining in 50 cases of CCA, high expression of EphB2, EphB4, ephrinB1 and ephrinB2 was seen. Regarding metastasis, high expression of EphB2 and co-expression of EphB2/ephrinB1 and EphB2/ephrinB2 were seen to be associated with metastasis. In summary, the increased expression of EphB2 receptors along with their corresponding ligands (ephrinB1 and ephrinB2) is associated with CCA metastasis. Potential therapeutic strategies for this tumor may involve targeting EphB2 expression and inhibiting its downstream signaling proteins (128).

To summarize, high expression of EphrinB1 and EphB2 play significant roles in the progression of HCC and CCA. High expression of ephrinB1 in HCC is associated with tumor progression, vascular invasion, and poor prognosis. EphrinB2 is also overexpressed in HCC, promoting angiogenesis and apoptosis inhibition, making it a potential target for anticancer therapies. In CCA, EphB2 and its ligands (ephrinB1 and ephrinB2) are linked to metastasis, suggesting that targeting EphB2 and its signaling pathway could be a promising strategy for treating CCA.





3.4.2 Pancreatic tumors

Pancreatic cancer (PC) is the 12th most common malignant tumor worldwide (129, 130). PC has a poor prognosis where 94% of patients do not achieve a 5-year survival and 74% succumb within a year of diagnosis, consolidating its status as one of the most lethal cancers (130). PC are classified as either exocrine or neuroendocrine tumors, depending on their cellular origin. Among these, pancreatic ductal adenocarcinoma (PDAC) and pancreatic neuroendocrine tumors (PanNETs) are the major types, with PDAC accounting for approximately 90% of cases (131, 132).

The EPH/ephrin system has been linked to several processes that pertain to the embryological integration of the pancreatic parenchyma and the arrangement of the islets of Langerhans (133). These islets are a significant endocrine component responsible for orchestrating the regulation of insulin secretion (134). The EPH/ephrin system’s Class B molecules play a pivotal role in orchestrating pancreatic morphogenesis, mainly pancreatic epithelial alignment, branching of structures and lumen formation, by the interaction between EphB2 and EphB3.



3.4.2.1 Ephrin-A and EphA

Regarding the role of Eph/Ephrin in PDAC, EphA2 and EphA4 are the most important targets in the field of translational research (135). EphA2 has attracted the attention of the research community due to its involvement in tumor capillary formation (40). Van den Broecket et al. presented compelling evidence showcasing the marked overexpression of EphA2 within the context of PDAC, a phenomenon that correlates with adverse clinical outcomes (136). Furthermore, EphA2 has also emerged with clinical significance as a biomarker, with results showing an impressive sensitivity of 89.0% and a specificity of 90.0% in the diagnosis of PDAC (137). Zou et al. evaluated EPHA2 mRNA expression levels in pancreatic adenocarcinoma (PAAD) using data from publicly available databases. The results showed that PAAD tumor tissues have aberrantly high EphA2 expression levels compared to normal tissues. Furthermore, a significant correlation was observed between EphA2 expression and the pathological stage of this tumor, with high EphA2 expression being correlated with a poor prognosis. These data also suggested that EphA2 has an essential function and clinical prognostic value in PDAC (138).

Liu et al. transfected Panc-1 and BxPC-3 cells with a small interfering RNA (siRNA) to knock down the expression of EPHA4. The results showed that knockdown of EPHA4 by siRNA inhibits motility and invasion of PC cells. In addition, the gelatin zymography assay showed that EPHA4 can regulate matrix metalloproteinase (MMP)-2 activity. Also, knockdown of EPHA4 increased the expression of E-cadherin as well as decreased the expression of Snail. The results of the study suggest that EPHA4 may promote the motility and invasion of PC cells by up-regulating MMP-2 and Snail, as well as down-regulating E-cadherin, and may become a useful target for the treatment of this tumor (139).

Another study explored the association between EphA4 expression and the prognosis of patients with PDAC. It also evaluated the cytostatic effect of 2,5-dimethylpyrrolyl benzoic acid (compound 1), a small molecule EphA4 blocker, on PDAC cells. As a result, patients with EphA4-positive PDAC were found to have significantly lower overall survival compared to EphA4-negative patients. The results demonstrated cytostatic efficacy in PDAC cells expressing EphA4, both in vitro and in orthotopic pancreatic cancer models, by suppressing the phosphorylation of EphA4 and Akt, and inducing apoptosis. Thus, 2,5-dimethylpyrrolyl benzoic acid could be a promising therapeutic agent for patients with this cancer (140).

The IHC expression of EphA1, A2, A4, A5, and A7 and the staining intensity were evaluated in tumor samples from 67 patients with PDAC. These receptors were abundantly expressed in this tumor. EphA1 staining intensity was significantly associated with tumor size and histopathological stage. EphA2 expression was significantly associated with patient age, while EphA4 and EphA5 with tumor proliferative capacity. In addition, patients with PDAC with moderate/intense EphA5 or EphA7 staining had significantly shorter survival times compared to those with weak/negative staining (17).

EPHA10 silencing reduced the proliferation, migration, and adhesion of MIA PaCa‐2 and AsPC‐1 pancreatic cancer cells. Importantly, overexpression and silencing of this ligand respectively increased and decreased the weight, volume, and number of Ki‐67‐positive proliferating cells in MIA PaCa‐2 xenograft tumors. Further, EphA10 expression was positively correlated with invasion and gelatin degradation in these cells. In addition, the expression of EPHA10 increased the phosphorylation of ERK, JNK, AKT, FAK, and NF‐κB, which are important for cell proliferation, survival, adhesion, migration, and invasion. Thus, EphA10 plays a pivotal role in the tumorigenesis of pancreatic epithelial cells and would be a novel therapeutic target for pancreatic cancer (141).

In summary, EphA2, EphA4, EphA5, and EphA10 play key roles in PDAC progression. EphA2 is overexpressed and linked to poor prognosis, making it a potential diagnostic and therapeutic target. EphA4 promotes cell motility and invasion, and its inhibition could reduce tumor progression. EphA5 and EphA7 are associated with tumor growth, with higher expression correlating with shorter survival. EphA10 promotes cell proliferation, survival, and invasion, making it a promising target for therapy. Overall, these Eph receptors act as tumor promoters and represent potential targets for PDAC treatment.




3.4.2.2 Ephrin-B and EphB

The EphB4/ephrinB2 signaling pathway has been extensively investigated within the class B EPH/ephrin system (142). The gene and protein expression, in vitro and in vivo, was found to be significantly increased in cancer tissues and was associated with the clinical stage of PDAC and Ki67 expression. In addition, the downregulation of EFNB2 decreased PDAC cell migration and invasion by blocking EMT. These findings suggest that EFNB2 may participate in PDAC development by promoting cell proliferation, migration, and invasion, and may become a potential target for diagnosis and treatment of this tumor (143).

Overexpression of the EPHB2 and a modest overexpression of EFNB2 was also observed in 44% of 46 PDAC primary tumors and corresponded to abdominal and/or back pain. The results of the present study suggest that an increased level of ephrin-B2, in the presence of a high expression of EFNB2, leads to a more aggressive tumor phenotype. In summary, EPHB2 can be used as a prognostic factor for this cancer (144).

Inhibition of EphB4/ephrinB2, in vitro and in a mouse xenograft model, was associated with an improvement of antitumor responses, particularly when combined with radiotherapy (RT), which resulted in notable reductions in tumor growth in cases of PDAC (145). Other in vivo findings from orthotopic xenografts demonstrated improved inhibition of tumor growth when EPHB4 inhibition was combined with Gemcitabine chemotherapy (142).

The existing literature provides limited insights into the Eph/Ephrin system related to PanNETs. The MAPK pathway initiates ERK activation, a process implicated in cancer initiation via the overexpression of RTKs, such as Eph receptors (Figure 1) (146). Additionally, EphA RTK activation has been linked to the suppression of insulin secretion in pancreatic islets (147). An in vitro and in vivo study explored the potential of direct EphA signaling to increase glucose-stimulated insulin secretion in pancreatic islets, with results indicating that inhibition of Eph, in particular EphA5, improves glycemic control (148). These findings are promising for the treatment of metabolic disorders, particularly in insulin-producing NETs.







4 Conclusion and future directions

The Eph/Ephrin system continues to be a significant subject of ongoing research due to its varying roles in different cancers. Higher levels of EphA2 and ephrinA1 are associated with poorer survival rates in esophageal and gastric cancers. Among hepatocellular carcinoma, ephrinA1 also stands out as a significant biomarker, correlating with increased levels of alpha-fetoprotein and being involved in tumor growth and metastasis. Similarly, in pancreatic ductal adenocarcinoma, EphA2 is associated with a poor prognosis and is considered a sensitive diagnostic biomarker. Additionally, the inhibition of Eph receptors in pancreatic neuroendocrine tumors has been shown to reduce insulin secretion, making them a potential therapeutic target. Although Eph receptors are promising targets for cancer therapy and biomarker development, their effects can vary depending on the type of tumor. The development of anti-cancer therapies targeting the inhibition of small molecules holds great potential for the future. In this context, the advancement of clinical trials is crucial to translate these findings into effective treatments.





Author contributions

LL: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. TK: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. JS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. RAD: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. MG: Data curation, Formal analysis, Methodology, Writing – original draft, Investigation, Supervision, Writing – review & editing. RSD: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. IA: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. PF: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. FR: Data curation, Formal analysis, Writing – original draft, Writing – review & editing, Investigation. AA: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. FM: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. GF: Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Writing – review & editing. EE: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The São Paulo State Research Foundation (FAPESP, São Paulo, Brazil, grant numbers 15/07304-0; 19/06809-2; 19/09419-0) and the Coordination of Training of Higher Education Graduate Foundation (CAPES, Brasilia, Brazil, finance code 001). This work was supported by the NCI, Cancer Center Support Grant (grant number P30CA042014).




Acknowledgments

Graphical abstract, Figures 1, 2 were created with BioRender.com.





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

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

2. Pasquale, EB. Eph-ephrin bidirectional signaling in physiology and disease. Cell. (2008) 133:38–52. doi: 10.1016/j.cell.2008.03.011

3. Buckens, OJ, El Hassouni, B, Giovannetti, E, and Peters, GJ. The role of Eph receptors in cancer and how to target them: novel approaches in cancer treatment. Expert Opin Investig Drugs. (2020) 29:567–82. doi: 10.1080/13543784.2020.1762566

4. Psilopatis, I, Karniadakis, I, Danos, KS, Vrettou, K, Michaelidou, K, Mavridis, K, et al. May EPH/ephrin targeting revolutionize lung cancer treatment? Int J Mol Sci. (2022) 24:93. doi: 10.3390/ijms24010093

5. Charmsaz, S, Scott, AM, and Boyd, AW. Targeted therapies in hematological Malignancies using therapeutic monoclonal antibodies against Eph family receptors. Exp Hematol. (2017) 54:31–9. doi: 10.1016/j.exphem.2017.07.003

6. Kullander, K, and Klein, R. Mechanisms and functions of eph and ephrin signalling. Nat Rev Mol Cell Biol. (2002) 3:475–86. doi: 10.1038/nrm856

7. Tang, FHF, Davis, D, Arap, W, Pasqualini, R, and Staquicini, FI. Eph receptors as cancer targets for antibody-based therapy. (2020). pp. 303–17. pp. 303–17. Elsevier: Cambridge, MA, United States. doi: 10.1016/bs.acr.2020.04.007.

8. Papadakos, SP, Petrogiannopoulos, L, Pergaris, A, and Theocharis, S. The EPH/ephrin system in colorectal cancer. Int J Mol Sci. (2022) 23:2761. doi: 10.3390/ijms23052761

9. Surawska, H, Ma, PC, and Salgia, R. The role of ephrins and Eph receptors in cancer. Cytokine Growth Factor Rev. (2004) 15:419–33. doi: 10.1016/j.cytogfr.2004.09.002

10. Janes, PW, Vail, ME, Ernst, M, and Scott, AM. Eph receptors in the immunosuppressive tumor microenvironment. Cancer Res. (2021) 81:801–5. doi: 10.1158/0008-5472.CAN-20-3047

11. Genander, M, and Frisén, J. Ephrins and Eph receptors in stem cells and cancer. Curr Opin Cell Biol. (2010) 22:611–6. doi: 10.1016/j.ceb.2010.08.005

12. Nasri, B, Inokuchi, M, Ishikawa, T, Uetake, H, Takagi, Y, Otsuki, S, et al. High expression of EphA3 (erythropoietin-producing hepatocellular A3) in gastric cancer is associated with metastasis and poor survival. BMC Clin Pathol. (2017) 17:8. doi: 10.1186/s12907-017-0047-y

13. Miyazaki, K, Inokuchi, M, Takagi, Y, Kato, K, Kojima, K, and Sugihara, K. EphA4 is a prognostic factor in gastric cancer. BMC Clin Pathol. (2013) 13:19. doi: 10.1186/1472-6890-13-19

14. Kataoka, H, Tanaka, M, Kanamori, M, Yoshii, S, Ihara, M, Wang, Y-J, et al. Expression profile of EFNB1, EFNB2, two ligands of EPHB2 in human gastric cancer. J Cancer Res Clin Oncol. (2002) 128:343–8. doi: 10.1007/s00432-002-0355-0

15. De Robertis, M, Loiacono, L, Fusilli, C, Poeta, ML, Mazza, T, Sanchez, M, et al. Dysregulation of EGFR pathway in ephA2 cell subpopulation significantly associates with poor prognosis in colorectal cancer. Clin Cancer Res. (2017) 23:159–70. doi: 10.1158/1078-0432.CCR-16-0709

16. Wang, Y, Xuan, Z, Wang, B, Zhang, D, Zhang, C, Wang, J, et al. EphA3 downregulation by hypermethylation associated with lymph node metastasis and TNM stage in colorectal cancer. Dig Dis Sci. (2019) 64:1514–22. doi: 10.1007/s10620-018-5421-9

17. Giaginis, C, Tsourouflis, G, Zizi-Serbetzoglou, A, Kouraklis, G, Chatzopoulou, E, Dimakopoulou, K, et al. Clinical significance of ephrin (Eph)-A1, -A2, -A4, -A5 and -A7 receptors in pancreatic ductal adenocarcinoma. Pathol Oncol Res. (2010) 16:267–76. doi: 10.1007/s12253-009-9221-6

18. Miyazaki, T, Kato, H, Fukuchi, M, Nakajima, M, and Kuwano, H. EphA2 overexpression correlates with poor prognosis in esophageal squamous cell carcinoma. Int J Cancer. (2003) 103:657–63. doi: 10.1002/ijc.10860

19. Bai, Y-Q, Zhang, J-Y, Bai, C-Y, Xu, X-E, Wu, J-Y, Chen, B, et al. Low ephA7 expression correlated with lymph node metastasis and poor prognosis of patients with esophageal squamous cell carcinoma. Acta Histochem Cytochem. (2015) 48:75–81. doi: 10.1267/ahc.14054

20. Wang, Y, Yu, H, Shan, Y, Tao, C, Wu, F, Yu, Z, et al. EphA1 activation promotes the homing of endothelial progenitor cells to hepatocellular carcinoma for tumor neovascularization through the SDF-1/CXCR4 signaling pathway. J Exp Clin Cancer Res. (2016) 35:65. doi: 10.1186/s13046-016-0339-6

21. Peng, L, Wang, H, Dong, Y, Ma, J, Wen, J, Wu, J, et al. Increased expression of EphA1 protein in prostate cancers correlates with high Gleason score. Int J Clin Exp Pathol. (2013) 6:1854–60.

22. Li, S, Zhu, Y, Ma, C, Qiu, Z, Zhang, X, Kang, Z, et al. Downregulation of EphA5 by promoter methylation in human prostate cancer. BMC Cancer. (2015) 15:18. doi: 10.1186/s12885-015-1025-3

23. Giaginis, C, Tsoukalas, N, Bournakis, E, Alexandrou, P, Kavantzas, N, Patsouris, E, et al. Ephrin (Eph) receptor A1, A4, A5 and A7 expression in human non-small cell lung carcinoma: associations with clinicopathological parameters, tumor proliferative capacity and patients’ survival. BMC Clin Pathol. (2014) 14:8. doi: 10.1186/1472-6890-14-8

24. Bulk, E, Yu, J, Hascher, A, Koschmieder, S, Wiewrodt, R, Krug, U, et al. Mutations of the EPHB6 receptor tyrosine kinase induce a pro-metastatic phenotype in non-small cell lung cancer. PloS One. (2012) 7:e44591. doi: 10.1371/journal.pone.0044591

25. Li, J-J, Sun, Z-J, Yuan, Y-M, Yin, F-F, Bian, Y-G, Long, L-Y, et al. EphB3 stimulates cell migration and metastasis in a kinase-dependent manner through vav2-rho GTPase axis in papillary thyroid cancer. J Biol Chem. (2017) 292:1112–21. doi: 10.1074/jbc.M116.750349

26. Bian, S, Zhang, B, Yang, G, Song, Q, and Li, Y. EphA2, EphrinAl expression in breast cancer and its relationship with clinical pathological study . Available online at: www.biomedres.info. (Accessed October 1, 2024)

27. Chukkapalli, S, Amessou, M, Dilly, AK, Dekhil, H, Zhao, J, Liu, Q, et al. Role of the EphB2 receptor in autophagy, apoptosis and invasion in human breast cancer cells. Exp Cell Res. (2014) 320:233–46. doi: 10.1016/j.yexcr.2013.10.022

28. Chen, X, Wang, X, Wei, X, and Wang, J. EphA5 protein, a potential marker for distinguishing histological grade and prognosis in ovarian serous carcinoma. J Ovarian Res. (2016) 9:83. doi: 10.1186/s13048-016-0292-1

29. Brantley, DM, Cheng, N, Thompson, EJ, Lin, Q, Brekken, RA, Thorpe, PE, et al. Soluble Eph A receptors inhibit tumor angiogenesis and progression in vivo. Oncogene. (2002) 21:7011–26. doi: 10.1038/sj.onc.1205679

30. Miao, H, Burnett, E, Kinch, M, Simon, E, and Wang, B. Activation of EphA2 kinase suppresses integrin function and causes focal-adhesion-kinase dephosphorylation. Nat Cell Biol. (2000) 2:62–9. doi: 10.1038/35000008

31. Arnal, MJD. Esophageal cancer: Risk factors, screening and endoscopic treatment in Western and Eastern countries. World J Gastroenterol. (2015) 21:7933. doi: 10.3748/wjg.v21.i26.7933

32. Kojima, T, and Doi, T. Immunotherapy for esophageal squamous cell carcinoma. Curr Oncol Rep. (2017) 19:33. doi: 10.1007/s11912-017-0590-9

33. Zhang, R, Liu, J, Zhang, W, Hua, L, Qian, L-T, and Zhou, S-B. EphA5 knockdown enhances the invasion and migration ability of esophageal squamous cell carcinoma via epithelial-mesenchymal transition through activating Wnt/β-catenin pathway. Cancer Cell Int. (2020) 20:20. doi: 10.1186/s12935-020-1101-x

34. Chen, X, Lu, B, Ma, Q, Ji, C, and Li, J. EphA3 inhibits migration and invasion of esophageal cancer cells by activating the mesenchymal-epithelial transition process. Int J Oncol. (2019) 54:722–32. doi: 10.3892/ijo.2018.4639

35. Syed, N, Barbhuiya, MA, Pinto, SM, Nirujogi, RS, Renuse, S, Datta, KK, et al. Phosphotyrosine profiling identifies ephrin receptor A2 as a potential therapeutic target in esophageal squamous-cell carcinoma. Proteomics. (2015) 15:374–82. doi: 10.1002/pmic.201400379

36. Miyazaki, T, Kato, H, Kimura, H, Inose, T, Faried, A, Sohda, M, et al. Evaluation of tumor Malignancy in esophageal squamous cell carcinoma using different characteristic factors. Anticancer Res. (2005) 25:4005–11.

37. Xu, F, Zhong, W, Li, J, Shanshen, Z, Cui, J, Nesland, JM, et al. Predictive value of EphA2 and EphrinA-1 expression in oesophageal squamous cell carcinoma. Anticancer Res. (2005) 25:2943–50.

38. Tachibana, M, Tonomoto, Y, Hyakudomi, R, Hyakudomi, M, Hattori, S, Ueda, S, et al. Expression and prognostic significance of EFNB2 and EphB4 genes in patients with oesophageal squamous cell carcinoma. Digestive Liver Dis. (2007) 39:725–32. doi: 10.1016/j.dld.2007.05.013

39. Hasina, R, Mollberg, N, Kawada, I, Mutreja, K, Kanade, G, Yala, S, et al. Critical role for the receptor tyrosine kinase EPHB4 in esophageal cancers. Cancer Res. (2013) 73:184–94. doi: 10.1158/0008-5472.CAN-12-0915

40. Ogawa, K, Pasqualini, R, Lindberg, RA, Kain, R, Freeman, AL, and Pasquale, EB. The ephrin-A1 ligand and its receptor, EphA2, are expressed during tumor neovascularization. Oncogene. (2000) 19:6043–52. doi: 10.1038/sj.onc.1204004

41. Wang, J, Kataoka, H, Suzuki, M, Sato, N, Nakamura, R, Tao, H, et al. Downregulation of EphA7 by hypermethylation in colorectal cancer. Oncogene. (2005) 24:5637–47. doi: 10.1038/sj.onc.1208720

42. Wang, J, Li, G, Ma, H, Bao, Y, Wang, X, Zhou, H, et al. Differential expression of EphA7 receptor tyrosine kinase in gastric carcinoma. Hum Pathol. (2007) 38:1649–56. doi: 10.1016/j.humpath.2007.01.030

43. Guan, M, Xu, C, Zhang, F, and Ye, C. Aberrant methylation of EphA7 in human prostate cancer and its relation to clinicopathologic features. Int J Cancer. (2009) 124:88–94. doi: 10.1002/ijc.23890

44. Chen, J, Guo, L, Peiffer, DA, Zhou, L, Chan, OTM, Bibikova, M, et al. Genomic profiling of 766 cancer-related genes in archived esophageal normal and carcinoma tissues. Int J Cancer. (2008) 122:2249–54. doi: 10.1002/ijc.23397

45. Brown, J. Genomic imbalances in esophageal carcinoma cell lines involve Wnt pathway genes. World J Gastroenterol. (2011) 17:2909. doi: 10.3748/wjg.v17.i24.2909

46. Phan, NN, Liu, S, Wang, C-Y, Hsu, H-P, Lai, M-D, Li, C-Y, et al. Overexpressed gene signature of EPH receptor A/B family in cancer patients-comprehensive analyses from the public high-throughput database. Int J Clin Exp Pathol. (2020) 13:1220–42.

47. Noren, NK, Foos, G, Hauser, CA, and Pasquale, EB. The EphB4 receptor suppresses breast cancer cell tumorigenicity through an Abl–Crk pathway. Nat Cell Biol. (2006) 8:815–25. doi: 10.1038/ncb1438

48. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492

49. Rawla, P, and Barsouk, A. Epidemiology of gastric cancer: global trends, risk factors and prevention. Gastroenterol Rev. (2019) 14:26–38. doi: 10.5114/pg.2018.80001

50. 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) 23:700–13. doi: 10.1158/1055-9965.EPI-13-1057

51. Leite, M, Marques, MS, Melo, J, Pinto, MT, Cavadas, B, Aroso, M, et al. Helicobacter pylori targets the EPHA2 receptor tyrosine kinase in gastric cells modulating key cellular functions. Cells. (2020) 9:513. doi: 10.3390/cells9020513

52. Pasquale, EB. Eph receptors and ephrins in cancer: bidirectional signalling and beyond. Nat Rev Cancer. (2010) 10:165–80. doi: 10.1038/nrc2806

53. Orditura, M. Treatment of gastric cancer. World J Gastroenterol. (2014) 20:1635. doi: 10.3748/wjg.v20.i7.1635

54. Kiyokawa, E, Takai, S, Tanaka, M, Iwase, T, Suzuki, M, Xiang, YY, et al. Overexpression of ERK, an EPH family receptor protein tyrosine kinase, in various human tumors. Cancer Res. (1994) 54:3645–50.

55. Zhu, H, Yang, M, Zhang, H, Chen, X, Yang, X, Zhang, C, et al. Genome-wide association pathway analysis to identify candidate single nucleotide polymorphisms and molecular pathways for gastric adenocarcinoma. Tumor Biol. (2015) 36:5635–9. doi: 10.1007/s13277-015-3236-2

56. Yuan, W, Chen, Z, Wu, S, Ge, J, Chang, S, Wang, X, et al. Expression of ephA2 and E-cadherin in gastric cancer: correlated with tumor progression and lymphogenous metastasis. Pathol Oncol Res. (2009) 15:473–8. doi: 10.1007/s12253-008-9132-y

57. Wang, J, Dong, Y, Wang, X, Ma, H, Sheng, Z, Li, G, et al. Expression of EphA1 in gastric carcinomas is associated with metastasis and survival. Oncol Rep. (2010) 24:1577–84. doi: 10.3892/or_00001020

58. Zhuo, W, Liu, Y, Li, S, Guo, D, Sun, Q, Jin, J, et al. Long noncoding RNA GMAN, up-regulated in gastric cancer tissues, is associated with metastasis in patients and promotes translation of ephrin A1 by competitively binding GMAN-AS. Gastroenterology. (2019) 156:676–691.e11. doi: 10.1053/j.gastro.2018.10.054

59. Koh, HM, Jang, BG, Lee, DH, Hyun, CL, and Kim, DC. The association between ephrin receptor-A1 expression and survival in patients with cancer: a meta-analysis. Transl Cancer Res. (2022) 11:1587–94. doi: 10.21037/tcr-21-1367

60. Nakamura, R, Kataoka, H, Sato, N, Kanamori, M, Ihara, M, Igarashi, H, et al. EPHA2/EFNA1 expression in human gastric cancer. Cancer Sci. (2005) 96:42–7. doi: 10.1111/j.1349-7006.2005.00007.x

61. Huang, C, Yuan, W, Lai, C, Zhong, S, Yang, C, Wang, R, et al. EphA2-to-YAP pathway drives gastric cancer growth and therapy resistance. Int J Cancer. (2020) 146:1937–49. doi: 10.1002/ijc.32609

62. Kikuchi, S, Kaibe, N, Morimoto, K, Fukui, H, Niwa, H, Maeyama, Y, et al. Overexpression of Ephrin A2 receptors in cancer stromal cells is a prognostic factor for the relapse of gastric cancer. Gastric Cancer. (2015) 18:485–94. doi: 10.1007/s10120-014-0390-y

63. Huang, J, Xiao, D, Li, G, Ma, J, Chen, P, Yuan, W, et al. EphA2 promotes epithelial–mesenchymal transition through the Wnt/β-catenin pathway in gastric cancer cells. Oncogene. (2014) 33:2737–47. doi: 10.1038/onc.2013.238

64. Yuan, W-J, Ge, J, Chen, Z-K, Wu, S-B, Shen, H, Yang, P, et al. Over-expression of ephA2 and ephrinA-1 in human gastric adenocarcinoma and its prognostic value for postoperative patients. Dig Dis Sci. (2009) 54:2410–7. doi: 10.1007/s10620-008-0649-4

65. Yuan, W, Chen, Z, Chen, Z, Wu, S, Guo, J, Ge, J, et al. Silencing of EphA2 inhibits invasion of human gastric cancer SGC-7901 cells in vitro and in vivo. Neoplasma. (2012) 59:105–13. doi: 10.4149/neo_2012_014

66. Huang, J, He, Y, Mcleod, HL, Xie, Y, Xiao, D, Hu, H, et al. miR-302b inhibits tumorigenesis by targeting EphA2 via Wnt/β-catenin/EMT signaling cascade in gastric cancer. BMC Cancer. (2017) 17:886. doi: 10.1186/s12885-017-3875-3

67. Peng, Q, Chen, L, Wu, W, Wang, J, Zheng, X, Chen, Z, et al. EPH receptor A2 governs a feedback loop that activates Wnt/β-catenin signaling in gastric cancer. Cell Death Dis. (2018) 9:1146. doi: 10.1038/s41419-018-1164-y

68. Chen, Z, Liu, Z, Zhang, M, Huang, W, Li, Z, Wang, S, et al. EPHA2 blockade reverses acquired resistance to afatinib induced by EPHA2-mediated MAPK pathway activation in gastric cancer cells and avatar mice. Int J Cancer. (2019) 145:2440–9. doi: 10.1002/ijc.32313

69. Lv, X, Wang, J, Huang, F, Wang, P, Zhou, J, Wei, B, et al. EphA3 contributes to tumor growth and angiogenesis in human gastric cancer cells. Oncol Rep. (2018) 40:2408–16. doi: 10.3892/or.2018.6586

70. Xi, H-Q, Wu, X-S, Wei, B, and Chen, L. Aberrant expression of EphA3 in gastric carcinoma: correlation with tumor angiogenesis and survival. J Gastroenterol. (2012) 47:785–94. doi: 10.1007/s00535-012-0549-4

71. Oki, M, Yamamoto, H, Taniguchi, H, Adachi, Y, Imai, K, and Shinomura, Y. Overexpression of the receptor tyrosine kinase EphA4 in human gastric cancers. World J Gastroenterol. (2008) 14:5650. doi: 10.3748/wjg.14.5650

72. Zhang, W, Wei, X, Guo, S, Wang, J, Liu, J, and Wang, H. Differential expression of EphA5 protein in gastric carcinoma and its clinical significance. Oncol Lett. (2019) 17:5147–53. doi: 10.3892/ol.2019.10167

73. Wang, Y, Zhou, N, Li, P, Wu, H, Wang, Q, Gao, X, et al. EphA8 acts as an oncogene and contributes to poor prognosis in gastric cancer via regulation of ADAM10. J Cell Physiol. (2019) 234:20408–19. doi: 10.1002/jcp.28642

74. Ogawa, K, Takemoto, N, Ishii, M, Pasquale, EB, and Nakajima, T. Complementary expression and repulsive signaling suggest that EphB receptors and ephrin-B ligands control cell positioning in the gastric epithelium. Histochem Cell Biol. (2011) 136:617–36. doi: 10.1007/s00418-011-0867-2

75. Uchiyama, S. Aberrant EphB/ephrin-B expression in experimental gastric lesions and tumor cells. World J Gastroenterol. (2015) 21:453. doi: 10.3748/wjg.v21.i2.453

76. Han, DC, Shen, T-L, Miao, H, Wang, B, and Guan, J-L. EphB1 associates with grb7 and regulates cell migration. J Biol Chem. (2002) 277:45655–61. doi: 10.1074/jbc.M203165200

77. Wang, J, Dong, Y, Sheng, Z, Ma, H, Li, G, Wang, X, et al. Loss of expression of ephB1 protein in gastric carcinoma associated with invasion and metastasis. Oncology. (2007) 73:238–45. doi: 10.1159/000127421

78. Tanaka, M, Kamata, R, Yanagihara, K, and Sakai, R. Suppression of gastric cancer dissemination by ephrin-B1-derived peptide. Cancer Sci. (2010) 101:87–93. doi: 10.1111/j.1349-7006.2009.01352.x

79. Tanaka, M, Kamata, R, Takigahira, M, Yanagihara, K, and Sakai, R. Phosphorylation of ephrin-B1 regulates dissemination of gastric scirrhous carcinoma. Am J Pathol. (2007) 171:68–78. doi: 10.2353/ajpath.2007.070033

80. Sugimura, H. EPH-EPHRIN in human gastrointestinal cancers. World J Gastrointest Oncol. (2010) 2:421. doi: 10.4251/wjgo.v2.i12.421

81. Yin, J, Li, Z, Ye, L, Birkin, E, Li, L, Xu, R, et al. EphB2 represents an independent prognostic marker in patients with gastric cancer and promotes tumour cell aggressiveness. J Cancer. (2020) 11:2778–87. doi: 10.7150/jca.38098

82. Lugli, A, Spichtin, H, Maurer, R, Mirlacher, M, Kiefer, J, Huusko, P, et al. EphB2 expression across 138 human tumor types in a tissue microarray: high levels of expression in gastrointestinal cancers. Clin Cancer Res. (2005) 11:6450–8. doi: 10.1158/1078-0432.CCR-04-2458

83. Yu, G, Gao, Y, Ni, C, Chen, Y, Pan, J, Wang, X, et al. Reduced expression of EphB2 is significantly associated with nodal metastasis in Chinese patients with gastric cancer. J Cancer Res Clin Oncol. (2011) 137:73–80. doi: 10.1007/s00432-010-0861-4

84. Yue, W, Liu, Y, Li, M, Liu, C, Mou, S, Li, Q, et al. High serum Ephrin-B2 levels predict poor prognosis for patients with gastric cancer. Oncol Lett. (2018) 16:4455–61. doi: 10.3892/ol.2018.9202

85. Kim, H, Myung, JK, Paik, SS, Kim, H, Park, H, Kim, YJ, et al. EPHB2 expression is associated with intestinal phenotype of gastric cancer and indicates better prognosis by suppressing gastric cancer migration. Am J Cancer Res. (2022) 12:1295–308.

86. Zhao, K, He, J, Wang, Y, Jin, S, Fan, Y, Fang, N, et al. EZH2-mediated epigenetic suppression of EphB3 inhibits gastric cancer proliferation and metastasis by affecting E-cadherin and vimentin expression. Gene. (2019) 686:118–24. doi: 10.1016/j.gene.2018.11.015

87. Lee, S, Na, YJ, Jeong, YA, Kim, JL, Oh, SC, and Lee, D-H. Upregulation of EphB3 in gastric cancer with acquired resistance to a FGFR inhibitor. Int J Biochem Cell Biol. (2018) 102:128–37. doi: 10.1016/j.biocel.2018.07.008

88. Liu, J, Xu, B, Xu, G, Zhang, X, Yang, X, and Wang, J. Reduced EphB6 protein in gastric carcinoma and associated lymph nodes suggests EphB6 as a gastric tumor and metastasis inhibitor. Cancer Biomarkers. (2017) 19:241–8. doi: 10.3233/CBM-160256

89. Blaker, PA, and Irving, P. Physiology and function of the small intestine. In: Advanced Nutrition and Dietetics in Gastroenterology. River Street, Hoboken, NJ, United States: Wiley (2014). p. 21–7. doi: 10.1002/9781118872796.ch1.4

90. Barsouk, A, Rawla, P, Barsouk, A, and Thandra, KC. Epidemiology of cancers of the small intestine: trends, risk factors, and prevention. Med Sci. (2019) 7:46. doi: 10.3390/medsci7030046

91. Pillai, R, and Jayasree, K. Rare cancers: Challenges & issues. Indian J Med Res. (2017) 145:17. doi: 10.4103/ijmr.IJMR_915_14

92. Islam, S, Loizides, AM, Fialkovich, JJ, Grand, RJ, and Montgomery, RK. Developmental expression of eph and ephrin family genes in mammalian small intestine. Dig Dis Sci. (2010) 55:2478–88. doi: 10.1007/s10620-009-1102-z

93. Ishii, M, Nakajima, T, and Ogawa, K. Complementary expression of EphB receptors and ephrin-B ligand in the pyloric and duodenal epithelium of adult mice. Histochem Cell Biol. (2011) 136:345–56. doi: 10.1007/s00418-011-0849-4

94. Hafner, C, Schmitz, G, Meyer, S, Bataille, F, Hau, P, Langmann, T, et al. Differential gene expression of eph receptors and ephrins in benign human tissues and cancers. Clin Chem. (2004) 50:490–9. doi: 10.1373/clinchem.2003.026849

95. Hafner, C. Ephrin-B2 is differentially expressed in the intestinal epithelium in Crohn’s disease and contributes to accelerated epithelial wound healing in vitro. World J Gastroenterol. (2005) 11:4024. doi: 10.3748/wjg.v11.i26.4024

96. Zhu, Y, Hryniuk, A, Foley, T, Hess, B, and Lohnes, D. Cdx2 regulates intestinal ephrinB1 through the notch pathway. Genes (Basel). (2021) 12:188. doi: 10.3390/genes12020188

97. Batlle, E, Henderson, JT, Beghtel, H, van den Born, MMW, Sancho, E, Huls, G, et al. [amp]]beta;-catenin and TCF mediate cell positioning in the intestinal epithelium by controlling the expression of ephB/ephrinB. Cell. (2002) 111:251–63. doi: 10.1016/S0092-8674(02)01015-2

98. Holmberg, J, Genander, M, Halford, MM, Annerén, C, Sondell, M, Chumley, MJ, et al. EphB receptors coordinate migration and proliferation in the intestinal stem cell niche. Cell. (2006) 125:1151–63. doi: 10.1016/j.cell.2006.04.030

99. Takahashi, T, and Shiraishi, A. Stem cell signaling pathways in the small intestine. Int J Mol Sci. (2020) 21:2032. doi: 10.3390/ijms21062032

100. Sato, T, and Clevers, H. Growing self-organizing mini-guts from a single intestinal stem cell: mechanism and applications. Sci (1979). (2013) 340:1190–4. doi: 10.1126/science.1234852

101. Bogan, C, Chen, J, O’Sullivan, MG, and Cormier, RT. Loss of EphA2 receptor tyrosine kinase reduces Apc min/+ tumorigenesis. Int J Cancer. (2009) 124:1366–71. doi: 10.1002/ijc.24083

102. Shi, L, Itoh, F, Itoh, S, Takahashi, S, Yamamoto, M, and Kato, M. Ephrin-A1 promotes the Malignant progression of intestinal tumors in Apcmin/+ mice. Oncogene. (2008) 27:3265–73. doi: 10.1038/sj.onc.1210992

103. Arnold, M, Abnet, CC, Neale, RE, Vignat, J, Giovannucci, EL, McGlynn, KA, et al. Global burden of 5 major types of gastrointestinal cancer. Gastroenterology. (2020) 159:335–349.e15. doi: 10.1053/j.gastro.2020.02.068

104. Hytiroglou, P, Bioulac-Sage, P, Theise, ND, and Sempoux, C. Etiology, pathogenesis, diagnosis, and practical implications of hepatocellular neoplasms. Cancers (Basel). (2022) 14:3670. doi: 10.3390/cancers14153670

105. Liu, Z, Jiang, Y, Yuan, H, Fang, Q, Cai, N, Suo, C, et al. The trends in incidence of primary liver cancer caused by specific etiologies: Results from the Global Burden of Disease Study 2016 and implications for liver cancer prevention. J Hepatol. (2019) 70:674–83. doi: 10.1016/j.jhep.2018.12.001

106. Vogel, A, Meyer, T, Sapisochin, G, Salem, R, and Saborowski, A. Hepatocellular carcinoma. Lancet. (2022) 400:1345–62. doi: 10.1016/S0140-6736(22)01200-4

107. Papadakos, SP, Stergiou, IE, Gkolemi, N, Arvanitakis, K, and Theocharis, S. Unraveling the significance of EPH/ephrin signaling in liver cancer: insights into tumor progression and therapeutic implications. Cancers (Basel). (2023) 15:3434. doi: 10.3390/cancers15133434

108. Rizvi, S, and Gores, GJ. Pathogenesis, diagnosis, and management of cholangiocarcinoma. Gastroenterology. (2013) 145:1215–29. doi: 10.1053/j.gastro.2013.10.013

109. Lamarca, A, Edeline, J, and Goyal, L. How I treat biliary tract cancer. ESMO Open. (2022) 7:100378. doi: 10.1016/j.esmoop.2021.100378

110. Chen, G, Wang, Y, Zhou, M, Shi, H, Yu, Z, Zhu, Y, et al. EphA1 receptor silencing by small interfering RNA has antiangiogenic and antitumor efficacy in hepatocellular carcinoma. Oncol Rep. (2010) 23:563–70.

111. Wada, H, Yamamoto, H, Kim, C, Uemura, M, Akita, H, Tomimaru, Y, et al. Association between ephrin-A1 mRNA expression and poor prognosis after hepatectomy to treat hepatocellular carcinoma. Int J Oncol. (2014) 45:1051–8. doi: 10.3892/ijo.2014.2519

112. Iida, H. Ephrin-A1 expression contributes to the Malignant characteristics of -fetoprotein producing hepatocellular carcinoma. Gut. (2005) 54:843–51. doi: 10.1136/gut.2004.049486

113. Wang, H, Hou, W, Perera, A, Bettler, C, Beach, JR, Ding, X, et al. Targeting EphA2 suppresses hepatocellular carcinoma initiation and progression by dual inhibition of JAK1/STAT3 and AKT signaling. Cell Rep. (2021) 34:108765. doi: 10.1016/j.celrep.2021.108765

114. Wang, H, and Qiu, W. EPHA2, a promising therapeutic target for hepatocellular carcinoma. Mol Cell Oncol. (2021) 8:1910009. doi: 10.1080/23723556.2021.1910009

115. Cui, X-D, Lee, M-J, Kim, J-H, Hao, P-P, Liu, L, Yu, G-R, et al. Activation of mammalian target of rapamycin complex 1 (mTORC1) and Raf/Pyk2 by growth factor-mediated Eph receptor 2 (EphA2) is required for cholangiocarcinoma growth and metastasis. Hepatology. (2013) 57:2248–60. doi: 10.1002/hep.26253

116. Feng, Y-X, Zhao, J-S, Li, J-J, Wang, T, Cheng, S-Q, Yuan, Y, et al. Liver cancer: EphrinA2 promotes tumorigenicity through Rac1/Akt/NF-κB signaling pathway. Hepatology. (2010) 51:535–44. doi: 10.1002/hep.23313

117. Suksawat, M, Techasen, A, Namwat, N, Yongvanit, P, Khuntikeo, N, Titapun, A, et al. Upregulation of endothelial nitric oxide synthase (eNOS) and its upstream regulators in Opisthorchis viverrini associated cholangiocarcinoma and its clinical significance. Parasitol Int. (2017) 66:486–93. doi: 10.1016/j.parint.2016.04.008

118. Yu, H, and Shi, G. Cisplatin chemotherapy-induced miRNA-210 signaling inhibits hepatocellular carcinoma cell growth. Transl Cancer Res. (2019) 8:626–34. doi: 10.21037/tcr.2019.03.26

119. Zheng, S-S, Chen, X-H, Yin, X, and Zhang, B-H. Prognostic significance of HIF-1α Expression in hepatocellular carcinoma: A meta-analysis. PloS One. (2013) 8:e65753. doi: 10.1371/journal.pone.0065753

120. Lin, J, Zeng, C, Zhang, J, Song, Z, Qi, N, Liu, X, et al. EFNA4 promotes cell proliferation and tumor metastasis in hepatocellular carcinoma through a PIK3R2/GSK3β/β-catenin positive feedback loop. Mol Ther Nucleic Acids. (2021) 25:328–41. doi: 10.1016/j.omtn.2021.06.002

121. Yuan, Y, Zhou, C, Chen, X, Tao, C, Cheng, H, and Lu, X. Suppression of tumor cell proliferation and migration by human umbilical cord mesenchymal stem cells: A possible role for apoptosis and Wnt signaling. Oncol Lett. (2018) 15:8536–44. doi: 10.3892/ol.2018.8368

122. Wang, X, Zhang, M, Ping, F, Liu, H, Sun, J, Wang, Y, et al. Identification and therapeutic intervention of coactivated anaplastic lymphoma kinase, fibroblast growth factor receptor 2, and ephrin type-A receptor 5 kinases in hepatocellular carcinoma. Hepatology. (2019) 69:573–86. doi: 10.1002/hep.29792

123. Wang, T-H, Yeh, C-T, Ho, J-Y, Ng, K-F, and Chen, T-C. OncomiR miR-96 and miR-182 promote cell proliferation and invasion through targeting ephrinA5 in hepatocellular carcinoma. Mol Carcinog. (2016) 55:366–75. doi: 10.1002/mc.22286

124. Huang, S, Dong, C, Zhang, J, Fu, S, Lv, Y, and Wu, J. A comprehensive prognostic and immunological analysis of ephrin family genes in hepatocellular carcinoma. Front Mol Biosci. (2022) 9:943384. doi: 10.3389/fmolb.2022.943384

125. Sawai, Y, Tamura, S, Fukui, K, Ito, N, Imanaka, K, Saeki, A, et al. Expression of ephrin-B1 in hepatocellular carcinoma: possible involvement in neovascularization. J Hepatol. (2003) 39:991–6. doi: 10.1016/S0168-8278(03)00498-7

126. Jamshidi-Parsian, A, Griffin, RJ, Kore, RA, Todorova, VK, and Makhoul, I. Tumor-endothelial cell interaction in an experimental model of human hepatocellular carcinoma. Exp Cell Res. (2018) 372:16–24. doi: 10.1016/j.yexcr.2018.09.001

127. Dai, B, Shi, X, Ma, N, Ma, W, Zhang, Y, Yang, T, et al. HMQ -T-B10 induces human liver cell apoptosis by competitively targeting EphrinB2 and regulating its pathway. J Cell Mol Med. (2018) 22:5231–43. doi: 10.1111/jcmm.13729

128. Khansaard, W, Techasen, A, Namwat, N, Yongvanit, P, Khuntikeo, N, Puapairoj, A, et al. Increased EphB2 expression predicts cholangiocarcinoma metastasis. Tumor Biol. (2014) 35:10031–41. doi: 10.1007/s13277-014-2295-0

129. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer statistics, 2021. CA Cancer J Clin. (2021) 71:7–33. doi: 10.3322/caac.21654

130. Luo, W, Wang, J, Chen, H, Ye, L, Qiu, J, Liu, Y, et al. Epidemiology of pancreatic cancer: New version, new vision. Chin J Cancer Res. (2023) 35:438–50. doi: 10.21147/j.issn.1000-9604.2023.05.03

131. Paternoster, S, and Falasca, M. The intricate relationship between diabetes, obesity and pancreatic cancer. Biochim Biophys Acta (BBA) - Rev Cancer. (2020) 1873:188326. doi: 10.1016/j.bbcan.2019.188326

132. Mostafa, ME, Erbarut-Seven, I, Pehlivanoglu, B, and Adsay, V. Pathologic classification of “pancreatic cancers”: current concepts and challenges. Chin Clin Oncol. (2017) 6:59–9. doi: 10.21037/cco.2017.12.01

133. Bartolomé, A, Suda, N, Yu, J, Zhu, C, Son, J, Ding, H, et al. Notch-mediated Ephrin signaling disrupts islet architecture and β cell function. JCI Insight. (2022) 7. doi: 10.1172/jci.insight.157694

134. Pan, FC, and Wright, C. Pancreas organogenesis: From bud to plexus to gland. Dev Dynamics. (2011) 240:530–65. doi: 10.1002/dvdy.22584

135. Xiao, T, Xiao, Y, Wang, W, Tang, YY, Xiao, Z, and Su, M. Targeting ephA2 in cancer. J Hematol Oncol. (2020) 13:114. doi: 10.1186/s13045-020-00944-9

136. Van den Broeck, A, Vankelecom, H, Van Eijsden, R, Govaere, O, and Topal, B. Molecular markers associated with outcome and metastasis in human pancreatic cancer. J Exp Clin Cancer Res. (2012) 31:68. doi: 10.1186/1756-9966-31-68

137. Koshikawa, N, Minegishi, T, Kiyokawa, H, and Seiki, M. Specific detection of soluble EphA2 fragments in blood as a new biomarker for pancreatic cancer. Cell Death Dis. (2017) 8:e3134–4. doi: 10.1038/cddis.2017.545

138. Zou, J, Zhang, K, Zhu, J, Tu, C, and Guo, J. Identification of therapeutic targets and prognostic biomarkers of the ephrin receptor subfamily in pancreatic adenocarcinoma. J Int Med Res. (2024) 52. doi: 10.1177/03000605231218559

139. Liu, C, Huang, H, Wang, C, Kong, Y, and Zhang, H. Involvement of ephrin receptor A4 in pancreatic cancer cell motility and invasion. Oncol Lett. (2014) 7:2165–9. doi: 10.3892/ol.2014.2011

140. Takano, H, Nakamura, T, Tsuchikawa, T, Kushibiki, T, Hontani, K, Inoko, K, et al. Inhibition of Eph receptor A4 by 2,5-dimethylpyrrolyl benzoic acid suppresses human pancreatic cancer growing orthotopically in nude mice. Oncotarget. (2015) 6:41063–76. doi: 10.18632/oncotarget.5729

141. Shin, W, Park, MK, Lee, YH, Kim, KW, Lee, H, and Lee, S. The catalytically defective receptor protein tyrosine kinase EphA10 promotes tumorigenesis in pancreatic cancer cells. Cancer Sci. (2020) 111:3292–302. doi: 10.1111/cas.14568

142. Renuse, S, Madamsetty, VS, Mun, D-G, Madugundu, AK, Singh, S, Udainiya, S, et al. Tyrosine phosphoproteomics of patient-derived xenografts reveals ephrin type-B receptor 4 tyrosine kinase as a therapeutic target in pancreatic cancer. Cancers (Basel). (2021) 13:3404. doi: 10.3390/cancers13143404

143. Zhu, F, Dai, S-N, Xu, D-L, Hou, C-Q, Liu, T-T, Chen, Q-Y, et al. EFNB2 facilitates cell proliferation, migration, and invasion in pancreatic ductal adenocarcinoma via the p53/p21 pathway and EMT. Biomed Pharmacother. (2020) 125:109972. doi: 10.1016/j.biopha.2020.109972

144. Lu, Z, Zhang, Y, Li, Z, Yu, S, Zhao, G, Li, M, et al. Overexpression of the B-type Eph and ephrin genes correlates with progression and pain in human pancreatic cancer. Oncol Lett. (2012) 3:1207–12. doi: 10.3892/ol.2012.650

145. Lennon, S, Oweida, A, Milner, D, Phan, AV, Bhatia, S, Van Court, B, et al. Pancreatic tumor microenvironment modulation by ephB4-ephrinB2 inhibition and radiation combination. Clin Cancer Res. (2019) 25:3352–65. doi: 10.1158/1078-0432.CCR-18-2811

146. Lau, A, Le, N, Nguyen, C, and Kandpal, RP. Signals transduced by Eph receptors and ephrin ligands converge on MAP kinase and AKT pathways in human cancers. Cell Signal. (2023) 104:110579. doi: 10.1016/j.cellsig.2022.110579

147. Konstantinova, I, Nikolova, G, Ohara-Imaizumi, M, Meda, P, Kučera, T, Zarbalis, K, et al. EphA-ephrin-A-mediated β Cell communication regulates insulin secretion from pancreatic islets. Cell. (2007) 129:359–70. doi: 10.1016/j.cell.2007.02.044

148. Jain, R, Jain, D, Liu, Q, Bartosinska, B, Wang, J, Schumann, D, et al. Pharmacological inhibition of Eph receptors enhances glucose-stimulated insulin secretion from mouse and human pancreatic islets. Diabetologia. (2013) 56:1350–5. doi: 10.1007/s00125-013-2877-1




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Lavareze, Kimura, Scarini, de Lima-Souza, Gonçalves, Sales de Sá, Aquino, Fernandes, Ribeiro, Altemani, Mariano, Fillmore and Egal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2024.1520306_cover.jpg
& frontiers | Frontiers in Oncology

Advances and current concepts on Eph
receptors and ephrins in upper digestive
tract cancers





OEBPS/Images/fonc-14-1520306-g001.jpg
* Reverse signaling

PDZ - binding motif

EphrinA EphrinB

__— Eph receptors—____
— Ligand - binding domain
—— Cysteine - rich region

Fibronectin type Il repeats

=
= )
—— Tyrosine kinase \
t 1 { t Sterile alpha motif domalnQ
T PDZ - binding motif

AKT/mTOR MAPK/ERK  pMK2 pathway
pathway pathway
RhoA-GTPase PI3K/AKT
pathway pathway
Wnt/B-catenin
pathway
VEGF

pathway * Foward signaling





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Advances and current concepts on Eph receptors and ephrins in upper digestive tract cancers

      

        		

          1 Introduction

        



        		

          2 Overview

        

          		

            2.1 The role of EPH receptors and ephrin in cancer

          



        



        



        		

          3 Eph receptors and ephrin in upper digestive system cancers

        

          		

            3.1 Esophageal tumors

          

            		

              3.1.1 Ephrin-A and EphA

            



            		

              3.1.2 Ephrin-B and EphB

            



          



          



          		

            3.2 Gastric tumors

          

            		

              3.2.1 Ephrin-A and EphA

            



            		

              3.2.2 Ephrin-B and EphB

            



          



          



          		

            3.3 Small intestine

          



          		

            3.4 GI glandular organs

          

            		

              3.4.1 Liver tumors

            

              		

                3.4.1.1 Ephrin-A and EphA

              



              		

                3.4.1.2 Ephrin-B and EphB

              



            



            



            		

              3.4.2 Pancreatic tumors

            

              		

                3.4.2.1 Ephrin-A and EphA

              



              		

                3.4.2.2 Ephrin-B and EphB

              



            



            



          



          



        



        



        		

          4 Conclusion and future directions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-14-1520306-g003.jpg
Eph receptors and ephrin in upper digestive system cancers

e S 7
| _ .’ f
| [

Esophagus Stomach Small intestine Liver Pancreas
and duodenum

Diagnosis EphB4 Not reported Not reported EphrinA1 EphA2

EphA2, EphB4 | EphB6, EphrinB2 | Notreported | EPMAS, EPNMiNAT, & gnppy pohring2

Treatment ‘EphrinA3, EphrinA4,:
: EphrinB2 :

T PI‘OQI‘IOSiS Not reported Not reported EphA2 Not reported Not reported
\  EphA2, EphA4, :  EphA1EphA2, |

+  EphA3, EphA5, ! D EphrinA1, . EphA2, EphA4,

: EphA2, EphAS, i EphA7, EphA8 ! ) i EphrinA2, i EphA5, EphA7,

| Prognosis EphA7, EphrinAT, | gphrinal, Ephe1, i EPMMAT 1 EphrinA3, i EphA10, EphB2,

EphB4 . EphB2, EphB3, ! ! EphrinA5, EphB2, | EphrinB2
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Zhang et al. (33) 555 Ephas .IHC; in - EphA5 knockdown trigged EM-T by activating Wnt/B-catenin signaling
vitro assay in ESCC.
In Expression levels of EphA3 were decreased in ESCC. Overexpression in
he . (34 2018 EphA3 E!
Chenetal (34) P vitro assay see ESCC cells led to EMT and inhibited cell migration and invasion.
EphA' ion is involved in the differentiati Iymph
Bai et al. (19) 5515 EphA7 HE ESCC phA7 expression is involved in the differentiation and lymph node
metastases of ESCC.
Syed et al. (35) 2015 EphA2 ) In ESCC Knockdown of EphAZ.m ESCC c.ell hrfe TE8 r?sul!e}i in a significant
vitro assay decrease in cell proliferation and invasion.
Miyazaki et al. (36) 2005 EphA2 IHC ESCC Overexpression of EphA2 was correlated with disease advanced stage.
Xuetal. (37) 2005 EphA2/EphrinA-1 mc; In ESCC Both EphA2 and ep!unnAl w.ere related to poor ov.erall survival. EphA2
vitro assay was considered an independent prognostic marker.

EphA2 overexpression was correlated with poor tumor differentiation
Miyazaki et al. (18) | 2003 EphA2 HC ESCC and regional node metastasis. Additionally, EphA2 positive patients
presented lower survival rates.

7 EFNB2 ligand IHG; in The results revealed positive correlations between EFNB2 expression and
Tachib: t al. (38 2007 ESCC
achibnatetal(38) and EphB4 vitro assay the number of lymph node metastases and stage of the disease.
THG; In vitro EphB4 expression was higher in ESCC and AEC in adjacent normal
Hasina et al. (39) 2013 EphB4 assay; In ESCC/EAC tissue. EphB4 contributes to tumor biology, being involved with increased
vivo models proliferation, motility, and migration of cancer cells.

EAC, esophageal adenocarcinoma; EMT, epithelial-mesenchymal transition; ESCC, esophageal squamous cell carcinoma; IHC, Immunohistochemistry.





