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Abstract

:

Cadherins are calcium-binding proteins with a pivotal role in cell adhesion and tissue homeostasis. The cadherin-dependent mechanisms of cell adhesion and migration are exploited by cancer cells, contributing to tumor invasiveness and dissemination. In particular, cadherin switch is a hallmark of epithelial to mesenchymal transition, a complex development process vastly described in the progression of most epithelial cancers. This is characterized by drastic changes in cell polarity, adhesion, and motility, which lead from an E-cadherin positive differentiated epithelial state into a dedifferentiated mesenchymal-like state, prone to metastization and defined by N-cadherin expression. Although vastly explored in epithelial cancers, how these mechanisms contribute to the pathogenesis of other non-epithelial tumor types is poorly understood. Herein, the current knowledge on cadherin expression in normal development in parallel to tumor pathogenesis is reviewed, focusing on epithelial to mesenchymal transition. Emphasis is taken in the unascertained cadherin expression in CNS tumors, particularly in gliomas, where the potential contribution of an epithelial-to-mesenchymal-like process to glioma genesis and how this may be associated with changes in cadherin expression is discussed.
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1. Cadherins: The Main Regulators of Cell-Cell Adhesion


Cell-cell contact and adhesion are indispensable mechanisms for tissue-specific tasks and homeostasis by defining cell polarity and tissue compartmentalization [1,2]. Amongst the several families of adhesion molecules, the major one is the superfamily of cadherins (named for “calcium-dependent adhesion”), which are transmembrane proteins involved in the formation of adherens junctions (AJ) [3]. Cell-cell adhesion is mediated by extracellular cadherin domains, which function in a calcium-dependent way. In contrast, the intracellular cytoplasmic tail associates with numerous adaptor and signaling proteins collectively referred to as the cadherin adhesome [3]. The cadherin superfamily includes classical cadherins, protocadherins, desmogleins, desmocollins, and others [3], which structurally share extracellular cadherin repeats.



Classical cadherins include epithelial (E-), neuronal (N-), placental (P-), and retinal (R) cadherins, which were the first members of the superfamily to be identified (CDH1, CDH2, CDH3, and CDH4, respectively). They are calcium-binding proteins, characterized by an ectodomain containing five extracellular cadherin repeats, a transmembrane domain, and a cytoplasmic domain with highly conserved binding sites for p120-catenin and β-catenin [4]. The cytoplasmic domain also participates in cell-cell adhesion by stabilizing the cadherin/catenin complex at the membrane and binding this complex to the actin cytoskeleton. Moreover, the diversity of cadherin-binding molecules potentiates the crosstalk between cadherins and other cellular systems, pointing to their key role as regulators of cellular behavior. Indeed, although the cytoplasmic tails of different classical cadherins bind the same cytosolic proteins, and cadherin/catenin complexes appear to be similar in different cellular contexts, cadherin-mediated signaling is nevertheless highly dependent on the cellular context. It regulates a wide range of normal physiological processes, including embryo development, apoptosis, gene expression, cell proliferation, differentiation, and migration [5,6,7].



Cadherins assemble into strong adhesive intercellular junctions with subtype specificities, mainly through homophilic connections. Cells expressing a given cadherin are thought to preferentially adhere to those expressing the same cadherin subtype since the expression of distinct cadherins is involved in cell sorting [8]. However, cadherins’ expression in cells can also be heterogeneous, with cells expressing multiple cadherin subtypes, which leads to cadherin-mediated heterotypic adhesion [9,10]. Cadherin complexes are perceived as dynamic, undergoing cycles of assembly and disassembly [11,12]. It is the combination of qualitative and quantitative cadherin expression differences that most likely confers tissue-specific characteristics. These characteristics also include the number of shearing forces on cells [13], pointing to a biophysical basis for morphogenetic phenomena [14].



Cadherins play crucial roles during embryonic development and during the maintenance of adult tissues’ normal architecture [15,16]. Thus, several human diseases result from compromised cadherin expression and function, including skin, cardiovascular and neuronal disorders, and cancer, as recently reviewed by Vestweber and colleagues [17].




2. Cadherins Expression in Normal Adult Tissues


The paradigm for cadherin function stems mostly from studies concerning E-cadherin, with a vast amount of literature documenting E-cadherin’s impact on tissue architecture and morphogenesis [18,19]. Dynamic expression of E-cadherin was found to be a prerequisite for cell migration and morphogenesis during embryonic development [15]. A decrease in E-cadherin expression is observed, for instance, during gastrulation when mesoderm is formed [20] and in ectoderm during neurulation [21], while its re-expression is indispensable for skin or kidney organogenesis [17,18]. In many cases, dynamic E-cadherin expression takes place in the context of an Epithelial-to-Mesenchymal Transition (EMT), a developmental process characterized by loss of cell polarity and adhesion (characteristic of epithelial cells), with vast morphological changes and acquisition of cell motility (mesenchymal state) [18]. EMT is to a large extent coordinated by so-called classical EMT transcription factors: Snail, Slug, Twist, ZEB1, and ZEB2. These are well-characterized transcriptional repressors, all of which can directly bind to and repress E-cadherin promoter and other cell-cell adhesion and epithelial genes [22,23].



Less is known about the physiological roles of the other previously referred classical cadherins. N-cadherin has a broader expression profile, present in nervous, fibrous, and musculoskeletal tissues [24,25,26,27], and is considered a cell-cell adhesion molecule expressed by mesenchymal cells. Similar to E-cadherin, N-cadherin is critical in cell attachment [28], differentiation into specialized tissues [24,25,26,27], and influence signaling in various cellular processes, such as cell proliferation and apoptosis [29]. Although N- and E-cadherin share structural and functional characteristics, they usually show a mutually exclusive expression pattern during embryonic morphogenesis [30]. Notably, N-cadherin adhesion properties appear to be strongly tissue-specific. It mediates strong cell-cell adhesion in cardiomyocytes, but it is also expressed in migratory fibroblastic cells [24,31]. Concerning P-cadherin expression in human tissues, it partially overlaps with E-cadherin expression, possibly reflecting partial redundancy. The two proteins have high homology and differ mainly in their extracellular portions. P-cadherin is co-expressed with E-cadherin in embryonic stem cells and several adult epithelial tissues, including the breast, prostate, several organs of the digestive tract and urinary tract, lung, and endometrium (reviewed in [19,32]). Concerning R-cadherin in normal tissues, it is found to play an important role in brain segmentation and neuronal outgrowth and in lens, muscle, and kidney development.



2.1. Epithelial Tissues


Epithelia are robust tissues formed by sheets of cells organized as mono or multilayers that serve as effective barriers that support the structure and regulate functionally diverse organs, such as lung, gut, kidney, and epidermis (reviewed by [33]). Epithelia characteristically show strong cell-cell adhesion mediated by specialized adhesive sites, mainly tight junctions (TJ), adherens junctions (AJ), and desmosomes.



E-cadherin is expressed in all mammalian epithelia, being mainly co-expressed and located at the cell membrane and organizing the adherens junctions. Adherens junctions are located between the apical and basolateral membrane domains of epithelial cells and are linked to a circumferential actomyosin belt, a dynamic structure that participates in epithelial sheet remodeling and regulates epithelial tissue integrity [34,35,36]. Moreover, the interplay between E-cadherin complexes and the actin cytoskeleton enables resistance to cell deformation, granted by cell-cell adhesion; or otherwise triggers cellular remodeling, which tolerates epithelial plasticity [37,38].



Although a key component in epithelial polarization, E-cadherin is crucial to preserve epithelial tissue integrity and homeostasis through the stabilization of cell-cell interfaces and plays an important role in epithelial cell proliferation and migration control [39,40,41]. Accordingly, disruption of epithelial polarity has been shown to cause a wide range of human diseases [15,42,43,44]. Likewise, many studies have pointed to E-cadherin as a central protein in human epithelial cancers [45,46]. The loss of E-cadherin-mediated cell-cell adhesion is a prerequisite for tumor cell invasion. Reestablishing E-cadherin function in cultured tumor cells has been shown to reverse an invasive mesenchymal phenotype to a more benign and epithelial phenotype [45,47,48]. Furthermore, in several human cancer types, in parallel to E-cadherin loss, the de novo expression of mesenchymal cadherins, such as N-cadherin and cadherin-11, is observed during tumor progression [49,50,51]. These observations led to the concept of “cadherin switch” in cancer, parallel to what is observed during delamination and migration of epithelial cells during embryonic development.



P-cadherin expression is restricted to the basal layers of stratified epithelial tissues, including breast, skin, prostate, and lung [8,52,53]. When expressed, P-cadherin appears crucial for normal epithelial architecture [54] and cellular migration [55]. Furthermore, in addition to its role as an adhesion molecule, P-cadherin has been hypothesized to play an important role in cell differentiation and proliferation [56,57]. In the mouse mammary gland, P-cadherin knockout has been associated with abnormal mammopoiesis and increased risk for the development of preneoplastic lesions [58]. CDH3/P-cadherin mutations have been associated with abnormal development syndromes, including hypotrichosis with juvenile macular dystrophy (HJMD) and ectodermal dysplasia, ectrodactyly and macular dystrophy (EEM syndrome) [59,60].




2.2. Central Nervous System (CNS)


Cadherins are also highly expressed in the nervous system promoting cell-cell interactions within neural networks and dynamically contributing to neural development and function [61,62,63,64,65].



Various cadherins are widely expressed in neural tissues, including N-cadherin, cadherin-11, cadherin-6, cadherin-8, or M-cadherin [61,63,64,66]. Initially, E-cadherin is also expressed in embryonic ectoderm, being replaced by N-cadherin after neural induction, which leads to the formation of the neural plate [67]. As cell differentiation proceeds in the neural tube, cadherin expression becomes restricted to specific brain subdivisions. For instance, in the mouse developing brain, R-cadherin expression is distributed throughout the telencephalon and hindbrain, while cadherin-8 expression is restricted to the cerebellum and ventral thalamus [64].



In the adult brain, cadherins’ expression decreases and often remain localized to synapses or perisynaptic areas [65,68]. However, past observations suggest that cadherins are involved in various aspects of neural development and function, including organization of neuroepithelial layers [9,67], regulation of neuronal migration [69], complex functional subdivision, and early compartmentalization [70] by modulating region-specific adhesiveness. Furthermore, an important role in synaptic function and plasticity has been pointed out for cadherin-catenin complexes [65,68]. In particular, N-cadherin has been shown to play a similar role in neural tissues as E-cadherin in epithelia. This protein grants cell polarity and the maintenance, proliferation, and differentiation of neural progenitor cells [71].



In normal glial cells, N-cadherin is also thought to be the key cadherin. Although with scarce literature, it was identified in oligodendrocytes and their precursors [72], as well as in astrocytes [73,74]. Neural phenotypes associated with cadherin loss of function include defects in neural tube formation and cortical organization, cognitive and synaptic dysfunction, failure of sensory neurogenesis, CNS malformations, and craniofacial development. In addition, cadherin-catenin complexes are involved in CNS developmental steps and synapse formation and functions. It is thus not surprising that defects and alterations in the cadherin-catenin complex impair high-order neural functions. In particular, it has been associated with addiction-related phenotypes, schizophrenia, and bipolar disorder [75,76,77].





3. Cadherins Expression in Neoplastic Disease


3.1. Systemic Cancer


During oncogenesis in epithelial tissues, organized cell-cell adhesion and normal cell polarity are disrupted by genetic, epigenetic, and microenvironmental changes, leading to abnormal signaling, loss of contact inhibition, altered stromal interactions, and cell migration (reviewed in [19]). E-cadherin was investigated in seminal studies regarding its role in carcinomas, which are tumors of epithelial origin. Since then, various studies have proposed the CDH1/E-cadherin coding gene as a tumor suppressor gene by enabling complex mechanisms to promote tissue organization and apoptosis blockade [5,49,78]. These mechanisms include both biophysical cell-cell adhesion processes and intracellular signaling coupled to inhibition of proto-oncogenic molecules, such as βcatenin and epidermal growth factor receptor (EGFR) [18,79]. Moreover, suppression of E-cadherin function has been linked to increased cell migration and invasion and induction of a mesenchymal cellular morphology [80]. E-cadherin loss was demonstrated in a variety of cancers, including lobular breast carcinomas [78], gastric adenocarcinoma [81], hepatocellular carcinoma [82], melanoma [83], squamous cell carcinomas of the skin [84], as well as esophagus [85], and head and neck carcinomas [86,87]. More recently, data from other cancers have questioned the loss of E-cadherin expression as a ubiquitous marker of disease aggressiveness [88,89]. In later stages, invasive and poorly differentiated breast and ovarian carcinomas, for example, still express E-cadherin, which marks the existence of a mesenchymal to epithelial transition during tumor progression or a hybrid or mixed epithelial-mesenchymal phenotype [90,91]. Since the initial reports, the role of other cadherins in cancer, including its actions as synergists or antagonists with E-cadherin, has been sought. Importantly, the structural diversity of cadherins and, particularly, their tissue-specific expression profiles and actions were indicators that cadherins’ role in oncogenesis was most likely heterogeneous. Initial studies in carcinomas have labeled N-cadherin as a “mesenchymal” biomarker; and tied it to the end-stage of a pathological, cancer-related EMT [92]. Indeed, cadherins frequently exhibit a homotypic binding pattern across cells. For N-cadherin, frequently expressed in stromal and endothelial cells, this leads to epithelial heterotypic cell-cell adhesion, facilitating local invasion and dissemination of carcinoma cells [93]. Various studies have elicited the role of N-cadherin in tumor progression [94]; however, in others, N-cadherin loss has been linked to a worse prognosis [95]. As for E-cadherin and N-cadherin, P-cadherin cancer-related function seems to be context-dependent [96,97]. In breast cancer, expression of P-cadherin is characteristically observed in tumors with high proliferative rates and decreased cell differentiation, strongly associated with poor patient survival [57,98,99]. By contrast, in colon carcinomas, P-cadherin is strongly expressed in well-differentiated, while mostly absent in poorly differentiated colon tumors [100]. P-cadherin overexpression with E-cadherin suppression and N-cadherin induction are considered components of the cadherin switch found in cancer-associated EMT responsible for tumor differentiation and progression [101]. Nevertheless, rising evidence points to the importance of considering the cancer-dependent role of these proteins, as much as the putative interactions between them. In a model of breast cancer, co-expression of P- and E-cadherin was associated with aggressive high-grade breast carcinomas by P-cadherin-mediated disruption of functional cadherin-catenin complexes, thereby obstructing the E-cadherin tumor-suppressive role [97,102,103,104]. Considering R-cadherin impact on tumorigenesis, its role is still controversial. Conflicting data points R-cadherin as either promoting tumor progression [105] or inhibiting it [106,107].




3.2. CNS Tumors


As mentioned before, N-cadherin is the most commonly expressed cadherin in the CNS. E-cadherin expression, in particular, is rare and localized to arachnoid cells, choroid plexus, and anterior pituitary [108]. Peripheral nervous system cells, including Schwann cells, were also found to express E-cadherin. This protein plays an important role in cell adhesion and maintenance of peripheral nervous system architecture [109,110,111]. Consequently, the role of E-cadherin expression in tumors derived from these locations has been studied and described in meningiomas, choroid plexus papilloma, schwannomas, and pituitary adenomas [108,112,113,114,115,116].



3.2.1. Pituitary Adenomas


Pituitary adenomas are epithelial tumors with neuroendocrine differentiation, immunohistochemically subdivided according to the presence of pituitary hormones and transcription factors. Variable E-cadherin and N-cadherin staining has been described in these tumors [114,117,118,119]. In particular, loss of E-cadherin expression has been linked to increased tumor dimensions and invasive behavior in growth hormone and prolactin-producing pituitary adenomas [114,120,121,122]. In addition, response to pharmacological treatment with somatostatin analog was worse for somatotroph adenoma without E-cadherin expression [114]. In a surgical series of 52 patients, E-cadherin loss and N-cadherin expression accompanied morphological changes suggestive of an EMT-like process, unique to a subset of invasive pituitary adenomas [123].




3.2.2. Meningiomas


Various studies have found E-cadherin to be expressed in diverse subtypes of meningiomas, tumors derived from arachnoid cap cells [108,112,116]. Furthermore, E-cadherin downregulation has been described as one of the main molecular events responsible for meningioma development, and alterations within the CDH1 gene have been found in this neoplastic disease, namely loss of heterozygosity (LOH) and genomic instability [112,124]. Loss of E-cadherin expression has been associated with tumor proliferation, invasiveness, and dedifferentiation [116,125,126]. In addition, E-cadherin expression is less frequently observed in atypical (WHO grade II) meningiomas and is commonly absent in anaplastic meningiomas (WHO grade III), which are considered malignant [124,126]. Moreover, one study found that E-cadherin loss of expression was a significant predictor of tumor recurrence in meningioma patients [126].



In contrast to meningiomas and pituitary adenomas, the role of classical cadherins in other CNS tumors remains to be clarified, as published data remain limited and conflictive. For instance, leptomeningeal dissemination has been associated with increased N-cadherin expression in medulloblastoma [127], while lower expression levels were identified in disseminated neuroblastoma [95] and ependymoma [128]. Importantly, a recent study showed frequent positivity for N-cadherin in ependymoma and identified increased N-cadherin levels as a predictor of earlier tumor recurrence, arguing a contrary role for N-cadherin as a marker of worse prognosis in ependymoma [129]. Studies on E-cadherin expression show that this adhesion protein is mostly absent in neuro-epithelial tumors, such as ependymoma and medulloblastoma [113,125,127].




3.2.3. Gliomas


The expression patterns of classical cadherins in gliomas have been evaluated by several, yet contradicting, studies. Gliomas characteristically diffusely infiltrate the underlying cerebral parenchyma, which has normal N-cadherin expression. This behavior reflects a higher tendency toward tumor invasion and migration, which rely on cell-cell adhesion mechanisms.



N-cadherin expression in gliomas has been described in various patient cohorts, with approximately 60–80% of positive cases in glioblastoma series [130,131]. However, these studies are discordant regarding the correlation between N-cadherin immunoreactivity with patient prognosis. In 1995, Shinoura et al. studied the differences in N-cadherin expression in the normal brain parenchyma and different gliomas, including pilocytic astrocytomas, low-grade oligodendrogliomas or astrocytomas, anaplastic astrocytomas, and glioblastomas. Although mRNA levels for N-cadherin were significantly higher in glioblastomas, protein expression was similar among high-grade and low-grade gliomas and normal brains. Moreover, no consistent association between invasiveness capacity and N-cadherin expression was found [132]. As for Shinoura et al., other studies have found discrepant results between N-cadherin mRNA and protein expression levels [133,134]. These results point to the importance of protein stability in the tumor microenvironment. Indeed, a study showed that N-cadherin cleavage by ADAM-10 occurred at a significantly higher rate in glioblastoma cells than in normal brain [135], and it has been further suggested that N-cadherin cleavage is a prerequisite for glioblastoma cell migration [5,135].



Other studies have supported a protective role for N-cadherin in gliomas. In glioma models, N-cadherin down-regulation has been associated with altered cell polarization and abnormal motile behavior [136], with a significant increase in tumor cell migration and invasive capacity [136,137]. In surgical specimens, expression levels evaluation pointed to a decrease in N-cadherin immunoreactivity upon glioblastoma recurrence [138,139] and association to tumor cerebrospinal fluid (CSF) dissemination [139]. In line with this, another report described how even redistribution of N-cadherin at the cell membrane is induced by cleaving its intracellular anchorage to the cytoskeleton by ROBO1, promoting invasiveness of glioblastoma cancer stem cells [140].



Nevertheless, contradictory results have questioned the role above of N-cadherin in glioma genesis. N-cadherin protein expression levels were also shown to increase according to pathological glioma grade [130,141] and correlate with Ki-67 labeling index [130], suggesting a role for cell adhesion signaling in tumor cell proliferation and dedifferentiation. Importantly, a trend towards decreased survival with increased expression of N-cadherin has also been described in different cohorts [131,141]. In a very recent publication, Gritsenko et al. studied the mechanisms of brain infiltration by glioma cells. They proposed an AJ-mediated mechanism for glioma migration and progression, dependent on N-cadherin and p120-catenin complex [142]. Similarly, Osuka et al. showed an N-cadherin expression increase among the population of radioresistant glioma stem cells (GSC), with increased stemness and reduced proliferation [143].



E-cadherin expression has been more commonly described as scarce or absent in gliomas [120,125,131,141] while contradicting results regarding its role in disease progression have been hypothesized. Motta et al. analyzed E-cadherin mRNA levels in 81 neuroepithelial tumors, including 62 astrocytic tumors and those from WHO grade I to IV. Low-grade astrocytomas (grades I-II) showed higher mRNA levels than did high-grade astrocytomas [144]. Likewise, Bar et al. reported E-cadherin staining to be more commonly positive in grade II (43%) over grade IV gliomas (23%) [145]. These results suggest that a decrease in E-cadherin gene expression underlies astrocytoma progression. Moreover, in a series of low-grade gliomas, CDH1 promoter methylation status was found to be frequent (65% astrocytomas, 66% oligodendrogliomas, and 57% oligoastrocytomas) and hypermethylation status associated with shorter progression-free survival [146]. In the same study, negative immunoreactivity for E-cadherin correlated with shorter patient progression-free and overall survival [146]. Despite these results, the assumption that E-cadherin plays the same protective role in gliomas as in most systemic cancers remains highly dubious. Opposing data documented E-cadherin expression to be higher in high-grade gliomas than in low-grade gliomas [147]. Furthermore, in particular subtypes of glioblastoma, with epithelial and pseudo-epithelial differentiation and high E-cadherin positivity, E-cadherin expression correlated with a worse prognosis [148,149]. In glioma cell models, E-cadherin expression was confirmed to be a rare event but to significantly influence in vitro growth and invasion capacity [148]. All this information is summarized in Table 1.



Almost inexistent literature can be found for the other two classical cadherins in glioma genesis. Nonetheless, contradicting data for R-cadherin has been described. On the one hand, R-cadherin increased expression has been shown at the cell-cell junctions after PDGF-B-induction in an experimental model of high-grade oligodendrogliomas [151], thus suggesting a role in glioma genesis. On the other side, it has been demonstrated that it is upregulated after autophagy induction, promoting a more epithelial and less aggressive phenotype of glioblastoma cell lines [152].






4. EMT and Cadherin Switch in Gliomas


Glioma capacity to grow, invade and resist conventional therapy, akin to systemic cancer, relies on EMT-like cellular programs [153]. However, the significance of the EMT and MET (mesenchymal to epithelial transition) programs in cancer progression and metastasis remains to be fully elucidated. In particular, how the concept of EMT applies to glioblastoma and other factors tumors with non-epithelial origin.



In 2010, transcriptomic analysis of glioblastoma established the presence of a molecular classification into four subtypes: proneural, neural, classical, and mesenchymal [154]. Since then, the mesenchymal subtype of glioblastoma has been thoroughly investigated and suggested to associate with an invasive phenotype, increased aggressiveness, and robust treatment resistance [153,155,156,157]. The mesenchymal phenotype in glioblastoma has, in addition, been correlated with worse overall survival [154]. Moreover, the mesenchymal transformation has been documented in glioblastoma upon tumor recurrence [155,156], as well as a response to various insults, including temozolomide [158] and radiation treatments [159]. Perhaps the strongest evidence for an EMT-like process in glioblastoma is the activity of classical EMT transcription factors and other well-described EMT-promoting pathways, such as ZEB1/ZEB2 [140,160,161,162,163], TWIST1 [164,165,166], WNT/β-catenin pathway [167,168] and SNAI2/SLUG [159,169] (Figure 1). An EMT-like program in gliomas is thus increasingly recognized and correlated to the phenomenon of glioblastoma progression and invasion. However, the canonical EMT-related E- to N-cadherin switch is unlikely to be an essential process. Increasing evidence suggests that cadherins may not be restrictive to have a specific role in tumorigenesis but instead can work as tumor suppressors or promotors depending on the tissue and tumor-associated context [170,171,172,173].



Taken together, published data point for a broad N-cadherin expression in glioblastomas, with a likely increase from low grade to high-grade gliomas [130,141]. The tumorigenic result of such expression is disputed, as it spans from decreased invasiveness and dissemination capacity [136,137,139] to a worse prognosis with decreased overall survival in clinical series [131,141] (Figure 1). Data on E-cadherin, whose expression is, on the contrary, fairly absent in gliomas, proposes E-cadherin loss as a potential step in glioma genesis, as the expression is more frequent in low-grade gliomas than in glioblastoma [144,145]. Notwithstanding, important contradictory data in apparent aggressive glioblastoma subtypes, with epithelial and pseudo-epithelial differentiation and high E-cadherin expression, questions such a proposed benign role for E-cadherin in gliomas [148] (Figure 1). It is nevertheless misleading to simply interpret these results in the context of a systemic EMT. They emerge from a collection of small sampled patient series [120,125,130,132,138,141,145,146,149], in which E-cadherin expression is substantially lower and N-cadherin expression considerably higher than in published carcinomas series [57,174,175,176,177]. Importantly, no key reciprocal or concomitant down and upregulation for these proteins was explored or suggested, as the role of cadherin co-expression was not explored. Moreover, data on P-cadherin expression in glioblastoma is at the moment inexistent Figure 1.



Caution is therefore mandatory when interpreting results for cadherin expression and its role as EMT biomarkers in glioblastoma, as proof of a cadherin switching process remains elusive in glioblastoma and cadherin expression contribution to glioma progression is still unclear.




5. Conclusions


Cadherins are key proteins in normal development, and tumor pathology and data on cadherin expression in gliomas point to a distinct pattern of expression when compared to classical epithelial cancers, in which the prognostic significance of each cadherin remains elusive. In order to understand how cadherin expression reflects EMT and differentiation status in gliomas, as well as propensity to invade and migrate, it is crucial to develop large-scale studies in low-grade to high-grade gliomas, with the concomitant evaluation of both epithelial and mesenchymal cadherins.







Author Contributions


Conceptualization, C.N. and J.P.; writing—original draft preparation, C.N.; writing—review and editing, A.S.R., R.T., D.S.C., J.R., C.F. and J.P. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by FEDER—Fundo Europeu de Desenvolvimento Regional funds through the COMPETE 2020—Operacional Programme for Competitiveness and Internationalisation (POCI), Portugal 2020, and by FCT—Fundação para a Ciência e a Tecnologia/ Ministério da Ciência, Tecnologia e Ensino Superior under the project FCT/02/SAICT/2017/030625.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cadwell, C.M.; Su, W.; Kowalczyk, A.P. Cadherin tales: Regulation of cadherin function by endocytic membrane trafficking. Traffic 2016, 17, 1262–1271. [Google Scholar] [CrossRef] [PubMed]

	



Coopman, P.; Djiane, A. Adherens Junction and E-Cadherin complex regulation by epithelial polarity. Cell Mol. Life Sci. 2016, 73, 3535–3553. [Google Scholar] [CrossRef] [PubMed]

	



Hulpiau, P.; van Roy, F. Molecular evolution of the cadherin superfamily. Int. J. Biochem Cell Biol. 2009, 41, 349–369. [Google Scholar] [CrossRef]

	



Yu, W.; Yang, L.; Li, T.; Zhang, Y. Cadherin signaling in cancer: Its functions and role as a therapeutic target. Front. Oncol. 2019, 9, 989. [Google Scholar] [CrossRef] [PubMed]

	



Cavallaro, U.; Christofori, G. Cell adhesion and signalling by cadherins and Ig-CAMs in cancer. Nat. Rev. Cancer 2004, 4, 118–132. [Google Scholar] [CrossRef]

	



Ratheesh, A.; Yap, A.S. A bigger picture: Classical cadherins and the dynamic actin cytoskeleton. Nat. Rev. Mol. Cell Biol. 2012, 13, 673–679. [Google Scholar] [CrossRef]

	



Wheelock, M.J.; Johnson, K.R. Cadherin-mediated cellular signaling. Curr. Opin. Cell Biol. 2003, 15, 509–514. [Google Scholar] [CrossRef]

	



Nose, A.; Nagafuchi, A.; Takeichi, M. Expressed recombinant cadherins mediate cell sorting in model systems. Cell 1988, 54, 993–1001. [Google Scholar] [CrossRef]

	



Inuzuka, H.; Redies, C.; Takeichi, M. Differential expression of R- and N-cadherin in neural and mesodermal tissues during early chicken development. Development 1991, 113, 959–967. [Google Scholar] [CrossRef]

	



Shimoyama, Y.; Tsujimoto, G.; Kitajima, M.; Natori, M. Identification of three human type-II classic cadherins and frequent heterophilic interactions between different subclasses of type-II classic cadherins. Biochem. J. 2000, 349, 159–167. [Google Scholar] [CrossRef]

	



Niessen, C.M.; Leckband, D.; Yap, A.S. Tissue organization by cadherin adhesion molecules: Dynamic molecular and cellular mechanisms of morphogenetic regulation. Physiol. Rev. 2011, 91, 691–731. [Google Scholar] [CrossRef]

	



Saito, M.; Tucker, D.K.; Kohlhorst, D.; Niessen, C.M.; Kowalczyk, A.P. Classical and desmosomal cadherins at a glance. J. Cell Sci. 2012, 125, 2547–2552. [Google Scholar] [CrossRef]

	



Duguay, D.; Foty, R.A.; Steinberg, M.S. Cadherin-mediated cell adhesion and tissue segregation: Qualitative and quantitative determinants. Dev. Biol. 2003, 253, 309–323. [Google Scholar] [CrossRef]

	



Foty, R.A.; Steinberg, M.S. The differential adhesion hypothesis: A direct evaluation. Dev. Biol 2005, 278, 255–263. [Google Scholar] [CrossRef]

	



Larue, L.; Ohsugi, M.; Hirchenhain, J.; Kemler, R. E-cadherin null mutant embryos fail to form a trophectoderm epithelium. Proc. Natl. Acad. Sci. USA 1994, 91, 8263–8267. [Google Scholar] [CrossRef]

	



Radice, G.L.; Rayburn, H.; Matsunami, H.; Knudsen, K.A.; Takeichi, M.; Hynes, R.O. Developmental defects in mouse embryos lacking N-cadherin. Dev. Biol. 1997, 181, 64–78. [Google Scholar] [CrossRef] [PubMed]

	



Vestweber, D. Cadherins in tissue architecture and disease. J. Mol. Med. 2015, 93, 5–11. [Google Scholar] [CrossRef] [PubMed]

	



van Roy, F.; Berx, G. The cell-cell adhesion molecule E-cadherin. Cell Mol. Life Sci. 2008, 65, 3756–3788. [Google Scholar] [CrossRef] [PubMed]

	



Paredes, J.; Figueiredo, J.; Albergaria, A.; Oliveira, P.; Carvalho, J.; Ribeiro, A.S.; Caldeira, J.; Costa, A.M.; Simoes-Correia, J.; Oliveira, M.J.; et al. Epithelial E- and P-cadherins: Role and clinical significance in cancer. Biochim. Biophys. Acta 2012, 1826, 297–311. [Google Scholar] [CrossRef]

	



Takeichi, M.; Matsunami, H.; Inoue, T.; Kimura, Y.; Suzuki, S.; Tanaka, T. Roles of cadherins in patterning of the developing brain. Dev. Neurosci. 1997, 19, 86–87. [Google Scholar] [CrossRef]

	



Fujimori, T.; Miyatani, S.; Takeichi, M. Ectopic expression of N-cadherin perturbs histogenesis in Xenopus embryos. Development 1990, 110, 97–104. [Google Scholar] [CrossRef]

	



Comijn, J.; Berx, G.; Vermassen, P.; Verschueren, K.; van Grunsven, L.; Bruyneel, E.; Mareel, M.; Huylebroeck, D.; van Roy, F. The two-handed E box binding zinc finger protein SIP1 downregulates E-cadherin and induces invasion. Mol. Cell 2001, 7, 1267–1278. [Google Scholar] [CrossRef]

	



Eger, A.; Aigner, K.; Sonderegger, S.; Dampier, B.; Oehler, S.; Schreiber, M.; Berx, G.; Cano, A.; Beug, H.; Foisner, R. DeltaEF1 is a transcriptional repressor of E-cadherin and regulates epithelial plasticity in breast cancer cells. Oncogene 2005, 24, 2375–2385. [Google Scholar] [CrossRef] [PubMed]

	



Hinz, B.; Pittet, P.; Smith-Clerc, J.; Chaponnier, C.; Meister, J.J. Myofibroblast development is characterized by specific cell-cell adherens junctions. Mol. Biol. Cell 2004, 15, 4310–4320. [Google Scholar] [CrossRef]

	



Krauss, R.S.; Cole, F.; Gaio, U.; Takaesu, G.; Zhang, W.; Kang, J.S. Close encounters: Regulation of vertebrate skeletal myogenesis by cell-cell contact. J. Cell Sci. 2005, 118, 2355–2362. [Google Scholar] [CrossRef] [PubMed]

	



Marie, P.J. Role of N-cadherin in bone formation. J. Cell Physiol. 2002, 190, 297–305. [Google Scholar] [CrossRef] [PubMed]

	



Marthiens, V.; Gavard, J.; Lambert, M.; Mege, R.M. Cadherin-based cell adhesion in neuromuscular development. Biol. Cell 2002, 94, 315–326. [Google Scholar] [CrossRef]

	



Akitaya, T.; Bronner-Fraser, M. Expression of cell adhesion molecules during initiation and cessation of neural crest cell migration. Dev. Dyn. 1992, 194, 12–20. [Google Scholar] [CrossRef]

	



Radice, G.L. N-cadherin-mediated adhesion and signaling from development to disease: Lessons from mice. Prog Mol. Biol. Transl. Sci. 2013, 116, 263–289. [Google Scholar]

	



Takeichi, M.; Hatta, K.; Nose, A.; Nagafuchi, A. Identification of a gene family of cadherin cell adhesion molecules. Cell Differ. Dev. 1988, 25, 91–94. [Google Scholar] [CrossRef]

	



Nguyen, T.; Duchesne, L.; Sankara Narayana, G.H.N.; Boggetto, N.; Fernig, D.D.; Uttamrao Murade, C.; Ladoux, B.; Mege, R.M. Enhanced cell-cell contact stability and decreased N-cadherin-mediated migration upon fibroblast growth factor receptor-N-cadherin cross talk. Oncogene 2019, 38, 6283–6300. [Google Scholar] [CrossRef]

	



Vieira, A.F.; Paredes, J. P-cadherin and the journey to cancer metastasis. Mol. Cancer 2015, 14, 178. [Google Scholar] [CrossRef]

	



Miller, P.W.; Clarke, D.N.; Weis, W.I.; Lowe, C.J.; Nelson, W.J. The evolutionary origin of epithelial cell-cell adhesion mechanisms. Curr. Top. Membr. 2013, 72, 267–311. [Google Scholar]

	



Costa, M.; Raich, W.; Agbunag, C.; Leung, B.; Hardin, J.; Priess, J.R. A putative catenin-cadherin system mediates morphogenesis of the Caenorhabditis elegans embryo. J. Cell Biol. 1998, 141, 297–308. [Google Scholar] [CrossRef]

	



Nagafuchi, A.; Ishihara, S.; Tsukita, S. The roles of catenins in the cadherin-mediated cell adhesion: Functional analysis of E-cadherin-alpha catenin fusion molecules. J. Cell Biol. 1994, 127, 235–245. [Google Scholar] [CrossRef]

	



Wessells, N.K.; Spooner, B.S.; Ash, J.F.; Bradley, M.O.; Luduena, M.A.; Taylor, E.L.; Wrenn, J.T.; Yamada, K. Microfilaments in cellular and developmental processes. Science 1971, 171, 135–143. [Google Scholar] [CrossRef]

	



Borghi, N.; Sorokina, M.; Shcherbakova, O.G.; Weis, W.I.; Pruitt, B.L.; Nelson, W.J.; Dunn, A.R. E-cadherin is under constitutive actomyosin-generated tension that is increased at cell-cell contacts upon externally applied stretch. Proc. Natl. Acad. Sci. USA 2012, 109, 12568–12573. [Google Scholar] [CrossRef]

	



Cavey, M.; Rauzi, M.; Lenne, P.F.; Lecuit, T. A two-tiered mechanism for stabilization and immobilization of E-cadherin. Nature 2008, 453, 751–756. [Google Scholar] [CrossRef]

	



Lecuit, T. Regulation of membrane dynamics in developing epithelia. Curr. Opin. Genet. Dev. 2003, 13, 351–357. [Google Scholar] [CrossRef]

	



Lecuit, T.; Pilot, F. Developmental control of cell morphogenesis: A focus on membrane growth. Nat. Cell Biol. 2003, 5, 103–108. [Google Scholar] [CrossRef]

	



Lien, W.H.; Klezovitch, O.; Vasioukhin, V. Cadherin-catenin proteins in vertebrate development. Curr. Opin. Cell Biol. 2006, 18, 499–506. [Google Scholar] [CrossRef]

	



Larue, L.; Antos, C.; Butz, S.; Huber, O.; Delmas, V.; Dominis, M.; Kemler, R. A role for cadherins in tissue formation. Development 1996, 122, 3185–3194. [Google Scholar] [CrossRef]

	



Marchiando, A.M.; Graham, W.V.; Turner, J.R. Epithelial barriers in homeostasis and disease. Annu. Rev. Pathol. 2010, 5, 119–144. [Google Scholar] [CrossRef]

	



Stepniak, E.; Radice, G.L.; Vasioukhin, V. Adhesive and signaling functions of cadherins and catenins in vertebrate development. Cold Spring Harb. Perspect. Biol. 2009, 1, a002949. [Google Scholar] [CrossRef]

	



Birchmeier, W.; Behrens, J. Cadherin expression in carcinomas: Role in the formation of cell junctions and the prevention of invasiveness. Biochim. Biophys. Acta 1994, 1198, 11–26. [Google Scholar] [CrossRef]

	



Semb, H.; Christofori, G. The tumor-suppressor function of E-cadherin. Am. J. Hum. Genet. 1998, 63, 1588–1593. [Google Scholar] [CrossRef]

	



Bracke, M.E.; Van Roy, F.M.; Mareel, M.M. The E-cadherin/catenin complex in invasion and metastasis. Curr. Top. Microbiol. Immunol. 1996, 213, 123–161. [Google Scholar]

	



Frixen, U.H.; Behrens, J.; Sachs, M.; Eberle, G.; Voss, B.; Warda, A.; Lochner, D.; Birchmeier, W. E-cadherin-mediated cell-cell adhesion prevents invasiveness of human carcinoma cells. J. Cell Biol. 1991, 113, 173–185. [Google Scholar] [CrossRef] [PubMed]

	



Hazan, R.B.; Qiao, R.; Keren, R.; Badano, I.; Suyama, K. Cadherin switch in tumor progression. Ann. N. Y. Acad. Sci. 2004, 1014, 155–163. [Google Scholar] [CrossRef]

	



Li, H.; Leung, T.C.; Hoffman, S.; Balsamo, J.; Lilien, J. Coordinate regulation of cadherin and integrin function by the chondroitin sulfate proteoglycan neurocan. J. Cell Biol. 2000, 149, 1275–1288. [Google Scholar] [CrossRef] [PubMed]

	



Tomita, K.; van Bokhoven, A.; van Leenders, G.J.; Ruijter, E.T.; Jansen, C.F.; Bussemakers, M.J.; Schalken, J.A. Cadherin switching in human prostate cancer progression. Cancer Res. 2000, 60, 3650–3654. [Google Scholar]

	



Furukawa, F.; Fujii, K.; Horiguchi, Y.; Matsuyoshi, N.; Fujita, M.; Toda, K.; Imamura, S.; Wakita, H.; Shirahama, S.; Takigawa, M. Roles of E- and P-cadherin in the human skin. Microsc. Res. Tech. 1997, 38, 343–352. [Google Scholar] [CrossRef]

	



Imai, K.; Hirata, S.; Irie, A.; Senju, S.; Ikuta, Y.; Yokomine, K.; Harao, M.; Inoue, M.; Tsunoda, T.; Nakatsuru, S.; et al. Identification of a novel tumor-associated antigen, cadherin 3/P-cadherin, as a possible target for immunotherapy of pancreatic, gastric, and colorectal cancers. Clin. Cancer Res. 2008, 14, 6487–6495. [Google Scholar] [CrossRef]

	



Nguyen-Ngoc, K.V.; Cheung, K.J.; Brenot, A.; Shamir, E.R.; Gray, R.S.; Hines, W.C.; Yaswen, P.; Werb, Z.; Ewald, A.J. ECM microenvironment regulates collective migration and local dissemination in normal and malignant mammary epithelium. Proc. Natl. Acad. Sci. USA 2012, 109, E2595–E2604. [Google Scholar] [CrossRef]

	



Chanson, L.; Brownfield, D.; Garbe, J.C.; Kuhn, I.; Stampfer, M.R.; Bissell, M.J.; LaBarge, M.A. Self-organization is a dynamic and lineage-intrinsic property of mammary epithelial cells. Proc. Natl. Acad. Sci. USA 2011, 108, 3264–3269. [Google Scholar] [CrossRef]

	



Nose, A.; Takeichi, M. A novel cadherin cell adhesion molecule: Its expression patterns associated with implantation and organogenesis of mouse embryos. J. Cell Biol. 1986, 103, 2649–2658. [Google Scholar] [CrossRef]

	



Paredes, J.; Albergaria, A.; Oliveira, J.T.; Jeronimo, C.; Milanezi, F.; Schmitt, F.C. P-cadherin overexpression is an indicator of clinical outcome in invasive breast carcinomas and is associated with CDH3 promoter hypomethylation. Clin. Cancer Res. 2005, 11, 5869–5877. [Google Scholar] [CrossRef]

	



Albergaria, A.; Ribeiro, A.S.; Vieira, A.F.; Sousa, B.; Nobre, A.R.; Seruca, R.; Schmitt, F.; Paredes, J. P-cadherin role in normal breast development and cancer. Int. J. Dev. Biol 2011, 55, 811–822. [Google Scholar] [CrossRef]

	



Kjaer, K.W.; Hansen, L.; Schwabe, G.C.; Marques-de-Faria, A.P.; Eiberg, H.; Mundlos, S.; Tommerup, N.; Rosenberg, T. Distinct CDH3 mutations cause ectodermal dysplasia, ectrodactyly, macular dystrophy (EEM syndrome). J. Med. Genet. 2005, 42, 292–298. [Google Scholar] [CrossRef]

	



Sprecher, E.; Bergman, R.; Richard, G.; Lurie, R.; Shalev, S.; Petronius, D.; Shalata, A.; Anbinder, Y.; Leibu, R.; Perlman, I.; et al. Hypotrichosis with juvenile macular dystrophy is caused by a mutation in CDH3, encoding P-cadherin. Nat. Genet. 2001, 29, 134–136. [Google Scholar] [CrossRef]

	



Hirano, S.; Suzuki, S.T.; Redies, C. The cadherin superfamily in neural development: Diversity, function and interaction with other molecules. Front. Biosci. 2003, 8, 306–355. [Google Scholar] [CrossRef]

	



Paulson, A.F.; Prasad, M.S.; Thuringer, A.H.; Manzerra, P. Regulation of cadherin expression in nervous system development. Cell Adh. Migr. 2014, 8, 19–28. [Google Scholar] [CrossRef]

	



Redies, C. Cadherins in the central nervous system. Prog. Neurobiol. 2000, 61, 611–648. [Google Scholar] [CrossRef]

	



Redies, C.; Takeichi, M. Cadherins in the developing central nervous system: An adhesive code for segmental and functional subdivisions. Dev. Biol. 1996, 180, 413–423. [Google Scholar] [CrossRef]

	



Suzuki, S.C.; Takeichi, M. Cadherins in neuronal morphogenesis and function. Dev. Growth Differ. 2008, 50, S119–S130. [Google Scholar] [CrossRef]

	



Redies, C.; Treubert-Zimmermann, U.; Luo, J. Cadherins as regulators for the emergence of neural nets from embryonic divisions. J. Physiol. Paris 2003, 97, 5–15. [Google Scholar] [CrossRef]

	



Hatta, K.; Takahashi, Y. Secondary axis induction by heterospecific organizers in zebrafish. Dev. Dyn. 1996, 205, 183–195. [Google Scholar] [CrossRef]

	



Seong, H.J.; Behnia, R.; Carter, A.G. Impact of subthreshold membrane potential on synaptic responses at dendritic spines of layer 5 pyramidal neurons in the prefrontal cortex. J. Neurophysiol. 2014, 111, 1960–1972. [Google Scholar] [CrossRef]

	



Kawauchi, T.; Sekine, K.; Shikanai, M.; Chihama, K.; Tomita, K.; Kubo, K.; Nakajima, K.; Nabeshima, Y.; Hoshino, M. Rab GTPases-dependent endocytic pathways regulate neuronal migration and maturation through N-cadherin trafficking. Neuron 2010, 67, 588–602. [Google Scholar] [CrossRef]

	



Redies, C. Cadherin expression in the developing vertebrate CNS: From neuromeres to brain nuclei and neural circuits. Exp. Cell Res. 1995, 220, 243–256. [Google Scholar] [CrossRef]

	



Miyamoto, Y.; Sakane, F.; Hashimoto, K. N-cadherin-based adherens junction regulates the maintenance, proliferation, and differentiation of neural progenitor cells during development. Cell Adh. Migr. 2015, 9, 183–192. [Google Scholar] [CrossRef]

	



Payne, H.R.; Hemperly, J.J.; Lemmon, V. N-cadherin expression and function in cultured oligodendrocytes. Brain Res. Dev. Brain Res. 1996, 97, 9–15. [Google Scholar] [CrossRef]

	



Reichardt, L.F. N-Cadherin and integrins: Two receptor systems that mediate neuronal process outgrowth on astrocyte surfaces. Neuron 2008, 60, 398–399. [Google Scholar] [CrossRef]

	



Wilby, M.J.; Muir, E.M.; Fok-Seang, J.; Gour, B.J.; Blaschuk, O.W.; Fawcett, J.W. N-Cadherin inhibits Schwann cell migration on astrocytes. Mol. Cell Neurosci. 1999, 14, 66–84. [Google Scholar] [CrossRef]

	



Lewis, D.A.; Volk, D.W.; Hashimoto, T. Selective alterations in prefrontal cortical GABA neurotransmission in schizophrenia: A novel target for the treatment of working memory dysfunction. Psychopharmacology 2004, 174, 143–150. [Google Scholar] [CrossRef] [PubMed]

	



Redies, C.; Hertel, N.; Hubner, C.A. Cadherins and neuropsychiatric disorders. Brain Res. 2012, 1470, 130–144. [Google Scholar] [CrossRef]

	



Uhl, G.R.; Drgon, T.; Johnson, C.; Li, C.Y.; Contoreggi, C.; Hess, J.; Naiman, D.; Liu, Q.R. Molecular genetics of addiction and related heritable phenotypes: Genome-wide association approaches identify “connectivity constellation” and drug target genes with pleiotropic effects. Ann. N. Y. Acad. Sci. 2008, 1141, 318–381. [Google Scholar] [CrossRef]

	



Berx, G.; van Roy, F. Involvement of members of the cadherin superfamily in cancer. Cold Spring Harb. Perspect. Biol. 2009, 1, a003129. [Google Scholar] [CrossRef] [PubMed]

	



Jeanes, A.; Gottardi, C.J.; Yap, A.S. Cadherins and cancer: How does cadherin dysfunction promote tumor progression? Oncogene 2008, 27, 6920–6929. [Google Scholar] [CrossRef] [PubMed]

	



Perl, A.K.; Wilgenbus, P.; Dahl, U.; Semb, H.; Christofori, G. A causal role for E-cadherin in the transition from adenoma to carcinoma. Nature 1998, 392, 190–193. [Google Scholar] [CrossRef]

	



Pinheiro, H.; Bordeira-Carrico, R.; Seixas, S.; Carvalho, J.; Senz, J.; Oliveira, P.; Inacio, P.; Gusmao, L.; Rocha, J.; Huntsman, D.; et al. Allele-specific CDH1 downregulation and hereditary diffuse gastric cancer. Hum. Mol. Genet. 2010, 19, 943–952. [Google Scholar] [CrossRef]

	



Zhai, B.; Yan, H.X.; Liu, S.Q.; Chen, L.; Wu, M.C.; Wang, H.Y. Reduced expression of E-cadherin/catenin complex in hepatocellular carcinomas. World J. Gastroenterol. 2008, 14, 5665–5673. [Google Scholar] [CrossRef]

	



Silye, R.; Karayiannakis, A.J.; Syrigos, K.N.; Poole, S.; van Noorden, S.; Batchelor, W.; Regele, H.; Sega, W.; Boesmueller, H.; Krausz, T.; et al. E-cadherin/catenin complex in benign and malignant melanocytic lesions. J. Pathol. 1998, 186, 350–355. [Google Scholar] [CrossRef]

	



Koseki, S.; Aoki, T.; Ansai, S.; Hozumi, Y.; Mitsuhashi, Y.; Kondo, S. An immunohistochemical study of E-cadherin expression in human squamous cell carcinoma of the skin: Relationship between decreased expression of E-cadherin in the primary lesion and regional lymph node metastasis. J. Dermatol. 1999, 26, 416–422. [Google Scholar] [CrossRef]

	



Ling, Z.Q.; Li, P.; Ge, M.H.; Hu, F.J.; Fang, X.H.; Dong, Z.M.; Mao, W.M. Aberrant methylation of different DNA repair genes demonstrates distinct prognostic value for esophageal cancer. Dig. Dis. Sci. 2011, 56, 2992–3004. [Google Scholar] [CrossRef]

	



Field, J.K. Oncogenes and tumour-suppressor genes in squamous cell carcinoma of the head and neck. Eur. J. Cancer B Oral Oncol. 1992, 28B, 67–76. [Google Scholar] [CrossRef]

	



Marsit, C.J.; Posner, M.R.; McClean, M.D.; Kelsey, K.T. Hypermethylation of E-cadherin is an independent predictor of improved survival in head and neck squamous cell carcinoma. Cancer 2008, 113, 1566–1571. [Google Scholar] [CrossRef]

	



Hu, Q.P.; Kuang, J.Y.; Yang, Q.K.; Bian, X.W.; Yu, S.C. Beyond a tumor suppressor: Soluble E-cadherin promotes the progression of cancer. Int. J. Cancer 2016, 138, 2804–2812. [Google Scholar] [CrossRef]

	



Rodriguez, M.I.; Peralta-Leal, A.; O’Valle, F.; Rodriguez-Vargas, J.M.; Gonzalez-Flores, A.; Majuelos-Melguizo, J.; Lopez, L.; Serrano, S.; de Herreros, A.G.; Rodriguez-Manzaneque, J.C.; et al. PARP-1 regulates metastatic melanoma through modulation of vimentin-induced malignant transformation. PLoS Genet. 2013, 9, e1003531. [Google Scholar] [CrossRef]

	



Auersperg, N.; Pan, J.; Grove, B.D.; Peterson, T.; Fisher, J.; Maines-Bandiera, S.; Somasiri, A.; Roskelley, C.D. E-cadherin induces mesenchymal-to-epithelial transition in human ovarian surface epithelium. Proc. Natl. Acad. Sci. USA 1999, 96, 6249–6254. [Google Scholar] [CrossRef]

	



Sundfeldt, K. Cell-cell adhesion in the normal ovary and ovarian tumors of epithelial origin; an exception to the rule. Mol. Cell Endocrinol. 2003, 202, 89–96. [Google Scholar] [CrossRef]

	



Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in development and disease. Cell 2009, 139, 871–890. [Google Scholar] [CrossRef]

	



van Roy, F. Beyond E-cadherin: Roles of other cadherin superfamily members in cancer. Nat. Rev. Cancer 2014, 14, 121–134. [Google Scholar] [CrossRef]

	



Suyama, K.; Shapiro, I.; Guttman, M.; Hazan, R.B. A signaling pathway leading to metastasis is controlled by N-cadherin and the FGF receptor. Cancer Cell 2002, 2, 301–314. [Google Scholar] [CrossRef]

	



Lammens, T.; Swerts, K.; Derycke, L.; De Craemer, A.; De Brouwer, S.; De Preter, K.; Van Roy, N.; Vandesompele, J.; Speleman, F.; Philippe, J.; et al. N-cadherin in neuroblastoma disease: Expression and clinical significance. PLoS ONE 2012, 7, e31206. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, A.S.; Albergaria, A.; Sousa, B.; Correia, A.L.; Bracke, M.; Seruca, R.; Schmitt, F.C.; Paredes, J. Extracellular cleavage and shedding of P-cadherin: A mechanism underlying the invasive behaviour of breast cancer cells. Oncogene 2010, 29, 392–402. [Google Scholar] [CrossRef]

	



Ribeiro, A.S.; Sousa, B.; Carreto, L.; Mendes, N.; Nobre, A.R.; Ricardo, S.; Albergaria, A.; Cameselle-Teijeiro, J.F.; Gerhard, R.; Soderberg, O.; et al. P-cadherin functional role is dependent on E-cadherin cellular context: A proof of concept using the breast cancer model. J. Pathol. 2013, 229, 705–718. [Google Scholar] [CrossRef] [PubMed]

	



Paredes, J.; Correia, A.L.; Ribeiro, A.S.; Milanezi, F.; Cameselle-Teijeiro, J.; Schmitt, F.C. Breast carcinomas that co-express E- and P-cadherin are associated with p120-catenin cytoplasmic localisation and poor patient survival. J. Clin. Pathol. 2008, 61, 856–862. [Google Scholar] [CrossRef] [PubMed]

	



Sousa, B.; Ribeiro, A.S.; Nobre, A.R.; Lopes, N.; Martins, D.; Pinheiro, C.; Vieira, A.F.; Albergaria, A.; Gerhard, R.; Schmitt, F.; et al. The basal epithelial marker P-cadherin associates with breast cancer cell populations harboring a glycolytic and acid-resistant phenotype. BMC Cancer 2014, 14, 734. [Google Scholar] [CrossRef] [PubMed]

	



Van Marck, V.; Stove, C.; Jacobs, K.; Van den Eynden, G.; Bracke, M. P-cadherin in adhesion and invasion: Opposite roles in colon and bladder carcinoma. Int. J. Cancer 2011, 128, 1031–1044. [Google Scholar] [CrossRef]

	



Ribeiro, A.S.; Paredes, J. P-cadherin linking breast cancer stem cells and invasion: A promising marker to identify an “intermediate/metastable” EMT state. Front. Oncol. 2014, 4, 371. [Google Scholar] [CrossRef]

	



Ribeiro, A.S.; Carvalho, F.A.; Figueiredo, J.; Carvalho, R.; Mestre, T.; Monteiro, J.; Guedes, A.F.; Fonseca, M.; Sanches, J.; Seruca, R.; et al. Atomic force microscopy and graph analysis to study the P-cadherin/SFK mechanotransduction signalling in breast cancer cells. Nanoscale 2016, 8, 19390–19401. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, A.S.; Nobre, A.R.; Mendes, N.; Almeida, J.; Vieira, A.F.; Sousa, B.; Carvalho, F.A.; Monteiro, J.; Polonia, A.; Fonseca, M.; et al. SRC inhibition prevents P-cadherin mediated signaling and function in basal-like breast cancer cells. Cell Commun. Signal. 2018, 16, 75. [Google Scholar] [CrossRef]

	



Vieira, A.F.; Ribeiro, A.S.; Dionisio, M.R.; Sousa, B.; Nobre, A.R.; Albergaria, A.; Santiago-Gomez, A.; Mendes, N.; Gerhard, R.; Schmitt, F.; et al. P-cadherin signals through the laminin receptor alpha6beta4 integrin to induce stem cell and invasive properties in basal-like breast cancer cells. Oncotarget 2014, 5, 679–692. [Google Scholar] [CrossRef] [PubMed]

	



Kucharczak, J.; Charrasse, S.; Comunale, F.; Zappulla, J.; Robert, B.; Teulon-Navarro, I.; Pelegrin, A.; Gauthier-Rouviere, C. R-Cadherin expression inhibits myogenesis and induces myoblast transformation via Rac1 GTPase. Cancer Res. 2008, 68, 6559–6568. [Google Scholar] [CrossRef] [PubMed]

	



Du, C.; Huang, T.; Sun, D.; Mo, Y.; Feng, H.; Zhou, X.; Xiao, X.; Yu, N.; Hou, B.; Huang, G.; et al. CDH4 as a novel putative tumor suppressor gene epigenetically silenced by promoter hypermethylation in nasopharyngeal carcinoma. Cancer Lett. 2011, 309, 54–61. [Google Scholar] [CrossRef]

	



Miotto, E.; Sabbioni, S.; Veronese, A.; Calin, G.A.; Gullini, S.; Liboni, A.; Gramantieri, L.; Bolondi, L.; Ferrazzi, E.; Gafa, R.; et al. Frequent aberrant methylation of the CDH4 gene promoter in human colorectal and gastric cancer. Cancer Res. 2004, 64, 8156–8159. [Google Scholar] [CrossRef]

	



Tohma, Y.; Yamashima, T.; Yamashita, J. Immunohistochemical localization of cell adhesion molecule epithelial cadherin in human arachnoid villi and meningiomas. Cancer Res. 1992, 52, 1981–1987. [Google Scholar]

	



Fannon, A.M.; Sherman, D.L.; Ilyina-Gragerova, G.; Brophy, P.J.; Friedrich, V.L., Jr.; Colman, D.R. Novel E-cadherin-mediated adhesion in peripheral nerve: Schwann cell architecture is stabilized by autotypic adherens junctions. J. Cell Biol. 1995, 129, 189–202. [Google Scholar] [CrossRef]

	



Hasegawa, M.; Seto, A.; Uchiyama, N.; Kida, S.; Yamashima, T.; Yamashita, J. Localization of E-cadherin in peripheral glia after nerve injury and repair. J. Neuropathol. Exp. Neurol. 1996, 55, 424–434. [Google Scholar] [CrossRef]

	



Uchiyama, N.; Hasegawa, M.; Yamashima, T.; Yamashita, J.; Shimamura, K.; Takeichi, M. Immunoelectron microscopic localization of E-cadherin in dorsal root ganglia, dorsal root and dorsal horn of postnatal mice. J. Neurocytol. 1994, 23, 460–468. [Google Scholar] [CrossRef]

	



Brunner, E.C.; Romeike, B.F.; Jung, M.; Comtesse, N.; Meese, E. Altered expression of beta-catenin/E-cadherin in meningiomas. Histopathology 2006, 49, 178–187. [Google Scholar] [CrossRef]

	



Figarella-Branger, D.; Trouillas, J. The new WHO classification of human pituitary tumors: Comments. Acta Neuropathol. 2006, 111, 71–72. [Google Scholar] [CrossRef]

	



Fougner, S.L.; Lekva, T.; Borota, O.C.; Hald, J.K.; Bollerslev, J.; Berg, J.P. The expression of E-cadherin in somatotroph pituitary adenomas is related to tumor size, invasiveness, and somatostatin analog response. J. Clin. Endocrinol. Metab. 2010, 95, 2334–2342. [Google Scholar] [CrossRef]

	



Hasegawa, M.; Muramatsu, N.; Tohma, Y.; Fukaya, K.; Fujisawa, H.; Hayashi, Y.; Tachibana, O.; Kida, S.; Yamashita, J.; Saito, K. Expression of E-cadherin-catenin complex in human benign schwannomas. Histol. Histopathol. 2002, 17, 39–44. [Google Scholar] [PubMed]

	



Utsuki, S.; Oka, H.; Sato, Y.; Kawano, N.; Tsuchiya, B.; Kobayashi, I.; Fujii, K. Invasive meningioma is associated with a low expression of E-cadherin and beta-catenin. Clin. Neuropathol. 2005, 24, 8–12. [Google Scholar]

	



Kawamoto, H.; Mizoue, T.; Arita, K.; Tominaga, A.; Eguchi, K.; Kurisu, K. Expression of epithelial cadherin and cavernous sinus invasion in human pituitary adenomas. J. Neurooncol. 1997, 34, 105–109. [Google Scholar] [CrossRef] [PubMed]

	



Nishioka, H.; Haraoka, J.; Akada, K. Fibrous bodies are associated with lower GH production and decreased expression of E-cadherin in GH-producing pituitary adenomas. Clin. Endocrinol. 2003, 59, 768–772. [Google Scholar] [CrossRef] [PubMed]

	



Qian, Z.R.; Sano, T.; Yoshimoto, K.; Asa, S.L.; Yamada, S.; Mizusawa, N.; Kudo, E. Tumor-specific downregulation and methylation of the CDH13 (H-cadherin) and CDH1 (E-cadherin) genes correlate with aggressiveness of human pituitary adenomas. Mod. Pathol. 2007, 20, 1269–1277. [Google Scholar] [CrossRef]

	



Howng, S.L.; Wu, C.H.; Cheng, T.S.; Sy, W.D.; Lin, P.C.; Wang, C.; Hong, Y.R. Differential expression of Wnt genes, beta-catenin and E-cadherin in human brain tumors. Cancer Lett. 2002, 183, 95–101. [Google Scholar] [CrossRef]

	



Sano, T.; Rong, Q.Z.; Kagawa, N.; Yamada, S. Down-regulation of E-cadherin and catenins in human pituitary growth hormone-producing adenomas. Front. Horm. Res. 2004, 32, 127–132. [Google Scholar]

	



Xu, B.; Sano, T.; Yoshimoto, K.; Yamada, S. Downregulation of E-cadherin and its undercoat proteins in pituitary growth hormone cell adenomas with prominent fibrous bodies. Endocr. Pathol. 2002, 13, 341–351. [Google Scholar] [CrossRef]

	



Chauvet, N.; Romano, N.; Meunier, A.C.; Galibert, E.; Fontanaud, P.; Mathieu, M.N.; Osterstock, G.; Osterstock, P.; Baccino, E.; Rigau, V.; et al. Combining cadherin expression with molecular markers discriminates invasiveness in growth hormone and prolactin pituitary adenomas. J. Neuroendocrinol. 2016, 28, 12352. [Google Scholar] [CrossRef] [PubMed]

	



Pecina-Slaus, N.; Nikuseva Martic, T.; Deak, A.J.; Zeljko, M.; Hrascan, R.; Tomas, D.; Musani, V. Genetic and protein changes of E-cadherin in meningiomas. J. Cancer Res. Clin. Oncol 2010, 136, 695–702. [Google Scholar] [CrossRef]

	



Schwechheimer, K.; Zhou, L.; Birchmeier, W. E-Cadherin in human brain tumours: Loss of immunoreactivity in malignant meningiomas. Virchows Arch. 1998, 432, 163–167. [Google Scholar] [CrossRef]

	



Zhou, K.; Wang, G.; Wang, Y.; Jin, H.; Yang, S.; Liu, C. The potential involvement of E-cadherin and beta-catenins in meningioma. PLoS ONE 2010, 5, e11231. [Google Scholar] [CrossRef]

	



Utsuki, S.; Oka, H.; Sato, Y.; Tsutiya, B.; Kondo, K.; Tanizaki, Y.; Tanaka, S.; Fujii, K. E, N-cadherins and beta-catenin expression in medulloblastoma and atypical teratoid/rhabdoid tumor. Neurol. Med. Chir. 2004, 44, 402–406. [Google Scholar] [CrossRef] [PubMed]

	



Yokoi, K.; Akiyama, M.; Yanagisawa, T.; Takahashi-Fujigasaki, J.; Yokokawa, Y.; Mikami-Terao, Y.; Fukuoka, K.; Fujisawa, K.; Nakazaki, H.; Oi, S.; et al. Sequential analysis of cadherin expression in a 4-year-old girl with intracranial ependymoma. Childs Nerv. Syst. 2007, 23, 237–242. [Google Scholar] [CrossRef]

	



Malgulwar, P.B.; Nambirajan, A.; Pathak, P.; Rajeshwari, M.; Suri, V.; Sarkar, C.; Singh, M.; Sharma, M.C. Epithelial-to-mesenchymal transition-related transcription factors are up-regulated in ependymomas and correlate with a poor prognosis. Hum. Pathol. 2018, 82, 149–157. [Google Scholar] [CrossRef] [PubMed]

	



Utsuki, S.; Oka, H.; Miyajima, Y.; Kijima, C.; Yasui, Y.; Fujii, K. Adult cerebellar glioblastoma cases have different characteristics from supratentorial glioblastoma. Brain Tumor Pathol. 2012, 29, 87–95. [Google Scholar] [CrossRef]

	



Noh, M.G.; Oh, S.J.; Ahn, E.J.; Kim, Y.J.; Jung, T.Y.; Jung, S.; Kim, K.K.; Lee, J.H.; Lee, K.H.; Moon, K.S. Prognostic significance of E-cadherin and N-cadherin expression in Gliomas. BMC Cancer 2017, 17, 583. [Google Scholar] [CrossRef]

	



Shinoura, N.; Paradies, N.E.; Warnick, R.E.; Chen, H.; Larson, J.J.; Tew, J.J.; Simon, M.; Lynch, R.A.; Kanai, Y.; Hirohashi, S.; et al. Expression of N-cadherin and alpha-catenin in astrocytomas and glioblastomas. Br. J. Cancer 1995, 72, 627–633. [Google Scholar] [CrossRef]

	



Musumeci, G.; Magro, G.; Cardile, V.; Coco, M.; Marzagalli, R.; Castrogiovanni, P.; Imbesi, R.; Graziano, A.C.; Barone, F.; Di Rosa, M.; et al. Characterization of matrix metalloproteinase-2 and -9, ADAM-10 and N-cadherin expression in human glioblastoma multiforme. Cell Tissue Res. 2015, 362, 45–60. [Google Scholar] [CrossRef]

	



Peglion, F.; Etienne-Manneville, S. N-cadherin expression level as a critical indicator of invasion in non-epithelial tumors. Cell Adh. Migr. 2012, 6, 327–332. [Google Scholar] [CrossRef]

	



Kohutek, Z.A.; diPierro, C.G.; Redpath, G.T.; Hussaini, I.M. ADAM-10-mediated N-cadherin cleavage is protein kinase C-alpha dependent and promotes glioblastoma cell migration. J. Neurosci. 2009, 29, 4605–4615. [Google Scholar] [CrossRef]

	



Camand, E.; Peglion, F.; Osmani, N.; Sanson, M.; Etienne-Manneville, S. N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration. J. Cell Sci. 2012, 125, 844–857. [Google Scholar] [CrossRef]

	



Asano, K.; Duntsch, C.D.; Zhou, Q.; Weimar, J.D.; Bordelon, D.; Robertson, J.H.; Pourmotabbed, T. Correlation of N-cadherin expression in high grade gliomas with tissue invasion. J. Neurooncol. 2004, 70, 3–15. [Google Scholar] [CrossRef]

	



Asano, K.; Kubo, O.; Tajika, Y.; Huang, M.C.; Takakura, K.; Ebina, K.; Suzuki, S. Expression and role of cadherins in astrocytic tumors. Brain Tumor Pathol. 1997, 14, 27–33. [Google Scholar] [CrossRef]

	



Asano, K.; Kubo, O.; Tajika, Y.; Takakura, K.; Suzuki, S. Expression of cadherin and CSF dissemination in malignant astrocytic tumors. Neurosurg. Rev. 2000, 23, 39–44. [Google Scholar] [CrossRef]

	



Siebzehnrubl, F.A.; Silver, D.J.; Tugertimur, B.; Deleyrolle, L.P.; Siebzehnrubl, D.; Sarkisian, M.R.; Devers, K.G.; Yachnis, A.T.; Kupper, M.D.; Neal, D.; et al. The ZEB1 pathway links glioblastoma initiation, invasion and chemoresistance. EMBO Mol. Med. 2013, 5, 1196–1212. [Google Scholar] [CrossRef]

	



Wu, W.; Tian, Y.; Wan, H.; Ma, J.; Song, Y.; Wang, Y.; Zhang, L. Expression of beta-catenin and E- and N-cadherin in human brainstem gliomas and clinicopathological correlations. Int. J. Neurosci. 2013, 123, 318–323. [Google Scholar] [CrossRef]

	



Gritsenko, P.G.; Atlasy, N.; Dieteren, C.E.J.; Navis, A.C.; Venhuizen, J.H.; Veelken, C.; Schubert, D.; Acker-Palmer, A.; Westerman, B.A.; Wurdinger, T.; et al. p120-catenin-dependent collective brain infiltration by glioma cell networks. Nat. Cell Biol. 2020, 22, 97–107. [Google Scholar] [CrossRef]

	



Osuka, S.; Zhu, D.; Zhang, Z.; Li, C.; Stackhouse, C.T.; Sampetrean, O.; Olson, J.J.; Gillespie, G.Y.; Saya, H.; Willey, C.D.; et al. N-cadherin upregulation mediates adaptive radioresistance in glioblastoma. J. Clin. Investig. 2021, 131, 1–15. [Google Scholar] [CrossRef]

	



Motta, F.J.; Valera, E.T.; Lucio-Eterovic, A.K.; Queiroz, R.G.; Neder, L.; Scrideli, C.A.; Machado, H.R.; Carlotti-Junior, C.G.; Marie, S.K.; Tone, L.G. Differential expression of E-cadherin gene in human neuroepithelial tumors. Genet. Mol. Res. 2008, 7, 295–304. [Google Scholar] [CrossRef]

	



Bar, J.K.; Zub, L.; Lis-Nawara, A.; Noga, L.; Jelen, M.; Paradowski, B. Expression and interactions between cell adhesion molecules CD44v6 and E-cadherin in human gliomas. Adv. Clin. Exp. Med. 2014, 23, 827–834. [Google Scholar] [CrossRef] [PubMed]

	



D’Urso, P.I.; D’Urso, O.F.; Storelli, C.; Catapano, G.; Gianfreda, C.D.; Montinaro, A.; Muscella, A.; Marsigliante, S. Retrospective protein expression and epigenetic inactivation studies of CDH1 in patients affected by low-grade glioma. J. Neurooncol. 2011, 104, 113–118. [Google Scholar] [CrossRef]

	



Bourkoula, E.; Mangoni, D.; Ius, T.; Pucer, A.; Isola, M.; Musiello, D.; Marzinotto, S.; Toffoletto, B.; Sorrentino, M.; Palma, A.; et al. Glioma-associated stem cells: A novel class of tumor-supporting cells able to predict prognosis of human low-grade gliomas. Stem Cells 2014, 32, 1239–1253. [Google Scholar] [CrossRef] [PubMed]

	



Lewis-Tuffin, L.J.; Rodriguez, F.; Giannini, C.; Scheithauer, B.; Necela, B.M.; Sarkaria, J.N.; Anastasiadis, P.Z. Misregulated E-cadherin expression associated with an aggressive brain tumor phenotype. PLoS ONE 2010, 5, e13665. [Google Scholar] [CrossRef]

	



Rodriguez, M.; Aladowicz, E.; Lanfrancone, L.; Goding, C.R. Tbx3 represses E-cadherin expression and enhances melanoma invasiveness. Cancer Res. 2008, 68, 7872–7881. [Google Scholar] [CrossRef] [PubMed]

	



Darweesh, M.F.; Abdel-Salam, L.O.; Negm, M.F. N-Cadherin Expression in Glioblastoma and its Correlation with the Histopathological Findings. Academic Journal of Cancer Research. 2016, 9, 7–12. [Google Scholar]

	



Appolloni, I.; Barilari, M.; Caviglia, S.; Gambini, E.; Reisoli, E.; Malatesta, P. A cadherin switch underlies malignancy in high-grade gliomas. Oncogene 2015, 34, 1991–2002. [Google Scholar] [CrossRef]

	



Catalano, M.; D’Alessandro, G.; Lepore, F.; Corazzari, M.; Caldarola, S.; Valacca, C.; Faienza, F.; Esposito, V.; Limatola, C.; Cecconi, F.; et al. Autophagy induction impairs migration and invasion by reversing EMT in glioblastoma cells. Mol. Oncol. 2015, 9, 1612–1625. [Google Scholar] [CrossRef]

	



Nagaishi, M.; Paulus, W.; Brokinkel, B.; Vital, A.; Tanaka, Y.; Nakazato, Y.; Giangaspero, F.; Ohgaki, H. Transcriptional factors for epithelial-mesenchymal transition are associated with mesenchymal differentiation in gliosarcoma. Brain Pathol. 2012, 22, 670–676. [Google Scholar] [CrossRef]

	



Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, J.P.; et al. Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [Google Scholar] [CrossRef] [PubMed]

	



Wood, M.D.; Reis, G.F.; Reuss, D.E.; Phillips, J.J. Protein analysis of glioblastoma primary and posttreatment pairs suggests a mesenchymal shift at recurrence. J. Neuropathol. Exp. Neurol. 2016, 75, 925–935. [Google Scholar] [CrossRef]

	



Behnan, J.; Finocchiaro, G.; Hanna, G. The landscape of the mesenchymal signature in brain tumours. Brain 2019, 142, 847–866. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Ma, W.; Xu, H.; Huang, M.; Zhang, D.; He, Z.; Zhang, L.; Brem, S.; O’Rourke, D.M.; Gong, Y.; et al. PDGF-mediated mesenchymal transformation renders endothelial resistance to anti-VEGF treatment in glioblastoma. Nat. Commun. 2018, 9, 3439. [Google Scholar] [CrossRef]

	



Kubelt, C.; Hattermann, K.; Sebens, S.; Mehdorn, H.M.; Held-Feindt, J. Epithelial-to-mesenchymal transition in paired human primary and recurrent glioblastomas. Int. J. Oncol. 2015, 46, 2515–2525. [Google Scholar] [CrossRef] [PubMed]

	



Mahabir, R.; Tanino, M.; Elmansuri, A.; Wang, L.; Kimura, T.; Itoh, T.; Ohba, Y.; Nishihara, H.; Shirato, H.; Tsuda, M.; et al. Sustained elevation of Snail promotes glial-mesenchymal transition after irradiation in malignant glioma. Neuro Oncol. 2014, 16, 671–685. [Google Scholar] [CrossRef]

	



Rosmaninho, P.; Mukusch, S.; Piscopo, V.; Teixeira, V.; Raposo, A.A.; Warta, R.; Bennewitz, R.; Tang, Y.; Herold-Mende, C.; Stifani, S.; et al. Zeb1 potentiates genome-wide gene transcription with Lef1 to promote glioblastoma cell invasion. EMBO J. 2018, 37, e97115. [Google Scholar] [CrossRef] [PubMed]

	



Wellner, U.; Schubert, J.; Burk, U.C.; Schmalhofer, O.; Zhu, F.; Sonntag, A.; Waldvogel, B.; Vannier, C.; Darling, D.; zur Hausen, A.; et al. The EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting microRNAs. Nat. Cell Biol. 2009, 11, 1487–1495. [Google Scholar] [CrossRef] [PubMed]

	



Chandra, A.; Jahangiri, A.; Chen, W.; Nguyen, A.T.; Yagnik, G.; Pereira, M.P.; Jain, S.; Garcia, J.H.; Shah, S.S.; Wadhwa, H.; et al. Clonal ZEB1-driven mesenchymal transition promotes targetable oncologic antiangiogenic therapy resistance. Cancer Res. 2020, 80, 1498–1511. [Google Scholar] [CrossRef] [PubMed]

	



Lim, E.J.; Kim, S.; Oh, Y.; Suh, Y.; Kaushik, N.; Lee, J.H.; Lee, H.J.; Kim, M.J.; Park, M.J.; Kim, R.K.; et al. Crosstalk between GBM cells and mesenchymal stemlike cells promotes the invasiveness of GBM through the C5a/p38/ZEB1 axis. Neuro Oncol. 2020, 22, 1452–1462. [Google Scholar] [CrossRef]

	



Elias, M.C.; Tozer, K.R.; Silber, J.R.; Mikheeva, S.; Deng, M.; Morrison, R.S.; Manning, T.C.; Silbergeld, D.L.; Glackin, C.A.; Reh, T.A.; et al. TWIST is expressed in human gliomas and promotes invasion. Neoplasia 2005, 7, 824–837. [Google Scholar] [CrossRef]

	



Mikheeva, S.A.; Mikheev, A.M.; Petit, A.; Beyer, R.; Oxford, R.G.; Khorasani, L.; Maxwell, J.P.; Glackin, C.A.; Wakimoto, H.; Gonzalez-Herrero, I.; et al. TWIST1 promotes invasion through mesenchymal change in human glioblastoma. Mol. Cancer 2010, 9, 194. [Google Scholar] [CrossRef] [PubMed]

	



Mikheev, A.M.; Mikheeva, S.A.; Severs, L.J.; Funk, C.C.; Huang, L.; McFaline-Figueroa, J.L.; Schwensen, J.; Trapnell, C.; Price, N.D.; Wong, S.; et al. Targeting TWIST1 through loss of function inhibits tumorigenicity of human glioblastoma. Mol. Oncol. 2018, 12, 1188–1202. [Google Scholar] [CrossRef]

	



Kahlert, U.D.; Maciaczyk, D.; Doostkam, S.; Orr, B.A.; Simons, B.; Bogiel, T.; Reithmeier, T.; Prinz, M.; Schubert, J.; Niedermann, G.; et al. Activation of canonical WNT/beta-catenin signaling enhances in vitro motility of glioblastoma cells by activation of ZEB1 and other activators of epithelial-to-mesenchymal transition. Cancer Lett. 2012, 325, 42–53. [Google Scholar] [CrossRef]

	



Shahcheraghi, S.H.; Tchokonte-Nana, V.; Lotfi, M.; Lotfi, M.; Ghorbani, A.; Sadeghnia, H.R. Wnt/beta-catenin and PI3K/Akt/mTOR signaling pathways in glioblastoma: Two main targets for drug design: A review. Curr. Pharm. Des. 2020, 26, 1729–1741. [Google Scholar] [CrossRef]

	



Yang, H.W.; Menon, L.G.; Black, P.M.; Carroll, R.S.; Johnson, M.D. SNAI2/Slug promotes growth and invasion in human gliomas. BMC Cancer 2010, 10, 301. [Google Scholar] [CrossRef]

	



Friedl, P.; Wolf, K. Tumour-cell invasion and migration: Diversity and escape mechanisms. Nat. Rev. Cancer 2003, 3, 362–374. [Google Scholar] [CrossRef]

	



Rodriguez, F.J.; Lewis-Tuffin, L.J. Anastasiadis PZ: E-cadherin’s dark side: Possible role in tumor progression. Biochim. Biophys. Acta 2012, 1826, 23–31. [Google Scholar]

	



Iser, I.C.; Lenz, G.; Wink, M.R. EMT-like process in glioblastomas and reactive astrocytes. Neurochem. Int. 2019, 122, 139–143. [Google Scholar] [CrossRef]

	



Majc, B.; Sever, T.; Zaric, M.; Breznik, B.; Turk, B.; Lah, T.T. Epithelial-to-mesenchymal transition as the driver of changing carcinoma and glioblastoma microenvironment. Biochim. Biophys. Acta Mol. Cell Res. 2020, 1867, 118782. [Google Scholar] [CrossRef] [PubMed]

	



ElMoneim, H.M.; Zaghloul, N.M. Expression of E-cadherin, N-cadherin and snail and their correlation with clinicopathological variants: An immunohistochemical study of 132 invasive ductal breast carcinomas in Egypt. Clinics 2011, 66, 1765–1771. [Google Scholar] [PubMed]

	



Kamikihara, T.; Ishigami, S.; Arigami, T.; Matsumoto, M.; Okumura, H.; Uchikado, Y.; Kita, Y.; Kurahara, H.; Kijima, Y.; Ueno, S.; et al. Clinical implications of N-cadherin expression in gastric cancer. Pathol. Int. 2012, 62, 161–166. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Yu, T.; Zhang, Q.; Fu, Q.; Hu, Y.; Xiang, M.; Peng, H.; Zheng, T.; Lu, L.; Shi, H. Upregulated N-cadherin expression is associated with poor prognosis in epithelial-derived solid tumours: A meta-analysis. Eur. J. Clin. Investig. 2018, 48, e12903. [Google Scholar] [CrossRef] [PubMed]

	



Paredes, J.; Milanezi, F.; Viegas, L.; Amendoeira, I.; Schmitt, F. P-cadherin expression is associated with high-grade ductal carcinoma in situ of the breast. Virchows Arch. 2002, 440, 16–21. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 09 01328 g001 550] 





Figure 1. Cadherins and EMT factors expression during glioma progression. The progression of low-grade to high-grade glioma is commonly accompanied by an increase in the activity of classical EMT transcription factors and other well-described EMT-promoting pathways, such as ZEB1/ZEB2 [140,160,161], TWIST1 [164,165], WNT/β-catenin pathway [167], and SNAI2/SLUG [159,169]. According to current data available, N-cadherin is generally expressed in low-grade glioma, but its expression has been described to be increased in high-grade gliomas [130,141]. On the contrary, E-cadherin is fairly absent in gliomas. Still, its expression is more frequent in low-grade gliomas than in glioblastoma [144,145]. Notwithstanding, in aggressive glioblastoma subtypes, with epithelial and pseudo-epithelial differentiation, E-cadherin is found to be overexpressed [148]. Upward row represents increased expression, whereas downward row indicates decreased patient survival rate. 






Figure 1. Cadherins and EMT factors expression during glioma progression. The progression of low-grade to high-grade glioma is commonly accompanied by an increase in the activity of classical EMT transcription factors and other well-described EMT-promoting pathways, such as ZEB1/ZEB2 [140,160,161], TWIST1 [164,165], WNT/β-catenin pathway [167], and SNAI2/SLUG [159,169]. According to current data available, N-cadherin is generally expressed in low-grade glioma, but its expression has been described to be increased in high-grade gliomas [130,141]. On the contrary, E-cadherin is fairly absent in gliomas. Still, its expression is more frequent in low-grade gliomas than in glioblastoma [144,145]. Notwithstanding, in aggressive glioblastoma subtypes, with epithelial and pseudo-epithelial differentiation, E-cadherin is found to be overexpressed [148]. Upward row represents increased expression, whereas downward row indicates decreased patient survival rate.



[image: Biomedicines 09 01328 g001]







[image: Table] 





Table 1. Summary of cadherin’s expression and prognosis in different published patient glioma series. NA (not assessed).
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	Author/Year
	Cadherin and Method
	Result
	Prognosis





	Howng et al. 2002

[120]
	E-cadherin

expression by RT-PCR in 16 astrocytomas and 29 other SNC tumors
	Ecad staining in 2/16
	NA



	Schwechheimer et al. 1998

[125]
	E-cadherin

Immunohistochemistry of 42 gliomas (7 grade I astrocytoma, 6 grade II astrocytima, 5 grade II oligodendroglioma, 14 grade III astrocytoma, 8 GBM) and other 105 SNC tumors
	No Ecad staining in gliomas
	NA



	Utsuki et al. 2004

[127]
	E- and N-cadherin

Immunohistochemistry of 45 gliomas (18 GBM, 16 grade III anaplastic astrocytomas, 11 grade II diffuse gliomas).
	No Ecad staining

Ncad staining in GBM (81%) and anaplastic astrocytoma (31%)-Ncad staining increases with WHO grade.
	Ncad staining associated with a worse prognosis



	Noh et al. 2017

[131]
	E- and N-cadherin

Immunohistochemistry of 92 gliomas
	Ecad expression in 8.7%

Ncad expression in 88.0%

No significant difference in OS, PFS increased in low Ncad expression.
	Tendency for worse prognosis with Ncad expression



	Shinoura et al. 1995

[132]
	N-cadherin

mRNA and protein level in 21 gliomas (one pilocytic astrocytoma, 4 grade II astrocytomas, 3 grade III anaplastic astrocytoma, 9 GBM, 2 mixed gliomas, 2 grade II oligodendroglioma)
	Ncad expression equal (protein) to higher (mRNA) in GBM
	No prognosis



	Asano et al. 1997

[138]
	N-cadherin

Immunohistochemistry of 22 astrocytomas (13 GBM and 9 anaplastic grade III astrocytoma)
	No Ecad expression

Ncad expression in all primary tumors.

Ncad loss associated with tumor dissemination.
	Ncad staining better prognosis.



	Wu et al. 2013

[141]
	E- and N-cadherin

Immunohistochemistry of 40 brainstem gliomas (30 low grade and 10 high-grade) and RT-PCR of 18 brainstem gliomas (10 low grade and 8 high grade)
	No Ecad staining, weak mRNA level.

N-cad expression increased with WHO grade and showed a trend toward shorter survival.
	Ncad expression associated with a worse prognosis



	Motta et al. 2008

[144]
	E-cadherin

RT-PCR in 62 astrocytomas (21 grade I astrocytomas, 10 grade II astrocytomas, 10 grade III astrocytomas, and 21 GBM) and 19 other SNC tumors
	Ecad expression is higher in low-grade astrocytomas than high-grade astrocytomas. Ecad expression decreases with WHO grade.
	Ecad expression associated with a better prognosis



	Bar et al. 2014

[145]
	E-cadherin

Immunohistochemistry of 92 gliomas (23 grade I pilocytic astrocytoma, 23 grade II astrocytoma, 7 grade II oligodendroglioma, and 39 GBM.
	Ecad staining in 28.8% of gliomas, no differences with WHO grade.
	No prognosis



	D’Urso et al. 2011

[146]
	E-cadherin

Ecad gene (CDH1) promoter methylation and E-cad expression by methylation-specific polymerase chain reaction (MSP) and immunohistochemistry in 84 low-grade gliomas (43 diffuse astrocytomas, 27 oligodendrogliomas, and 14 oligoastrocytomas)
	CDH1 promoter hypermethylation in 65% of astrocytomas, 66% oligodendrogliomas, and 57% oligoastrocytomas correlated with a worse prognosis.

Ecad expression positive in 15/43 astrocytomas, 9/27 oligodendrogliomas, and 6/14 oligoastrocytomas. Loss of immunoreactivity for E-cadherin correlated with worse survival
	Loss of Ecad expression worse prognosis



	Lewis-Tuffin et al. 2010

[148]
	E-cadherin

Immunohistochemistry of TMAs of 83 cases of GBM or anaplastic astrocytoma and 31 gliomas

and immunohistochemistry of 27 GBM with epithelial/pseudo-epithelial differentiation
	No Ecad expression in TMA

Ecad staining in 33% of GBM with epithelial/pseudo-epithelial differentiation.

Worse overall survival in patients with Ecad expression.
	Ecad staining associated with a worse prognosis.



	Rodriguez et al. 2008

[149]
	E-cadherin

Immunohistochemistry of 58 GBM with adenoid, epithelioid, or true epithelial features
	Ecad staining in 82% of GBM.
	NA



	Darweesh et al. 2016

[150]
	N-cadherin

Immunohistochemistry of 60 GBM
	Ncad expression in 88.3% cases. Ncad expression associated with tumor histological variant-more common in cases of Gliosarcoma than in glioblastoma with oligodendroglioma component.
	NA
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