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Abstract

:

Oesophageal cancer (OC) is the sixth leading cause of cancer-related death worldwide. OC is highly aggressive, primarily due to its late stage of diagnosis and poor prognosis for patients’ survival. Therefore, the establishment of new biomarkers that will be measured with non-invasive techniques at low cost is a critical issue in improving the diagnosis of OC. In this review, we summarize several original studies concerning the potential significance of selected chemokines and their receptors, including inflammatory proteins such as interleukin-6 (IL-6) and C-reactive protein (CRP), hematopoietic growth factors (HGFs), claudins (CLDNs), matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs), adamalysines (ADAMs), as well as DNA- and RNA-based biomarkers, in OC. The presented results indicate the significant correlation between the CXCL12, CXCR4, CXCL8/CXCR2, M-CSF, MMP-2, MMP-9 ADAM17, ADAMTS-6, and CLDN7 levels and tumor stage, as well as the clinicopathological parameters of OC, such as the presence of lymph node and/or distant metastases. CXCL12, CXCL8/CXCR2, IL-6, TIMP-2, ADAM9, and ADAMTS-6 were prognostic factors for the overall survival of OC patients. Furthermore, IL-6, CXCR4, CXCL8, and MMP-9 indicate higher diagnostic utility based on the area under the ROC curve (AUC) than well-established OC tumor markers, whereas CLDN18.2 can be used in novel targeted therapies for OC patients.
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1. Introduction


Oesophageal cancer (OC) ranks as the ninth most prevalent cancer worldwide [1]. This malignancy is characterized by its aggressive nature, often evading detection until its advanced stages. OC leads to the death of over 50,000 people annually [2]. Therefore, it is also the sixth leading cause of cancer globally. Oesophageal squamous cell carcinoma (OSCC) and oesophageal adenocarcinoma (OAC) are the primary histological subtypes of this neoplasm. The incidence of OSCC (80%) predominates over OAC [3]. However, over the past decade, a rapid increase in the incidence of OAC has been observed, particularly in the western countries, thus, the number of new cases of OAC has increased up to 700% [4].



Oesophageal cancer risk factors are multifaceted, encompassing a complex interplay of genetic, environmental, and lifestyle elements. In general, these factors can be divided into categories such as modifiable and non-modifiable. In the first group, we can include tobacco, alcohol, and opium use, obesity, and gastro-oesophageal reflux disease (GERD). Chronic acid reflux, which causes inflammation, can lead to a condition called Barrett’s esophagus, which is a precursor to OC [5,6]. Furthermore, specific uncommon clinical syndromes, like tylosis palmaris et plantaris and Plummer–Vinson syndrome, are thought to elevate the risk of developing OSCC by causing oesophageal dysplasia and chronic inflammation [7]. The next group consists of non-modifiable risk factors comprising sex, age, and inherited genetic predisposition [6].



Considering the epidemiology of OC, the highest incidence rate occurs in Asia (the Asian oesophageal cancer belt) and in Africa (the African oesophageal cancer corridor), while the lowest rates of OC cases were noted for Central America and Western Africa [6]. Based on the 2020 Global Cancer Observatory, 69% of new OC cases were reported in males [1]. In middle-aged and elderly populations, the prevalence of this malignancy is greater and increases with age [8].



Although OC is often symptomless in its early stages, dysphagia, either alone or accompanied by unintentional weight loss, occurs as the most common presenting symptom [9]. Others include odynophagia, upper GI bleeding, hoarseness, and respiratory symptoms [10]. Understanding the differences between the types of OC allows us to more effectively customize prevention and early detection strategies. The diagnosis of OC is an extensive process comprising many steps. In clinical practice, imaging methods play an important role, such as computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET), and endoscopic ultrasound scanning (EUS). Although clinical and demographic factors may raise suspicion about OC and its subtype, confirmation of the diagnosis typically requires an upper gastrointestinal endoscopy with biopsy [2,11,12]. Therefore, immunohistochemistry (IHC) is still used in confirmation of this malignant disease. Additionally, recent genetic studies of OC tumors identified distinctive mutational signatures and molecular patterns for each of the OSCC and OAC subtypes that may have potential therapeutic relevance [13,14]. Furthermore, based on the Cancer Genome Atlas, some authors have reported an integrated genomic landscape in OAC and OSCC, which can be utilized to identify potential therapeutic targets for OC subtypes [15]. In addition, the study of Valiullina et al. has indicated that chimeric antigen receptor (CAR-T) therapy can potentially be applied for the treatment of solid tumors, such as adenocarcinoma, and might estimate the risks of developing cytokine release syndrome [16]. Laboratory tests are also useful in the diagnosis of patients with this malignancy. The measurement of classical tumor markers, including squamous cell antigen (SCC-Ag) and carcinoembryonic antigen (CEA), is useful in the monitoring and follow-up of patients with this malignancy [17]. Although researchers have assessed various biochemical biomarkers for OC in the past decade, none have proven effective for early diagnosis due to their limited sensitivity and specificity at the early stages of the disease. Therefore, accessing the concentrations of these biomarkers is not valuable for the screening procedure. To enhance the treatment outcomes and reduce mortality rates among those with this malignancy, it is crucial to assess highly sensitive diagnostic tools, such as circulating blood markers or molecular biomarkers.



Numerous clinical and epidemiological studies have established a strong correlation between chronic inflammation and OC development [18]. In the tumor microenvironment (TME), a network of specific inflammatory agents engages a complex signaling process, potentially facilitating the movement of malignant cells through the stroma and contributing to the advancement of tumor progression [19,20]. Acute inflammation triggered by tumor-infiltrating leukocytes (TILs) may promote antitumor immunity, whereas prolonged chronic inflammation stimulates the synthesis of proinflammatory mediators and contributes to tumor initiation, promotion, and progression [21,22,23,24].



In this review, we summarize several original research papers that highlight the clinical significance of selected inflammatory mediators as potential biomarkers of OC in comparison to well-established classical tumor markers for OC. Little is known about the blood concentrations presented in the review of proteins that could be used as indicators of the prognosis and survival of OC patients. Therefore, additionally to the expression levels, we present the results of our previous studies, where we assessed the diagnostic and prognostic usefulness of serum chemokines and their receptors, including specific proteins such as interleukin-6 (IL-6) and C-reactive protein (CRP), hematopoietic growth factors (HGFs), claudins (CLDNs), matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs), and adamalysines (ADAMs), in OC (Table 1, Figure 1).




2. Specific Proteins as Potential Biomarkers of Oesophageal Cancer


2.1. Chemokines and Their Specific Receptors


Chemokines and their receptors have a crucial role in the initiation and growth of tumors. These proteins, which typically range in molecular mass from 8 to 10 kDa, are categorized into four structural groups, known as CXC, CX3C, CC, and C, based on the arrangement of the conserved cysteine residues crucial for their three-dimensional structure [46]. They can be classified into two functional categories: homeostatic and inflammatory chemokines [47,48]. CXC chemokines are particularly important in angiogenesis [49]. The impact of certain chemokines on tumorigenesis can vary, as some promote tumors while others act as tumor suppressors, depending on the specific cell type or receptor involved [50]. These molecules’ functions extend beyond the initially assigned roles of chemokines in attracting leukocytes to inflamed tissues. The functions of these molecules extend beyond the initially assigned roles of chemokines in attracting leukocytes to inflamed tissues. They encompass physiological processes like guiding sentinel cell populations to non-inflamed tissues, as well as influencing cellular activation, growth, adhesion, and phagocytosis [51]. Chemokines and cytokines cause changes in TME, surrounding tissues, and lymphoid organs, which promote tumor growth and prevent antitumor immune responses by activating immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs), T regulatory cells (Tregs), tumor-associated macrophages (TAMs), and tumor-associated neutrophils (TANs). The recruitment of these cells is facilitated by chemokines and cytokines, leading to the creation of an immunosuppressive TME that inhibits CD4+/CD8+ T lymphocytes and natural killer (NK) cells from carrying out effective antitumor immune responses [25]. Some clinical investigations have demonstrated the potential role of CXC chemokines in the pathogenesis of various malignancies, including OC [26,52,53,54].



CXC chemokine ligand 12 (CXCL12), also known as stromal cell-derived factor-1 (SDF-1), pairs up with its C-X-C chemokine receptor type 4 (CXCR4) to relay information on leucocyte growth, adhesion, and migration. There is a growing body of evidence suggesting the presence of CXCL12 and its specific receptor CXCR4 in various tumor cells, indicating their potential involvement in different stages of tumor progression [52].



Based on the immunohistochemistry technique, investigators concluded that CXCL12 and its receptor levels depended on the amount of cancer cells [26]. Some authors have noted the expression of CXCL12 and CXCR4 in OC tissue, establishing significant correlations with invasion, angiogenesis, lymph node engagement, metastasis, and overall prognosis for OC patients [53]. Elevated CXCL12 levels may be related to a tendency of cancer cells to metastasize because it has been shown that an upregulation of CXCL12 and its specific receptor levels is associated with an increase in the advanced stages of OC, which might be a result of cancer’s ability to spread [26,53,54]. Moreover, the correlation between positive CXCL12 expression and nodal involvement, advanced tumor stage, and lymphatic invasion was evident [52]. Simultaneously, CXCR4 expression showed a significant increase in OSCC patients with lymph node metastasis and a T3 tumor stage compared to those without lymph node metastasis and patients with T1–T2 stages [26,27,28,52]. Furthermore, Sasaki et al. employed univariate analysis and found that OC patients with positive CXCL12 expression had significantly lower overall and disease-free survival rates compared to those with negative CXCL12 immunoreactivity. A total of 214 patients were selected based on specific criteria, such as their histopathological diagnosis of OSCC, absence of other tumors in other organs, absence of prior chemotherapy or radiotherapy treatment before surgery, and absence of endoscopic mucosal resection. Additionally, the patients were monitored in the postoperative period, allowing for the collection of data on disease recurrence. The authors concluded that CXCL12 expression serves as a crucial predictor for lymph node metastasis and an adverse prognosis in the survival of OSCC patients [52]. Research conducted by Gockel et al. indicated that no correlation was identified between CXCR4 expression and prognosis for those patients with OSCC and OAC [55]. Nevertheless, Wang et al. unveiled that a heightened CXCR4 expression served as a negative independent prognostic factor for the survival of OSCC patients [27].



In our previous studies, we investigated whether serum CXCL12 and its specific receptor (CXCR4) levels may be used as potential biochemical tumor markers for OC. We assessed the levels of CXCL12 and CXCR4 in the sera of 49 OC patients, considering the clinicopathological characteristics and comparing them with classical tumor markers (SCC-Ag and CEA) and markers of inflammation—CRP. The results indicated elevated CXCL12 and reduced CXCR4 levels in OC patients compared to the healthy controls. Moreover, concentrations of CRP were found to be higher in the OC patients than in the control group. It was reported that the elevated levels of CXCL12 and reduced expression of its specific receptor in OC may be due to an enhanced capacity of CXCR4 receptors to bind a greater amount of CXCL12 in cancer patients. The highest serum concentrations of this chemokine and its receptor were found in advanced stages of OC, similar to the SCC-Ag levels. CXCR4 exhibited the highest diagnostic sensitivity among all proteins tested, reaching 94% in the combined analysis with CXCL12, surpassing the diagnostic sensitivity achieved by combining CEA with SCC-Ag. This trend was similarly observed in the negative predictive value (NPV) for CXCR4 levels, which peaked among all analyzed proteins and rose to 80% when combined with CRP. Moreover, the area under the curve (AUC) for CXCR4 was similar to the AUC for CXCL12 and CEA and higher than that for SCC-Ag in the diagnosis of OC patients [42].



C-C motif chemokine ligand 5 (CCL5), known as RANTES (regulated upon activation, normal T cell expressed and presumably Secreted), is a member of the CC subfamily of chemokines and is expressed in memory T lymphocytes, macrophages, platelets, fibroblasts, dendritic cells, neurons, astrocytes, smooth muscle cells, and capillary endothelial cells. Apart from being a receptor for CCL3, CCR5 also serves as a receptor for other CC chemokines, including CCL4, CCL5, CCL8, and CCL3 like-1 (CCL3L1) [56,57]. This is an inflammatory chemokine that operates by attracting immune cells to sites of inflammation.



OSCC cells originating from metastatic lymph nodes exhibit elevated CCL5 production compared to those from primary lesions. These cells express both CCR3 and CCR5 receptors, whereas normal oesophageal epithelial cells display low levels or lack chemokine and chemokine receptors [58]. Using small interfering RNA (siRNA) to reduce CCL5 expression results in a decrease in cancer cell proliferation, migration, and invasiveness, and an increase in apoptosis. In vitro studies show that Maraviroc, a CCR5 receptor antagonist, inhibits esophageal squamous cell carcinoma cell migration and invasion but has no effect on tumor growth [58]. Dunbar et al. have shown in their study that an elevated expression of CCL5 or CCR5 correlates with a poorer prognosis in low-grade oesophageal carcinomas [59].



C-X-C motif chemokine 8 (CXCL-8), also recognized as interleukin 8 (IL-8), is a member of the CXC chemokine subfamily with a unique arrangement of N-terminal cysteines. CXCL8 attaches to the cell surface of G protein-coupled receptors (CXCR1 and CXCR2) and is capable of activating various intracellular signaling pathways [60]. This chemokine has been confirmed as a neutrophil chemoattractant. However, it might contribute to the advancement of tumors by influencing the control of growth, proliferation, angiogenesis, and the survival of malignant cells, including OC [60,61]. Elevated expression of CXCL8 has been indicated in endothelial cells, infiltrating neutrophils, tumor-associated macrophages, and cancer cells [60].



The study of Ogura et al. assessed the expression of CXCL8 and its receptor (CXCR2) in OSCC tissue, as well as the association between the immunoreactivity of these proteins and the clinicopathological characteristics of cancer [29]. The subjects included 78 OSCC patients. The authors indicated that elevated CXCL8/CXCR2 expression significantly correlated with the higher depth of invasion, the presence of lymph node metastasis, as well as lymphatic and venous invasion [29]. Moreover, the co-expression of CXCL8 and CXCR2 was an independent predictive factor for the recurrence-free survival of OSCC patients, which was assessed using Cox’s hazards model. Consequently, the authors suggested that the overexpression of CXCL8 and CXCR2 could serve as a valuable diagnostic marker for guiding treatment decisions and predicting outcomes in OSCC patients [29]. Nguyen et al. utilized the quantitative reverse transcriptase real-time PCR (qRT-PCR) to examine the expression of inflammation-related genes, including CXCL8, in both OAC and non-tumor tissue from 93 patients. It was uncovered that the expression of the CXCL8 gene significantly escalated in OAC. Additionally, both tumor and non-tumor samples exhibited elevated CXCL8 expression levels, and these were associated with an unfavorable prognosis [62].



The serum concentration of CXCL8 in OC patients has been identified as a potential candidate for a tumor marker in both the diagnosis and progression of this malignancy. Analysis revealed markedly elevated CXCL8 levels in OC patients when compared to healthy individuals [43]. The study included 50 OC subjects and 26 volunteers. It was found that there are significant differences in the levels of CXCL8 and the degree of tumor invasion (T factor) among patients with OC and those with OSCC. Moreover, CXCL8 concentrations demonstrated a direct correlation with both the T factor and CRP levels. The diagnostic sensitivity, NPV, and the AUC of CXCL8 were higher than those of conventional tumor markers. These findings suggest that CXCL8 has the potential to aid in the diagnosis and monitoring of OC progression.




2.2. Interleukin-6 (IL-6) and C-Reactive Protein (CRP)


IL-6 and CRP play pivotal roles as potential biomarkers of OC [63,64]. Their intricate involvement in inflammatory processes and cellular signaling pathways underscores their significance in the pathogenesis of this malignancy.



IL-6, a multifunctional proinflammatory cytokine, becomes activated in diverse cancer types such as breast, ovarian, and prostate cancer, renal cell carcinoma, along with multiple myeloma, leukemias, and lymphomas [63]. IL-6 constitutes a significant factor in a range of physiological processes, encompassing cell proliferation, migration, invasion, apoptosis, angiogenesis, and the growth and differentiation of cancer cells [64]. Through the activation of the JAK/STAT3 and PI3K/AKT signaling pathways, this cytokine can modulate cancer growth and dissemination within the body. Notably, elevated IL-6 levels have been observed in individuals with OC, correlating with disease progression and prognosis [65]. Furthermore, C-reactive protein is produced by hepatocytes in response to cytokines, especially IL-6, released by leukocytes within the tumor microenvironment [66,67]. Additionally, the hypothesis suggests that the presence of tumor cells, inducing tissue stress, can initiate an inflammatory response, serving as the stimulus for CRP synthesis [68]. Some researchers have confirmed that OC cells can produce IL-6, which stimulates CRP production [69]. Therefore, it was suggested that these inflammatory mediators may be potential candidates for biomarkers of OC.



The occurrence of IL-6 immunoreactivity was markedly higher in samples from OC compared to non-cancerous epithelium. This staining was significantly positively associated with the emergence of distant metastasis and lower rates of response to treatment [40]. Based on the findings by Chen et al., in the evaluation of clinical outcomes of 173 patients, a strong correlation was observed between positive IL-6 staining and an inadequate response to treatment, leading to a notably reduced survival [40]. In addition, elevated IL-6 serum levels were observed in OC patients, as indicated by the ELISA analysis [40]. In our previous studies, we analyzed the diagnostic and prognostic value of CRP and IL-6 levels measurement in OC in relation to different histological subtypes (OSCC and OAC) and compared them with classical tumor markers: CEA and SCC-Ag [17,30]. Serum concentrations of IL-6 and CRP in all the subgroups studied (OC, OSCC, and OAC patients) were significantly higher when compared with healthy subjects [17,30]. The study included 53 patients with OC and 90 healthy volunteers. Patients with any other concurrent malignant conditions, active infections, diabetes mellitus, or significant complications such as hepatic, cardiovascular, renal, or pulmonary diseases, as well as those who had received immunotherapy, chemotherapy, or radiation therapy before surgery, were excluded from the study. Moreover, the diagnostic sensitivity of IL-6 and CRP surpassed that of CEA and SCC-Ag to a significant extent in OC, similarly in OSCC and OAC patients. The IL-6 concentration was contingent on distant metastases and the survival of patients with OC, with elevated levels observed in individuals with more advanced tumor stages and nodal metastases, particularly in those diagnosed with OSCC. Moreover, the serum concentrations of CRP were significantly higher in OAC and OSCC patients with the presence of lymph node (N1) and distant metastases (M1) compared with the subjects without nodal involvement (N0) and distant metastases (M0). Additionally, the AUC for CRP was slightly lower than that for CEA but significantly higher than for SCC-Ag in all subgroups. In OSCC and OEC, the AUC for IL-6 exceeded that for both CEA and SCC-Ag. Interleukin-6 and C-reactive protein exhibit better diagnostic utility compared to traditional tumor markers in identifying OC, particularly in patients with OSCC [17,30]. Moreover, Huang et al. indicated a correlation between the elevated serum CRP levels and unfavorable overall survival (OS) in individuals with OC, with a hazard ratio (HR) of 1.40 and a 95% confidence interval (CI) of 1.25–1.57 [41]. These findings indicated that the measurement of serum IL-6 and CRP could potentially function as valuable biomarkers for OC.




2.3. Hematopoietic Growth Factors (HGFs)


HGFs are cytokines that stimulate hematopoietic progenitor cells and may play a role in tumor regulation [70]. Clinical studies suggest abnormal HGF production in various malignancies, serving as growth factors and immune response indicators [71]. Moreover, these cytokines may be autocrine or paracrine growth factors [70]. Also, the receptors for various HGFs, including macrophage colony-stimulating factor (M-CSF), have been identified in non-hematopoietic tumor cell lines [70]. Authors have reported the presence of stem cell factor (SCF) mRNA in human OC cell lines [72].



In our previous studies, we concentrated on assessing the serum levels of various circulating hematopoietic cytokines, such as SCF and M-CSF, in OC patients in relation to the histological types (OSCC and OAC) and comparing these levels with classical tumor markers (CEA, SCC-Ag) and a healthy group [31,32]. In the investigations concerning serum SCF levels’ examination, 56 OC patients and 65 healthy controls were included, while 80 OC patients and 30 healthy subjects were employed in the study concerning the measurement of serum M-CSF concentrations [31,32]. The serum concentrations of M-CSF, CEA, and SCC-Ag were significantly higher in the OSCC and OC patients than in the healthy group [32]. Conversely, the SCF levels were notably reduced in the OC patients compared to the control group, while the CEA levels were higher in the OC patients than in the healthy control [31]. Moreover, the serum SCF concentrations were significantly higher in the OAC patients than in those with OSCC [31]. Additionally, the M-CSF levels in both the OC and OSCC groups tended to increase with the depth of tumor invasion, the presence of lymph nodes, and distance metastases [32]. However, we did not observe a similar correlation with SCF, as the levels of this cytokine decreased with the depth of the tumor [31]. When assessing the diagnostic significance of selected HGFs, the diagnostic sensitivity of SCF and M-CSF was higher than for the well-established tumor marker, CEA [31,32]. The combined analysis of M-CSF with SCC-Ag elevated their diagnostic sensitivity to 87%, surpassing that of the classical tumor markers in both analyzed groups (OC and OSCC) [32]. Our research indicates that M-CSF could serve as a promising tumor marker for OC, particularly in combination with SCC-Ag [31,32]. Rebernick et al. demonstrated with their univariate analysis a negative association between heightened levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) in serum and overall survival (p = 0.040). The multivariate analysis determined that elevated serum GM-CSF was independently associated with lower survival, regardless of the crucial clinical factors (p = 0.001). The presented results indicate a negative correlation between the elevated GM-CSF levels and survival in OC. Importantly, these associations persist, irrespective of the pathological stage, and are consistent across various modalities and histologic subtypes [73]. Moreover, serum SCF concentrations were significantly higher in the OAC patients than in those with OSCC [31]. Additionally, the M-CSF levels in both the OC and OSCC groups tended to increase with the depth of tumor invasion, the presence of lymph nodes, and distant metastases [32]. However, we did not observe a similar correlation with SCF, as the levels of this cytokine decreased with the depth of the tumor [31]. When assessing the diagnostic significance of selected HGFs, the diagnostic sensitivity of SCF and M-CSF was higher than for the well-established tumor marker, CEA [31,32]. The combined analysis of M-CSF with SCC-Ag elevated their diagnostic sensitivity to 87%, surpassing that of the classical tumor markers in both analyzed groups (OC and OSCC) [32]. Our research indicates that M-CSF could serve as a promising tumor marker for OC, particularly in combination with SCC-Ag [31,32]. Rebernick et al. demonstrated in their univariate analysis a negative association between the heightened levels of GM-CSF in serum and overall survival (p = 0.040). The study was conducted on 47 patients with OC. The multivariate analysis determined that elevated serum GM-CSF was independently associated with lower survival, regardless of the crucial clinical factors (p = 0.001). The presented results indicate a negative correlation between the elevated GM-CSF levels and survival in OC. Importantly, these associations persist irrespective of the pathological stage and are consistent across various modalities and histologic subtypes [73].




2.4. Matrix Metalloproteinases (MMPs) and Their Tissue Inhibitors (TIMPs)


MMPs are enzymes capable of breaking down proteins. They earn the title “metalloproteinases” due to their dependence on zinc and calcium for functionality [74]. MMPs are enzymes responsible for the degradation of extracellular matrix (ECM) components, which are essential for tissue remodeling and repair. TIMPs are a group of natural proteins that function as potent inhibitors of MMPs. In this sense, TIMPs act as guardians of the ECM integrity by regulating the activity of MMPs. By inhibiting the activity of MMPs, TIMPs prevent excessive ECM degradation, which could lead to tissue damage and disease progression. Hence, TIMPs are crucial players in maintaining the balance between ECM deposition and degradation in various physiological processes. These inhibitors are classified into four types: TIMP-1, TIMP-2, TIMP-3, and TIMP-4 [39,75]. Some clinical investigations suggested the usefulness of selected MMPs and their tissue inhibitors as potential biomarkers for OC [76]. Within the extensive range of around 30 MMP subtypes, MMP-2 and MMP-9 exhibit the most pronounced correlation with the development of this malignancy [76].



The authors identified the overexpression of MMP-2 and MMP-9 in OSCC using immunohistochemistry [33]. A total of 58 surgical specimens from patients with OSCC were collected. OSCC cells exhibited higher expression levels of MMP-2 (42.1%) and MMP-9 (60.3%) compared to the matched normal oesophageal tissues (22.9% for MMP-2 and 8.9% for MMP-9). Furthermore, MMP-2 expression in OSCC showed significant associations with tumor invasion depth, tumor-node-metastasis stages, and lymph node metastasis. The findings suggest that MMP-2 and MMP-9 may play crucial roles in the development of cancer, with MMP-2 serving as a potential biological marker for invasion and lymph node metastasis in OSCC [33].



Chen et al. conducted a study exploring the expression pattern of membrane-type 2 MMP (MT2-MMP) in OC tissues collected from 103 patients, examining its correlation with clinicopathological characteristics, neoangiogenesis, and postoperative prognoses. Their findings revealed that 85% of the total tumor sections exhibited positive MT2-MMP immunoreactions, while normal oesophageal tissues showed either none or very weak MT2-MMP staining. Furthermore, the intensity of MT2-MMP immunohistochemical staining was notably associated with angiogenesis in the tumor tissue and the size of the tumor [77]. Additionally, Murray et al. and El-Shahat et al. independently investigated the expression of MMP-9 in OC tissues [34,78]. In Murray’s study, 78% of the cases exhibited positive immunostaining, and the sensitivity increased with advancing tumor stages [34]. Meanwhile, El-Shahat reported a diagnostic sensitivity of 100% for MMP-9 immunostaining, particularly in stage IV of OC [78]. The research by Sharma et al. underscored the prognostic significance of TIMP-1 and TIMP-2 immunostaining in OSCC, particularly regarding invasion, tumor progression, and metastasis. In addition, patients with TIMP-2-negative carcinomas experienced significantly shorter disease-free survival compared to those with TIMP-2-positive tumors [35].



Some authors focused on exploring the diagnostic utility of the serum MMP-2 and MMP-9 levels in OC patients in relation to the clinicopathological features of cancer [44,76]. The serum concentrations of MMP-2, TIMP-2, CEA, and SCC were analyzed, demonstrating that OC patients had lower levels of MMP-2 and TIMP-2 than those in the healthy groups. The diagnostic sensitivity of TIMP-2 (57%) surpassed other biomarkers, especially in combination with SCC-Ag (70%). The AUC for TIMP-2 (0.8698) was larger than for CEA (AUC = 0.7958, p < 0.001), MMP-2 (AUC = 0.7405, p < 0.001), and for SCC-Ag (AUC = 0.5695, p = 0.3520) Additionally, the serum levels of MMP-2 and TIMP-2 tended to decrease in more advanced stages of cancer; therefore, the levels of both proteins did not show a significant correlation with the tumor stage. However, MMP-2 indicated a limited value for tumor staging and prognosis in OC, suggesting better usefulness of TIMP-2 as a potential tumor marker, particularly when combined with SCC-Ag [76]. Simultaneously, the serum levels of MMP-9 and SCC-Ag were significantly higher in the OSCC patients compared to the healthy subjects, particularly in advanced cancer cases. In this study, 63 patients diagnosed with OSCC were included alongside 30 healthy individuals. The diagnostic sensitivity of MMP-9 (75%) surpassed SCC-Ag (68%), and combining both markers demonstrated an increase of up to 97%. These results underscore the potential usefulness of MMP-9, especially in combination with SCC-Ag, for diagnosing OSCC [44]. Based on the presented research, selected MMPs and their tissue inhibitors may be valuable biomarkers in the progression and diagnosis of OC.



A Disintegrin and Metalloproteinase (ADAMs) Family


ADAMs constitute a protein gene family characterized by two structural subgroups: the membrane-anchored ADAM and the variant featuring thrombospondin motifs, referred to as ADAMTS. These proteins are responsible for regulating the shedding of membrane-bound proteins, cytokines, growth factors, ligands, and receptors. What is unique about ADAMs is that they have both adhesive and proteolytic activities [79].



ADAM12 is part of the ADAMs family, a group of around 40 transmembrane and secreted metalloendopeptidases. Furthermore, ADAM12 exhibits two alternative splicing variants: a long form that is anchored to the membrane (ADAM12-L) and a short form released into the extracellular space (ADAM12-S) [80,81]. Some authors have revealed an increase in ADAM12-L expression in human OSCC tissues when compared to healthy tissues [82]. These findings have critical implications for OSCC patients, as elevated levels of ADAM12-L have been significantly linked to heightened rates of metastasis and poor prognosis [82].



As a crucial member of the ADAMs family, ADAM17, also known as tumor necrosis factor-α converting enzyme (TACE), plays a pivotal role as the primary secretase in liberating the soluble form of tumor necrosis factor-α from the plasma membrane [83]. The function of the ADAM17 protein involves the hydrolysis and release of precursor cell-surface proteins, thereby activating cell-surface molecules within the cell signaling pathway. This activation contributes to the modification of signal transmission in the tumor microenvironment, which is closely associated with tumorigenesis and tumor progression [84,85].



Liu et al. conducted research using specimens from 80 patients, comparing OSCC tissues and normal esophageal tissue using the immunohistochemical technique. The authors reported that the ADAM17 protein expression rates were found to be significantly higher in OSCC (66.25%) compared to its normal mucosa counterpart (6.25%) (p < 0.01) [86]. Additionally, there was a correlation between ADAM17 protein expression in oesophageal squamous cells and lymph node metastasis as well as the tumor stage (p < 0.05). However, no significant correlation was found between ADAM17 protein expression and gender, age, or histological grade [86].



Due to the function of ADAMs as a stress-triggered transcriptional repressor impacting plasminogen activator inhibitor-1 expression, ADAM9 might contribute to tumor vascularization [36]. Additionally, in OSCC, an increased expression of DNA methyltransferase 1 plays a role in promoting tumor growth by influencing ADAM9-mediated activation of the epidermal growth factor receptor (EGFR)-AKT signaling pathway. Some authors examined ADAM9 proteins by IHC staining in OSCC tissues obtained from 213 patients and demonstrated that the percentage of positive ADAM9 (61%) staining in advanced OSCC was significantly higher than in the early stages [36]. In patients with early-stage OSCC (stage I and II), those exhibiting positive ADAM9 staining experienced a shorter survival time compared to the ADAM9-negative group (p < 0.01) [36].



ADAMTS (a disintegrin-like and metalloprotease domain with thrombospondin), as zinc-dependent metzincins, are significant contributors to the adjustment of the extracellular matrix. Consequently, these proteins can cut through or engage with a diverse array of components in the extracellular matrix and regulatory factors, thereby influencing processes like cell adhesion, migration, proliferation, and angiogenesis [87].



Some authors concentrated on investigating the levels of ADAMTS-6 in patients with OSCC and estimated their prognostic significance [37]. Liu et al. indicated that the heightened ADAMTS-6 expression in tumor tissues correlated with an advanced tumor stage, nodal involvement, and recurrence. ADAMTS-6 expression was detected by IHC in 171 paraffin-embedded OSCC specimens. Kaplan–Meier survival curves demonstrated that increased ADAMTS-6 expression was associated with shorter overall survival (OS) (p = 0.001) and disease-free survival (DFS) (p = 0.002). The multivariate analysis confirmed that a high ADAMTS-6 expression independently predicted OSCC prognosis [37]. ADAMTS-6 expression showed significant correlations with Twist-related protein 1 (Twist-1) expression in both OSCC cancer cells (p = 0.007) and stromal cells (p < 0.001). Patients with OSCC expressing both ADAMTS-6 and Twist-1 exhibited markedly reduced OS and disease-free survival (DFS) rates compared to other patients [37]. Le Bras et al. have identified another enzyme, ADAMTS-1, playing a role in the invasion of oesophageal cells [76]. ADAMTS-1 is responsible for breaking down the proteoglycans aggrecan and versican and has demonstrated potential collagenase activity. Additionally, ADAMTS-1 is involved in activating stromal cells and has been observed to be upregulated by interleukin-1 beta (IL1β) while being downregulated by transforming growth factor β (TGFβ) in decidual stromal cells [88].





2.5. Claudins (CLDNs)


CLDNs are a group of transmembrane proteins that have a wide range of sizes and belong to a family of at least 27 members. Based on their sequence similarity, they are divided into classic claudins (CLDNs1–10, CLDN14, CLDN15, CLDN17, and CLDN19) and non-classic claudins (CLDNs11–13, CLDN16, CLDN18, and CLDNs20–24). A multi-gene family encodes these proteins, and several pairs of highly homologous CLDN genes are located close to each other in the human genome, e.g., CLDN8 and CLDN17 on chromosome 21 and CLDN3 and CLDN4 on chromosome 7 [89,90,91]. Claudins play a crucial role in tight junctions (TJs) by governing the permeability and polarity of the epithelial cells. The primary function of most CLDN family members is cell adhesion, providing a scaffold for cell migration, matrix remodeling, and proliferation [92]. These proteins are located in the apical region of the cell membrane and form a TJ complex that maintains cell polarity and adhesion. These proteins are in the apical region of the cell membrane and form a TJ complex that maintains cell polarity and adhesion. Consequently, CLDNs are essential for the proper functioning of the intercellular barrier maintained by TJs [93].



According to a study by Abu-Farsakh, CLDN2 expression was significantly higher in OAC, OSCC, and glandular lesions than in squamous cell carcinoma. The study did not find any significant relationship between the tissue levels of this protein and the age, gender, grade, stage, or survival time of patients with OAC and OSCC [94]. In the study by Gyõrffy et al., tissue blocks were taken from surgically removed tissues and biopsies, including OSCC (25 cases), BE (25 cases), and OAC (25 cases). They found that CLDN1 expression was higher in OSCC than in squamous epithelium. CLDN3 and CLDN4 were elevated in BE and OAC compared to foveolar epithelium, while CLDN2 was higher in OAC than in BE. The study suggests a link between Barrett’s esophagus and OAC in selected claudin patterns [95]. Usami et al. found that a decreased CLDN7 expression in OSCC was significantly associated with tumor invasion, stage, lymphatic vessel invasion, and lymph node metastasis [38]. In addition, the study by Moentenich et al., conducted on 485 patients with OAC, suggested that CLDN18.2 might be a promising therapeutic target. However, they did not establish a significant association between the CLDN 18.2 expression and clinical pathological features, such as the tumor stage and nodal involvement [45].





3. Molecular Biomarkers of Oesophageal Cancer (OC)


3.1. DNA-Based Biomarkers


It is well established that the DNA methylation status can have significant impacts on an organism’s growth and development, as well as contribute to the development of tumors. In particular, DNA methylation tends to occur on regions in DNA that are rich in cytosine (C) and guanine (G), connected by a phosphate bond (CpG islands) located near the transcriptional regulatory regions. Researchers have shown a clear correlation between DNA methylation in these areas and the development of OC [96,97]. Zhou et al. indicated that the methylation of the CDKN2A promoter is more prevalent in patients with poorly differentiated tumors and advanced clinical stages, as opposed to those with well or moderately differentiated tumors and early-stage disease. CDKN2A promoter methylation in OC did not show any associations with the clinicopathological characteristics [98]. The diagnostic performance measures for OC based on CDKN2A methylation were sensitivity, specificity, and AUC, with values of 0.52 (95% CI, 0.44–0.59), 0.96 (95% CI, 0.93–0.98), and 0.83 (95% CI, 0.79–0.86), respectively [98]. The p16 gene, referred to as the multiple tumor suppressor 1 (MTS1) gene, plays a direct role in overseeing the cell cycle, exerting a negative influence on both cell proliferation and division [99]. Its inactivation triggers the proliferation of malignant cells. The p16 gene plays a significant role in the development of various tumors through gene deletion and mutation. It is crucial in clinical settings to identify changes in the p16 gene, as it helps to assess the patient’s susceptibility to tumors and predict the prognosis of such conditions [100,101,102]. A study by Guo et al. showed that methylation of the CDKN2A/p16INK4a gene was predominantly observed in OSCC, accounting for around 52% of the cases [103]. Li et al. reported that the pathogenesis of OSCC was related to hypermethylation of several tumor-related genes, such as RAR-β, p16, DAPK, and CDH1, through heightened DNMT3b expression [104]. Li et al. reported that the pathogenesis of OSCC involves hypermethylation of multiple tumor-related genes, such as RAR-β, p16, DAPK, RASSF1A, and CDH1, which is mediated by an increase in DNMT3b expression. Serum samples from 45 patients and 15 healthy individuals were analyzed for the methylation status of five genes. It was found that hypermethylation of cell-free serum DNA was prevalent among OSCC patients. Additionally, diagnostic accuracy significantly improved when assessing the methylation of multiple genes (RAR-β, DAPK, CDH1, p16, and RASSF1A) together, with a resulting ROC AUC of 0.911, a sensitivity of 82.2%, and a specificity of 100% [104]. Additionally, methylenetetrahydrofolate reductase (MTHFR) is the rate-limiting enzyme that regulates the metabolism of folate and methionine [105,106]. A study by Song et al. indicated that genetic variations in the MTHFR gene could be a predisposing factor for OSCC in both an experimental group of 240 OC patients and a control group of 360 healthy individuals [105].



Moreover, TP53 mutations primarily occur during the progression of nondysplastic Barrett’s esophagus to high-grade dysplasia (HGD), meaning that TP53 gene mutations are already present in most cases with HGD as well as in patients diagnosed with OC [106]. A study investigating the prognostic significance of TP53 mutations in OAC found that 47% of the analyzed tumors harbored TP53 mutations, primarily G:C to A:T transitions at CpG dinucleotides. These mutations correlated with the increased expression of p53 protein, tumor differentiation, and notably diminished postoperative survival following surgical resection of OAC [107]. Moreover, mutations causing the loss of SMAD4 function are primarily detected in the disease’s advanced stages, indicating that SMAD4 mutations or deletions emerge as significant drivers in the progression of OAC [108]. Hence, alterations in the TP53 and SMAD4 genes are expected to play a critical role in the progression to OAC. Significantly, patients with Smad4-negative tumors had a shorter time to recurrence (TTR) (p = 0.007) and worse overall survival (p = 0.011) [109]. In a separate cohort of five locoregional recurrences and 43 metastatic esophageal adenocarcinomas, Smad4 was evaluated due to its correlation with postoperative locoregional and/or distant metastases. When compared to primary tumors, metastatic disease showed a higher prevalence of Smad4 loss (44% vs. 10%).



EYA4, PAX1, SOX1, ZNF582, and Polι were all identified in association with DNA methylation in OC and might be biomarkers of abnormal DNA methylation in oesophageal carcinoma (Table 2).



It was proved that DNA methylation has great utility for early OSCC diagnosis. Authors using the ctDNA plasma methylation platform revealed the feasibility of OC detection up to four years before the clinical diagnostic [114]. In the investigation based on methylation patterns in cfDNA that included 6689 participants (2482 with cancer and 4207 without cancer), the specificity of cancer detection was nearly 100%, and the sensitivity was 67.3% in 12 types of cancer, including OSCC [115]. The cfDNA template is found in specific body fluids at very low concentrations, which may lead to the low sensitivity of detection. A growing body of evidence suggests that liquid biopsy has recently emerged as a new non-invasive technique of detecting blood circulating biomarkers for OSCC [116], e.g., detection of circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA) [117,118]. Authors have reported that a liquid biopsy is a novel tool for diagnosis, prognostic stratification, and personalized therapy, while liquid biopsy biomarkers for OSCC could be useful in early detection and may provide prognosis information [119].




3.2. RNA-Based Biomarkers


Many research studies have investigated the predictive impact of non-coding RNAs on OC, which are crucial in the development, infiltration, and metastasis of tumor cells [119]. There are two primary types of non-coding RNAs (ncRNAs): structural ncRNAs, which mainly consist of rRNA and tRNA, and regulatory ncRNAs [120,121]. According to a recent comprehensive prospective investigation, identifying tRNA-derived small RNAs (tsRNA) in the salivary exosomes of patients effectively distinguishes those with OC from healthy individuals, achieving a specificity of 94.2% [122]. This discovery serves as a promising novel prognostic indicator for oesophageal cancer. Additionally, microRNA (miRNA) is a group of single-chain non-coding RNAs that have been found to be evolutionarily conserved. They are known to participate in various physiological processes such as cell differentiation, proliferation, metabolism, and apoptosis [123]. A prognostic risk model for oesophageal adenocarcinoma, utilizing miR-4521, miR-3682-3p, and miR-1269a, has established a significant correlation between the miRNA target genes and immune infiltration, tumor microenvironment, cancer stemness properties, and tumor mutational load in oesophageal adenocarcinoma [124]. Apart from miRNAs, long non-coding RNAs (lncRNAs) also have the potential to be used for predicting and treating oesophageal cancer. For instance, Xue et al. conducted a transcriptome analysis and discovered that LINC00680 was highly expressed in oesophageal cancer and had a significant correlation with the tumor volume, stage, and prognosis of the disease [125]. Additional investigations demonstrated that suppressing LINC00680 expression led to a partial reduction in the proliferative properties of OC, both in vitro and in vivo. The primary mechanism of action was found to be that LINC00680 acts as a competing endogenous RNA (ceRNA) that can sponge miR-423-5p, which in turn regulates the expression of p21-activated kinase 6 (PAK6) in oesophageal cancer cells [125]. Other prognostic factors related to OC encompass LncRNA TUG1, LncRNA FAM83A-AS1, miR-2053, miR-493, and LncRNA RPL34-AS1 (Table 3).





4. Conclusions


Presently, the annual toll of cancer-related fatalities escalates steadily. Oesophageal cancer, a prominent digestive system malignancy, poses an ongoing challenge for humanity. The research on the biomarkers in this malignancy holds significant promise for early detection and personalized treatment strategies. Thus, the establishment of new biomarkers that will be measured with non-invasive techniques at a low cost is a critical issue in improving the diagnosis of OC.



In this work, we demonstrated the ability of selected proteins as promising blood biomarkers of OC. Our review shows the potential usefulness of novel biomarkers and compares their significance with well-established tumor markers such as CEA and SCC-Ag. The findings of the presented papers indicate the significant association between the CXCL12, CXCR4, CXCL8/CXCR2, M-CSF, SCF, MMP-2, MMP-9, ADAM17, ADAM9, ADAMTS-6, and CLDN7 levels and tumor stages of OC. The studies revealed that the levels of CXCL12, CXCR4, CXCL8/CXCR2, IL-6, M-CSF, MMP-2, MMP-9 ADAM17, ADAMTS-6, and CLDN7 significantly correlated with the clinicopathological parameters of OC, such as the presence of lymph node and/or distant metastases. Moreover, CXCL12, CXCL8/CXCR2, IL-6, TIMP-2, ADAM9, and ADAMTS-6 were prognostic factors for the overall survival of OC patients. Furthermore, IL-6, CXCR4, CXCL8, and MMP-9 indicate higher diagnostic utility based on the AUC than the well-established tumor markers, such as CEA and SCC-Ag in OC patients. The presented results expand on the recent knowledge of the therapeutic value of CLDN18.2 for OC patients. The current findings add evidence, suggesting that further investigations concerning the assessment of new blood biomarkers are sorely needed to improve the overall survival of patients with this deadly malignancy. However, the lack of investigations concerning the measurement of blood concentrations of these molecules in large groups of OC patients is the main reason why further studies need to be performed.







Author Contributions


A.R., M.L.-Z. and B.M. put forward the idea of the study; M.L.-Z. coordinated the project’s funding. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Medical University of Bialystok, Poland. The APC was funded by the Medical University of Bialystok, Poland.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The presented project was supported by the Medical University of Bialystok, Poland. B.M. received consultation and/or lecture honoraria from Abbott, Wiener, Roche, Cormay, and Biameditek; M.L.-Z. received consultation and/or lecture honoraria from Roche.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; 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, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Lagergren, J.; Smyth, E.; Cunningham, D.; Lagergren, P. Ooesophageal Cancer. Lancet 2017, 390, 2383–2396. [Google Scholar] [CrossRef] [PubMed]

	



Uhlenhopp, D.J.; Then, E.O.; Sunkara, T.; Gaduputi, V. Epidemiology of Oesophageal Cancer: Update in Global Trends, Etiology and Risk Factors. Clin. J. Gastroenterol. 2020, 13, 1010–1021. [Google Scholar] [CrossRef]

	



Corley, D.A.; Kubo, A.; Levin, T.R.; Block, G.; Habel, L.; Rumore, G.; Quesenberry, C.; Buffler, P. Race, ethnicity, sex and temporal differences in Barrett’s oesophagus diagnosis: A large community-based study, 1994–2006. Gut 2009, 58, 182–188. [Google Scholar] [CrossRef] [PubMed]

	



Rubenstein, J.H.; Inadomi, J.M.; Scheiman, J.; Schoenfeld, P.; Appelman, H.; Zhang, M.; Metko, V.; Kao, J.Y. Association between Helicobacter pylori and Barrett’s esophagus, erosive esophagitis, and gastrooesophageal reflux symptoms. Clin. Gastroenterol. Hepatol. 2014, 12, 239–245. [Google Scholar] [CrossRef] [PubMed]

	



Sheikh, M.; Roshandel, G.; McCormack, V.; Malekzadeh, G. Current Status and Future Prospects for Oesophageal Cancer. Cancers 2023, 15, 765. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, A.; Risk, J.M.; Maruthappu, T.; Kelsell, D.P. Tylosis with oesophageal cancer: Diagnosis, management and molecular mechanisms. Orphanet J. Rare Dis. 2015, 29, 126. [Google Scholar] [CrossRef] [PubMed]

	



GBD 2017 Oesophageal Cancer Collaborators. The global, regional, and national burden of ooesophageal cancer and its attributable risk factors in 195 countries and territories, 1990–2017: A systematic analysis for the global burden of disease study 2017. Lancet Gastroenterol Hepatol. 2020, 5, 582–597. [Google Scholar] [CrossRef]

	



Daly, J.M.; Fry, W.A.; Little, A.G.; Winchester, D.P.; McKee, R.F.; Stewart, A.K.; Fremgen, A.M. Oesophageal cancer: Results of an American College of Surgeons patient care evaluation study. J. Am. Coll. Surg. 2000, 190, 562–572. [Google Scholar] [CrossRef]

	



Enzinger, P.C.; Mayer, R.J. Oesophageal cancer. N. Engl. J. Med. 2003, 349, 2241–2252. [Google Scholar] [CrossRef]

	



Thakkar, S.; Kaul, V. Endoscopic Ultrasound Staging of Oesophageal Cancer. Gastroenterol. Hepatol. 2020, 16, 14–20. [Google Scholar]

	



Tan, C.; Qian, X.; Guan, Z.; Yang, B.; Ge, Y.; Wang, F.; Ca, J. Potential biomarkers for oesophageal cancer. Springerplus 2016, 5, 467. [Google Scholar] [CrossRef] [PubMed]

	



Moody, S.; Senkin, S.; Islam, S.M.A.; Wang, J.; Nasrollahzadeh, D.; Penha, C.C.R.; Fitzgerald, S.; Bergstrom, E.N.; Atkins, J.; He, Y.; et al. Mutational Signatures in Oesophageal Squamous Cell Carcinoma from Eight Countries with Varying Incidence. Nat. Genet. 2021, 53, 1553–1563. [Google Scholar] [CrossRef] [PubMed]

	



Secrier, M.; Li, X.; de Silva, N.; Eldridge, M.D.; Contino, G.; Bornschein, J.; MacRae, S.; Grehan, N.; O’Donovan, M.; Miremadi, A.; et al. Mutational Signatures in Oesophageal Adenocarcinoma Define Etiologically Distinct Subgroups with Therapeutic Relevance. Nat. Genet. 2016, 48, 1131–1141. [Google Scholar] [CrossRef] [PubMed]

	



Harada, K.; Rogers, J.E.; Iwatsuki, M.; Yamashita, K.; Baba, H.; Ajani, J.A. Recent Advances in Treating Oesophageal Cancer. F1000Research 2020, 9, 1189. [Google Scholar] [CrossRef] [PubMed]

	



Valiullina, A.K.; Zmievskaya, E.A.; Ganeeva, I.A.; Zhuravleva, M.N.; Garanina, E.E.; Rizvanov, A.A.; Petukhov, A.V.; Bulatov, E.R. Evaluation of CAR-T Cells’ Cytotoxicity against Modified Solid Tumor Cell Lines. Biomedicines 2023, 11, 626. [Google Scholar] [CrossRef] [PubMed]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Kozłowski, M.; Nikliński, J.; Laudański, J.; Szmitkowski, M. Higher importance of interleukin 6 than classic tumor markers (carcinoembryonic antigen and squamous cell cancer antigen) in the diagnosis of oesophageal cancer patients. Dis. Esophagus 2012, 25, 242–249. [Google Scholar] [CrossRef] [PubMed]

	



Chela, H.K.; Gangu, K.; Ertugrul, H.; Juboori, A.A.; Daglilar, E.; Tahan, V. The 8th Wonder of the Cancer World: Oesophageal Cancer and Inflammation. Diseases 2022, 10, 44. [Google Scholar] [CrossRef]

	



Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899. [Google Scholar] [CrossRef]

	



Vindrieux, D.; Escobar, P.; Lazenn, O.C.G. Emerging roles of chemokines in prostate cancer. Endocr. Relat. Cancer 2009, 16, 663–673. [Google Scholar] [CrossRef]

	



Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444. [Google Scholar] [CrossRef] [PubMed]

	



Coussens, L.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [Google Scholar] [CrossRef] [PubMed]

	



de Visser, K.E.; Eichten, A.; Coussens, L.M. Paradoxical roles of the immune system during cancer development. Nat. Rev. Cancer 2006, 6, 24–37. [Google Scholar] [CrossRef]

	



Fagoonee, S.; Li, H.; Zhang, H.; Altruda, F.; Pellicano, R. Gastric cancer as a stem-cell disease: Data and hypotheses. Panminerva Med. 2014, 56, 289–300. [Google Scholar] [PubMed]

	



Ozga, A.J.; Chow, M.T.; Luster, A.D. Chemokines and the immune response to cancer. Immunity 2021, 54, 859–874. [Google Scholar] [CrossRef] [PubMed]

	



Kaifi, J.T.; Yekebas, E.F.; Schurr, P.; Obonyo, D.; Wachowiak, R.; Busch, P.; Heinecke, A.; Pantel, K.; Izbicki, J.R. Tumor-cell homing to lymph nodes and bone marrow and cxcr4 expression in esophageal cancer. J. Natl. Cancer Inst. 2005, 97, 1840–1847. [Google Scholar] [CrossRef]

	



Wang, D.F.; Lou, N.; Zeng, C.G.; Zhang, X.; Chen, F.J. Expression of cxcl12/cxcr4 and its correlation to prognosis in esophageal squamous cell carcinoma. Chin. J. Cancer 2009, 28, 154–158. [Google Scholar]

	



Lu, C.L.; Ji, Y.; Ge, D.; Guo, J.; Ding, J.Y. The expression of cxcr4 and its relationship with matrix metalloproteinase-9/vascular endothelial growth factor in esophageal squamous cell cancer. Dis. Esophagus 2011, 24, 283–290. [Google Scholar] [CrossRef] [PubMed]

	



Ogura, M.; Takeuchi, H.; Kawakubo, H.; Nishi, T.; Fukuda, K.; Nakamura, R.; Takahashi, T.; Wada, N.; Saikawa, Y.; Omori, T.; et al. Clinical significance of cxcl-8/cxcr-2 network in oesophageal squamous cell carcinoma. Surgery 2013, 154, 512–520. [Google Scholar] [CrossRef]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Kozłowski, M.; Nikliński, J.; Laudański, J.; Siewko, M.; Szmitkowski, M. Comparative Evaluation of Serum C-Reactive Protein (CRP) Levels in the Different Histological Subtypes of Esophageal Cancer (Squamous Cell Carcinoma and Adenocarcinoma of Esophagus). J. Clin. Lab. Anal. 2012, 26, 73–81. [Google Scholar] [CrossRef]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Kozłowski, M.; Szmitkowski, M. Stem cell factor in the serum of patients with oesophageal cancer in relation to its histological types. Arch. Med. Sci. 2017, 13, 1357–1364. [Google Scholar] [CrossRef] [PubMed]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Kozłowski, M.; Nikliński, J.; Laudański, J.; Szmitkowski, M. Clinical significance of serum macrophage-colony stimulating factor (M-CSF) in oesophageal cancer patients and its comparison with classical tumor markers. Clin. Chem. Lab. Med. 2010, 48, 1467–1473. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Ma, L.; Guo, L.; Duan, F.; Tang, F.; Zheng, P.; Zhao, Z.; Lu, G. Overexpression of MMP-2 and MMP-9 in oesophageal squamous cell carcinoma. Dis. Esophagus 2009, 22, 664–667. [Google Scholar] [CrossRef]

	



Murray, G.I.; Duncan, M.E.; O’Neil, P.; McKay, J.A.; Melvin, W.T.; Fothergill, J.E. Matrix metalloproteinase-1 is associated with poor prognosis in ooesophageal cancer. J. Pathol. 1998, 185, 256–261. [Google Scholar] [CrossRef]

	



Sharma, R.; Chattopadhyay, T.K.; Mathur, M.; Ralhan, R. Prognostic significance of stromelysin-3 and tissue inhibitor of matrix metal-loproteinase-2 in oesophageal cancer. Oncology 2004, 67, 300–309. [Google Scholar] [CrossRef]

	



Lin, Y.S.; Kuo, T.T.; Lo, C.C.; Cheng, W.C.; Chang, W.C.; Tseng, G.C. ADAM9 functions as a transcriptional regulator to drive angiogenesis in oesophageal squamous cell carcinoma. Int. J. Biol. Sci. 2021, 17, 3898–3910. [Google Scholar] [CrossRef]

	



Liu, L.; Yang, Z.; Ni, W.; Xuan, Y. ADAMTS-6 is a predictor of poor prognosis in patients with oesophageal squamous cell carcinoma. Exp. Mol. Pathol. 2018, 104, 134–139. [Google Scholar] [CrossRef]

	



Usami, Y.; Chiba, H.; Nakayama, F.; Ueda, J.; Matsuda, Y.; Sawada, N.; Komori, T.; Ito, A.; Yokozaki, H. Reduced expression of claudin-7 correlates with invasion and metastasis in squamous cell carcinoma of the esophagus. Hum. Pathol. 2006, 37, 569–577. [Google Scholar] [CrossRef]

	



Gomez, D.E.; Alonso, D.F.; Yoshiji, H.; Thorgeirsson, U.P. Tissue inhibitors of metalloproteinases: Structure, regulation and biological functions. Eur. J. Cell Biol. 1997, 74, 111–122. [Google Scholar]

	



Chen, M.F.; Chen, P.T.; Lu, M.S.; Lin, P.Y.; Chen, W.C.; Lee, K.D. IL-6 expression predicts treatment response and outcome in squamous cell carcinoma of the esophagus. Mol. Cancer 2013, 12, 26. [Google Scholar] [CrossRef]

	



Huang, Y.; Feng, J.F.; Liu, J.S.; Chen, Q.X. Prognostic role of serum C-reactive protein in oesophageal cancer: A systematic review and meta-analysis. Ther. Clin. Risk Manag. 2015, 11, 89–94. [Google Scholar] [CrossRef] [PubMed]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Kozłowski, M.; Szmitkowski, M. The Serum Concentrations of Chemokine CXCL12 and Its Specific Receptor CXCR4 in Patients with Oesophageal Cancer. Dis. Markers 2016, 2016, 7963895. [Google Scholar] [CrossRef] [PubMed]

	



Łukaszewicz-Zając, M.; Pączek, S.; Muszyński, P.; Kozłowski, M.; Mroczko, B. Comparison between clinical significance of serum CXCL8 and classical tumor markers in oesophageal cancer (OC) patients. Clin. Exp. Med. 2019, 19, 191–199. [Google Scholar] [CrossRef] [PubMed]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Kozłowski, M.; Nikliński, J.; Laudański, J.; Szmitkowski, M. Elevated levels of serum metalloproteinase 9 in patients with oesophageal squamous cell carcinoma. Pol. Arch. Med. Wewn. 2009, 119, 558–563. [Google Scholar] [PubMed]

	



Moentenich, V.; Gebauer, F.; Comut, E.; Tuchscherer, A.; Bruns, C.; Schroeder, W.; Buettner, R.; Alakus, H.; Loeser, H.; Zander, T.; et al. Claudin 18.2 expression in oesophageal adenocarcinoma and its potential impact on future treatment strategies. Oncol. Lett. 2020, 19, 3665–3670. [Google Scholar] [PubMed]

	



Miller, M.C.; Mayo, K.H. Chemokines from a structural perspective. Int. J. Mol. Sci. 2017, 18, 2088. [Google Scholar] [CrossRef] [PubMed]

	



Zlotnik, A.; Burkhardt, A.M.; Homey, B. Homeostatic chemokine receptors and organ-specific metastasis. Nat. Rev. Immunol. 2011, 11, 597–606. [Google Scholar] [CrossRef]

	



Zlotnik, A.; Yoshie, O. The chemokine superfamily revisited. Immunity 2012, 36, 705–716. [Google Scholar] [CrossRef]

	



Mehrad, B.; Keane, M.P.; Strieter, R.M. Chemokines as mediators of angiogenesis. Thromb. Haemost. 2007, 97, 755–762. [Google Scholar] [CrossRef]

	



Goto, M.; Liu, M. Chemokines and their receptors as biomarkers in oesophageal cancer. Esophagus 2020, 17, 113–121. [Google Scholar] [CrossRef]

	



Niess, J.H.; Brand, S.; Gu, X.; Landsman, L.; Jung, S.; McCormick, B.A.; Vyas, J.M.; Boes, M.; Ploegh, H.L.; Fox, G.J.; et al. CX3CR1-mediated dendritic cell access to the intestinal lumen and bacterial clearance. Science 2005, 307, 254–258. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, K.; Natsugoe, S.; Ishigami, S.; Matsumoto, M.; Okumura, H.; Setoyama, T.; Uchikado, Y.; Kita, Y.; Tamotsu, K.; Hanazono, K.; et al. Expression of CXCL12 and its receptor CXCR4 in oesophageal squamous cell carcinoma. Oncol. Rep. 2009, 21, 65–71. [Google Scholar] [PubMed]

	



Łukaszewicz-Zając, M.; Mroczko, B.; Szmitkowski, M. Chemokines and their receptors in oesophageal cancer-the systematic review and future perspectives. Tumor Biol. 2015, 36, 5707–5714. [Google Scholar] [CrossRef] [PubMed]

	



Krzystek-Korpacka, M.; Matusiewicz, M.; Diakowska, D.; Grabowski, K.; Blachut, K.; Konieczny, D.; Kustrzeba-Wojcicka, I.; Terlecki, G.; Banas, T. Elevation of circulating interleukin-8 is related to lymph node and distant metastases in esophageal squamous cell carcinomas—Implication for clinical evaluation of cancer patient. Cytokine 2008, 41, 232–239. [Google Scholar] [CrossRef]

	



Gockel, I.; Schimanski, C.C.; Heinrich, C.; Wehler, T.; Frerichs, K.; Drescher, D.; von Langsdorff, C.; Domeyer, M.; Biesterfeld, S.; Galle, P.R.; et al. Expression of chemokine receptor cxcr4 in esophageal squamous cell and adenocarcinoma. BMC Cancer 2006, 6, 290. [Google Scholar] [CrossRef] [PubMed]

	



Signoret, N.; Hewlett, L.; Wavre, S.; Pelchen-Matthews, A.; Oppermann, M.; Marsh, M. Agonist-induced endocytosis of CC chemokine receptor 5 is clathrin dependent. Mol. Biol. Cell. 2005, 16, 902–917. [Google Scholar] [CrossRef] [PubMed]

	



Menten, P.; Wuyts, A.; Van Damme, J. Macrophage inflammatory protein-1. Cytokine Growth Factor Rev. 2002, 13, 455–481. [Google Scholar] [CrossRef]

	



Wu, Y.C.; Shen, Y.C.; Chang, J.W.C.; Hsieh, J.J.; Chu, Y.; Wang, C.H. Autocrine CCL5 promotes tumor progression in esophageal squamous cell carcinoma in vitro. Cytokine 2018, 110, 94–103. [Google Scholar] [CrossRef]

	



Dunbar, K.J.; Karakasheva, T.A.; Tang, Q.; Efe, G.; Lin, E.W.; Harris, M.; Sahu, V.; Sachdeva, U.M.; Hu, J.; Klein-Szanto, A.J.; et al. Tumor-Derived CCL5 Recruits Cancer-Associated Fibroblasts and Promotes Tumor Cell Proliferation in Esophageal Squamous Cell Carcinoma. Mol. Cancer Res. 2023, 21, 741–752. [Google Scholar] [CrossRef]

	



Waugh, D.J.; Wilson, C. The interleukin-8 pathway in cancer. Clin. Cancer Res. 2008, 14, 6735–6741. [Google Scholar] [CrossRef]

	



Shrivastava, M.S.; Hussain, Z.; Giricz, O.; Shenoy, N.; Polineni, R.; Maitra, A.; Verma, A. Targeting chemokine pathways in oesophageal adenocarcinoma. Cell Cycle 2014, 13, 3320–3327. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, G.H.; Schetter, A.J.; Chou, D.B.; Bowman, E.D.; Zhao, R.; Hawkes, J.E.; Mathe, E.A.; Kumamoto, K.; Zhao, Y.; Budhu, A.; et al. Inflammatory and microRNA gene expression as prognostic classifiers of Barrett’s associated oesophageal adenocarcinoma. Clin. Cancer Res. 2010, 16, 5824–5834. [Google Scholar] [CrossRef]

	



Chen, C.C.; Chen, W.C.; Lu, C.H.; Wang, W.H.; Lin, P.Y.; Lee, K.D.; Chen, M.F. Significance of interleukin-6 signaling in the resistance of pharyngeal cancer to irradiation and the epidermal growth factor receptor inhibitor. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, 1214–1224. [Google Scholar] [CrossRef] [PubMed]

	



Santer, F.R.; Malinowska, K.; Culig, Z.; Cavarretta, I.T. Interleukin-6 trans-signalling differentially regulates proliferation, migration, adhesion and maspin expression in human prostate cancer cells. Endocr. Relat. Cancer 2010, 17, 241–253. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Xu, F.; Lu, T.; Duan, Z.; Zhang, Z. Interleukin-6 signaling pathway in targeted therapy for cancer. Cancer Treat. Rev. 2012, 38, 904–910. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.Y.; Hsieh, M.J.; Chiu, Y.C.; Li, S.H.; Huang, H.W.; Fang, F.M.; Huang, Y.J. Higher serum C-reactive protein concentration and hypoalbuminemia are poor prognostic indicators in patients with oesophageal cancer undergoing radiotherapy. Radiother. Oncol. 2009, 92, 270–275. [Google Scholar] [CrossRef] [PubMed]

	



Oka, M.; Iizuka, N.; Yamamoto, K.; Gondo, T.; Abe, T.; Hazama, S.; Akitomi, Y.; Koishihara, Y.; Ohsugi, Y.; Ooba, Y.; et al. The influence of interleukin-6 on the growth of human oesophageal cancer cell lines. J. Interferon Cytokine Res. 1996, 16, 1001–1006. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.S.; Sun, C.F. C-reactive protein and malignancy: Clinico-pathological association and therapeutic implication. Chang Gung Med. J. 2009, 32, 471–482. [Google Scholar] [PubMed]

	



Oka, M.; Yamamoto, K.; Takahashi, M.; Hakozaki, M.; Abe, T.; Iizuka, N.; Hazama, S.; Hirazawa, K.; Hayashi, H.; Tangoku, A.; et al. Relationship between serum levels of interleukin 6, various disease parameters and malnutrition in patients with oesophageal squamous cell carcinoma. Cancer Res. 1996, 56, 2776–2780. [Google Scholar]

	



McDermott, R.S.; Deneux, L.; Mosseri, V.; Védrenne, J.; Clough, K.; Fourquet, A.; Rodriguez, J.; Cosset, J.-M.; Sastre, X.; Beuzeboc, P.; et al. Circulating macrophage colony stimulating factor as a marker of tumour progression. Eur. Cytokine Netw. 2002, 13, 121–127. [Google Scholar]

	



Dunlop, R.J.; Campbell, C.W. Cytokines and advanced cancer. J. Pain Symptom Manag. 2000, 20, 214–232. [Google Scholar] [CrossRef] [PubMed]

	



Oka, M.; Hirose, K.; Iizuka, N.; Aoyagi, K.; Yamamoto, K.; Abe, T.; Hazama, S.; Suzuki, T. Cytokine mRNA expression patterns in human esophageal cancer cell lines. J. Interferon Cytokine Res. 1995, 15, 1005–1009. [Google Scholar] [CrossRef] [PubMed]

	



Rebernick, R.J.; Bell, H.N.; Bauer, T.M.; McEwen, D.; Werkman, D.F.; Chang, A.C.; Lin, J.; Reddy, R.M.; Kresty, L.; Lagisetty, K. Role of IL4 and GMCSF in Predicting Survival in Oesophageal Cancer. J. Am. Coll. Surg. 2023, 236, 107–115. [Google Scholar] [CrossRef] [PubMed]

	



Singh, D.; Srivastava, S.K.; Chaudhuri, T.K.; Upadhyay, G. Multifaceted role of matrix metalloproteinases (MMPs). Front. Mol. Biosci. 2015, 2, 19. [Google Scholar] [CrossRef] [PubMed]

	



Shim, K.N.; Jung, S.A.; Joo, Y.H.; Yoo, K. Clinical significance of tissue levels of matrix metalloproteinases and tissue inhibitors of metalloproteinases in gastric cancer. J. Gastroenterol. 2007, 42, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Groblewska, M.; Siewko, M.; Mroczko, B.; Szmitkowski, M. The role of matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) in the development of oesophageal cancer. Folia Histochem. Cytobiol. 2012, 50, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Di, D.; Luo, G.; Zheng, L.; Tan, Y.; Zhang, X.; Xu, N. Immunochemical Staining of MT2-MMP Correlates Positively to Angiogenesis of Human Esophageal Cancer. Anticancer Res. 2010, 30, 4363–4368. [Google Scholar] [PubMed]

	



El-Shahat, M.; Lotfy, M.; Fahmy, L.; Abouel-Nour, M.F.; El-Kenawy Ael, M. Prognostic value of microvessel density, matrix metalloproteinase-9 and p53 protein expression in oesophageal cancer. J. Egypt Natl. Cancer Inst. 2004, 16, 224–230. [Google Scholar]

	



van Goor, H.; Melenhorst, W.B.; Turner, A.J.; Holgate, S.T. Adamalysins in biology and disease. J. Pathol. 2009, 219, 277–286. [Google Scholar] [CrossRef]

	



Gilpin, B.J.; Loechel, F.; Mattei, M.G.; Engvall, E.; Albrechtsen, R.; Wewer, U.M. A novel, secreted form of human ADAM 12 (meltrin alpha) provokes myogenesis in vivo. J. Biol. Chem. 1998, 273, 157–166. [Google Scholar] [CrossRef]

	



White, J.M. ADAMs: Modulators of cell-cell and cell-matrix interactions. Curr. Opin. Cell Biol. 2003, 15, 598–606. [Google Scholar] [CrossRef] [PubMed]

	



Luo, L.M.; Zhou, Z.; Sun, S.; Yu, L.; Sun, L.; Liu, J.; Yang, Z.; Ran, Y.; Yao, Y.; Hu, H. An ADAM12 and FAK positive feedback loop amplifies the interaction signal of tumor cells with extracellular matrix to promote oesophageal cancer metastasis. Cancer Lett. 2018, 422, 118–128. [Google Scholar] [CrossRef]

	



Benarroch, E.E. ADAM proteins, their ligands, and clinical implications. Neurology 2012, 78, 914–920. [Google Scholar] [CrossRef]

	



Le Gall, S.M.; Bobe, P.; Reiss, K. ADAMs 10 and 17 represent differentially regulated components of a general shedding machinery for membrane proteins such as transforming growth factor alpha, L-selectin, and tumor necrosis factor alpha. Mol. Biol. Cell. 2009, 20, 1785–1794. [Google Scholar] [CrossRef]

	



Saftig, P.; Reiss, K. The “A Disintegrin and Metalloproteases” ADAM10 and ADAM17: Novel drug targets with therapeutic potential? Eur. J. Cell Biol. 2011, 90, 527–535. [Google Scholar] [CrossRef]

	



Liu, H.B.; Yang, Q.C.; Shen, Y.; Zhu, Y.; Zhang, X.J.; Chen, H. A disintegrin and metalloproteinase 17 mRNA and protein expression in oesophageal squamous cell carcinoma, as well as its clinicopathological factors and prognosis. Mol. Med. Rep. 2015, 11, 961–967. [Google Scholar] [CrossRef] [PubMed]

	



Cal, S.; López-Otín, C. ADAMTS proteases and cancer. Matrix Biol. 2015, 44, 77–85. [Google Scholar] [CrossRef] [PubMed]

	



Le Bras, G.F.; Taylor, C.; Koumangoye, R.B.; Revetta, F.; Loomans, H.A.; Andl, C.D. TGFβ loss activates ADAMTS-1-mediated EGF-dependent invasion in a model of oesophageal cell invasion. Exp. Cell Res. 2015, 330, 29–42. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, M.J. Emerging Roles of Claudins in Human Cancer. Int. J. Mol. Sci. 2013, 14, 18148–18180. [Google Scholar] [CrossRef]

	



Hennessy, B.T.; Gonzalez-Angulo, A.M.; Stemke-Hale, K.; Gilcrease, M.Z.; Krishnamurthy, S.; Lee, J.S. Characterization of a naturally occurring breast cancer subset enriched in epithelial-to-mesenchymal transition and stem cell characteristics. Cancer Res. 2009, 69, 4116–41124. [Google Scholar] [CrossRef]

	



Turksen, K. Claudins and cancer stem cells. Stem Cell Rev. 2011, 7, 797–798. [Google Scholar] [CrossRef] [PubMed]

	



Shang, X.; Lin, X.; Manorek, G.; Howell, S.B. Claudin-3 and claudin-4 regulate sensitivity to cisplatin by controlling expression of the copper and cisplatin influx transporter CTR1. Mol. Pharmacol. 2013, 83, 85–94. [Google Scholar] [CrossRef]

	



Turksen, K.; Troy, T.C. Barriers built on claudins. J. Cell Sci. 2004, 117, 2435–2447. [Google Scholar] [CrossRef] [PubMed]

	



Abu-Farsakh, S.; Wu, T.; Lalonde, A.; Sun, J.; Zhou, Z. High expression of Claudin-2 in oesophageal carcinoma and precancerous lesions is significantly associated with the bile salt receptors VDR and TGR5. BMC Gastroenterol. 2017, 17, 33. [Google Scholar] [CrossRef] [PubMed]

	



Gyõrffy, H.; Holczbauer, A.; Nagy, P.; Szabó, Z.; Kupcsulik, P.; Páska, C.; Papp, J.; Schaff, Z.; Kiss, A. Claudin expression in Barrett’s esophagus and adenocarcinoma. Virchows Arch. 2005, 447, 961–968. [Google Scholar] [CrossRef]

	



Xi, Y.; Lin, Y.; Guo, W.; Wang, X.; Zhao, H.; Miao, C.; Liu, W.; Liu, Y.; Liu, T.; Luo, Y.; et al. Multi-omic characterization of genome-wide abnormal DNA methylation reveals diagnostic and prognostic markers for oesophageal squamous-cell carcinoma. Signal Transduct. Target. Ther. 2022, 7, 53. [Google Scholar] [CrossRef]

	



Müller, D.; Győrffy, B. DNA Methylation-Based Diagnostic, Prognostic, and Predictive Biomarkers in Colorectal Cancer. Biochim. Biophys. Acta Rev. Cancer 2022, 1877, 188722. [Google Scholar]

	



Zhou, C.; Li, J.; Li, Q. CDKN2A methylation in esophageal cancer: A meta-analysis. Oncotarget 2017, 8, 50071–50083. [Google Scholar] [CrossRef]

	



Kamb, A.; Shattuck-Eidens, D.; Eeles, R.; Liu, Q.; Gruis, N.A.; Ding, W.; Hussey, C.; Tran, T.; Miki, Y.; Weaver-Feldhaus, J.; et al. Analysis of the p16 gene (CDKN2) as a candidate for the chromosome 9p melanoma susceptibility locus. Nat. Genet. 1994, 8, 23–26. [Google Scholar] [CrossRef]

	



Foulkes, W.D.; Flanders, T.Y.; Pollock, P.M.; Hayward, N.K. The CDKN2A (p16) gene and human cancer. Mol. Med. 1997, 3, 5–20. [Google Scholar] [CrossRef]

	



Zhao, R.; Choi, B.Y.; Lee, M.H.; Bode, A.M.; Dong, Z. Implications of genetic and epigenetic alterations of CDKN2A (p16(INK4a)) in cancer. EBioMedicine 2016, 8, 30–39. [Google Scholar] [CrossRef]

	



Hibi, K.; Taguchi, M.; Nakayama, H.; Takase, T.; Kasai, Y.; Ito, K.; Akiyama, S.; Nakao, A. Molecular detection of p16 promoter methylation in the serum of patients with oesophageal squamous cell carcinoma. Clin. Cancer Res. 2001, 7, 3135–3138. [Google Scholar] [PubMed]

	



Guo, M.; Ren, J.; House, M.G.; Qi, Y.; Brock, M.V.; Herman, J.G. Accumulation of promoter methylation suggests epigenetic progression in squamous cell carcinoma of the esophagus. Clin. Cancer Res. 2006, 12, 4515–4522. [Google Scholar] [CrossRef]

	



Li, B.; Wang, B.; Niu, L.J.; Jiang, L.; Qiu, C.C. Hypermethylation of multiple tumor-related genes associated with DNMT3b up-regulation served as a biomarker for early diagnosis of oesophageal squamous cell carcinoma. Epigenetics 2011, 6, 307–316. [Google Scholar] [CrossRef] [PubMed]

	



Song, C.; Xing, D.; Tan, W.; Wei, Q.; Lin, D. Methylenetetrahydrofolate reductase polymorphisms increase risk of oesophageal squamous cell carcinoma in a Chinese population. Cancer Res. 2001, 61, 3272–3275. [Google Scholar]

	



Weaver, J.M.; Ross-Innes, C.S.; Shannon, N.; Lynch, A.G.; Forshew, T.; Barbera, M.; Murtaza, M.; Ong, C.-A.J.; Lao-Sirieix, P.; Dunning, M.J.; et al. Ordering of mutations in preinvasive disease stages of esophageal carcinogenesis. Nat. Genet. 2014, 46, 837–843. [Google Scholar] [CrossRef]

	



Madani, K.; Zhao, R.; Lim, H.J.; Casson, A.G. Prognostic value of p53 mutations in oesophageal adenocarcinoma: Final results of a 15-year prospective study. Eur. J. Cardio-Thorac. Surg. 2010, 37, 1427–1432. [Google Scholar] [CrossRef] [PubMed]

	



Murugaesu, N.; Wilson, G.A.; Birkbak, N.J.; Watkins, T.B.; McGranahan, N.; Kumar, S.; Abbassi-Ghadi, N.; Salm, M.; Mitter, R.; Horswell, S.; et al. Tracking the genomic evolution of esophageal adenocarcinoma through neoadjuvant chemotherapy. Cancer Discov. 2015, 5, 821–831. [Google Scholar] [CrossRef]

	



Singhi, A.D.; Foxwell, T.J.; Nason, K.; Cressman, K.L.; McGrath, K.M.; Sun, W.; Bahary, N.; Zeh, H.J.; Levy, R.M.; Luketich, J.D.; et al. Smad4 loss in esophageal adenocarcinoma is associated with an increased propensity for disease recurrence and poor survival. Am. J. Surg. Pathol. 2015, 39, 487–495. [Google Scholar] [CrossRef]

	



Liu, W.J.; Zhao, Y.; Chen, X.; Miao, M.L.; Zhang, R.Q. Epigenetic modifications in oesophageal cancer: An evolving biomarker. Front. Genet. 2022, 13, 1087479. [Google Scholar] [CrossRef]

	



Luo, M.; Li, Y.; Shi, X.; Yang, W.; Zhou, F.; Sun, N.; He, J. Aberrant methylation of EYA4 promotes epithelial-mesenchymal transition in oesophageal squamous cell carcinoma. Cancer Sci. 2018, 109, 1811–1824. [Google Scholar] [CrossRef] [PubMed]

	



Tang, L.; Liou, Y.L.; Wan, Z.R.; Tang, J.; Zhou, Y.; Zhuang, W.; Wang, G. Aberrant DNA methylation of PAX1, SOX1 and ZNF582 genes as potential biomarkers for oesophageal squamous cell carcinoma. Biomed. Pharmacother. 2019, 120, 109488. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Zhang, S.; Xie, L.; Liu, P.; Xie, F.; Wu, J.; Cao, J.; Ding, W.Q. Overexpression of DNA polymerase iota (Polι) in oesophageal squamous cell carcinoma. Cancer Sci. 2012, 103, 1574–1579. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.; Seiden, M.V. Sensitive and specific multi-cancer detection and localization using methylation signatures in cell-free DNA. Ann. Oncol. Off J. Eur. Soc. Med. Oncol. 2020, 31, 745–759. [Google Scholar] [CrossRef]

	



Chen, X.; Gole, J.; Gore, A.; He, Q.; Lu, M.; Min, J.; Yuan, Z.; Yang, X.; Jiang, Y.; Zhang, T.; et al. Non-invasive early detection of cancer four years before conventional diagnosis using a blood test. Nat. Commun. 2020, 11, 3475. [Google Scholar] [CrossRef]

	



Chu, L.Y.; Peng, Y.H.; Weng, X.F.; Xie, J.J.; Xu, Y.W. Blood-based biomarkers for early detection of esophageal squamous cell carcinoma. World J. Gastroenterol. 2020, 26, 1708–1725. [Google Scholar] [CrossRef]

	



Payne, K.; Pugh, M.; Brooks, J.; Batis, N.; Taylor, G.; Nankivell, P.; Mehanna, H. Circulating tumour cell expression of immune markers as prognostic and therapeutic biomarkers in head and neck squamous cell carcinoma: A systematic review and meta-analysis. Int. J. Mol. Sci. 2020, 21, 8229. [Google Scholar] [CrossRef]

	



Iacob, R.; Mandea, M.; Iacob, S.; Pietrosanu, C.; Paul, D.; Hainarosie, R.; Gheorghe, C. Liquid Biopsy in Squamous Cell Carcinoma of the Esophagus and of the Head and Neck. Front. Med. 2022, 9, 827297. [Google Scholar] [CrossRef]

	



Anastasiadou, E.; Jacob, L.S.; Slack, F.J. Non-coding RNA networks in cancer. Nat. Rev. Cancer 2018, 18, 5–18. [Google Scholar] [CrossRef]

	



Bhan, A.; Soleimani, M.; Mandal, S.S. Long noncoding RNA and cancer: A new paradigm. Cancer Res. 2017, 77, 3965–3981. [Google Scholar] [CrossRef]

	



Li, Y.; Li, J.; Luo, M.; Zhou, C.; Shi, X.; Yang, W.; Lu, Z.; Chen, Z.; Sun, N.; He, J. Novel long noncoding RNA NMR promotes tumor progression via NSUN2 and BPTF in oesophageal squamous cell carcinoma. Cancer Lett. 2018, 430, 57–66. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Lin, Y.; Luo, Y.; Xiong, X.; Wang, L.; Durante, K.; Li, J.; Zhou, F.; Guo, Y.; Chen, S.; et al. A signature of saliva-derived exosomal small RNAs as predicting biomarker for oesophageal carcinoma: A multicenter prospective study. Mol. Cancer 2022, 21, 21. [Google Scholar] [CrossRef] [PubMed]

	



Farazi, T.A.; Hoell, J.I.; Morozov, P.; Tuschl, T. microRNAs in human cancer. Adv. Exp. Med. Biol. 2013, 774, 1. [Google Scholar]

	



Zhao, J.; Li, L.; Wang, Z.; Li, L.; He, M.; Han, S.; Dong, Y.; Liu, X.; Zhao, W.; Ke, Y.; et al. Luteolin attenuates cancer cell stemness in PTX-resistant ooesophageal cancer cells through mediating SOX2 protein stability. Pharmacol. Res. 2021, 174, 105939. [Google Scholar] [CrossRef] [PubMed]

	



Xue, S.T.; Zheng, B.; Cao, S.Q.; Ding, J.C.; Hu, G.S.; Liu, W.; Chen, C. Long non-coding RNA LINC00680 functions as a ceRNA to promote oesophageal squamous cell carcinoma progression through the miR-423-5p/PAK6 axis. Mol. Cancer 2022, 21, 69. [Google Scholar] [CrossRef] [PubMed]

	



Zong, M.; Feng, W.; Wan, L.; Yu, X.; Yu, W. LncRNA TUG1 promotes oesophageal cancer development through regulating PLK1 expression by sponging miR-1294. Biotechnol. Lett. 2022, 42, 2537–2549. [Google Scholar] [CrossRef] [PubMed]

	



Guo, C.; Qi, Y.; Qu, J.; Gai, L.; Shi, Y.; Yuan, C. Pathophysiological Functions of the lncRNA TUG1. Curr. Pharm. Des. 2020, 26, 688–700. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.M.; Zang, H.L.; Geng, Y.X.; Li, Y.H. LncRNA FAM83A-AS1 aggravates the malignant development of oesophageal cancer by binding to miR-495-3p. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 9408–9415. [Google Scholar] [PubMed]

	



Yao, W.; Jia, X.; Xu, L.; Li, S.; Wei, L. MicroRNA-2053 involves in the progression of oesophageal cancer by targeting KIF3C. Cell Cycle 2021, 20, 1163–1172. [Google Scholar] [CrossRef]

	



Bian, W.; Li, Y.; Zhu, H.; Gao, S.; Niu, R.; Wang, C.; Zhang, H.; Qin, X.; Li, S. miR-493 by regulating of c-Jun targets Wnt5a/PD-L1-inducing oesophageal cancer cell development. Thorac. Cancer 2021, 12, 1579–1588. [Google Scholar] [CrossRef]

	



Gong, Z.; Li, J.; Cang, P.; Jiang, H.; Liang, J.; Hou, Y. RPL34-AS1 functions as tumor suppressive lncRNA in oesophageal cancer. Biomed. Pharmacother. 2019, 120, 109440. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Pan, E.; Zhang, Y.; Zhao, C.; Liu, Q.; Pu, Y.; Yin, L. LncRNA RPL34-AS1 suppresses the proliferation, migration and invasion of oesophageal squamous cell carcinoma via targeting miR-575/ACAA2 axis. BMC Cancer 2022, 26, 1017. [Google Scholar]








[image: Ijms 25 04253 g001] 





Figure 1. Potential novel biomarkers for oesophageal cancer (OC). 
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Table 1. The significance of analyzed proteins in oesophageal cancer (OC).
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	Clinical Significance
	Protein
	References





	The correlation between protein levels and tumor stage
	CXCL12, CXCR4, CXCL8/CXCR2, CRP, M-CSF, SCF, MMP-2, MMP-9, ADAM17, ADAM9, ADAMTS-6, CLDN7
	[17,25,26,27,28,29,30,31,32,33,34,35,36,37,38]



	The correlation between protein levels and the presence of lymph node metastases
	CXCL12, CXCR4, CXCL8/CXCR2, CRP, IL-6, M-CSF, MMP-2, MMP-9, ADAM17, ADAMTS-6, CLDN7
	[25,26,27,28,29,32,33,38,39]



	The correlation between protein levels and the presence of distant metastases
	IL-6, CRP, M-CSF
	[17,30,32,40]



	The correlation between protein levels and survival of OC patients
	CXCL12, CXCL8/CXCR2, IL-6, TIMP-2, ADAM9, ADAMTS-6
	[25,29,35,36,37,41]



	Diagnosis of OC patients
	CXCR4, CXCL8, IL-6, MMP-9
	[17,42,43,44]



	Novel targeted therapies for OC patients
	CLDN18.2
	[45]










 





Table 2. Selected genes as potential biomarkers in oesophageal cancer (OC).
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	Genes
	Functions
	Methylation Status

and References





	EYA4
	Engaged in the regulation of apoptosis, innate immunity, DNA damage repair, and angiogenesis
	Hypermethylation status

[110,111]



	PAX1
	Engaged in the control of transcription, DNA-dependent processes, and promoter development
	Hypermethylation status

[112]



	SOX1
	Engaged in the establishment and upkeep of chromatin structure, regulation of transcription, and is DNA-dependent
	Hypermethylation status

[112]



	ZNF582
	Engaged in transcriptional regulation
	Hypermethylation status

[112]



	Polι
	Engaged in the translation process and synthesis of DNA
	Hypomethylation state

[113]










 





Table 3. Biomarkers of ncRNAs in oesophageal cancer.
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	Biomarkers of ncRNAs
	Mechanism
	References





	LncRNA

TUG 1
	Control of the miR-1294/PLK1 pathway, a pivotal oncogenic mechanism in oesophageal cancer.
	[126,127]



	LncRNA

FAM83A-AS1
	Intensification of malignant advancement by suppressing the activity of miR-495-3p.
	[128]



	miR-2053
	Elevation of kinesin family member 3C (KIF3C) expression and initiation of the PI3K/AKT signaling pathway are implicated in cell proliferation, apoptosis, migration, and invasion.
	[129]



	miR-493
	Suppresses transcription factor Jun (c-JUN) and p-PI3K/p-AKT acti