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Tight junctions form a paracellular barrier in epithelial and endothelial cells, and they regulate the diffusion of fluids, molecules, and the penetration of cells across tissue compartments. Tight junctions are composed of a group of integral membrane proteins, which include the claudin family, tight junction-associated Marvel protein family, junctional adhesion molecule family, and proteins that anchor the cytoskeleton, such as zonula occludens proteins and the cingulin family. Several factors, such as neurotransmitters or cytokines, and processes like ischemia/hypoxia, inflammation, tumorigenesis, phosphorylation/dephosphorylation, ubiquitination, and palmitoylation, regulate tight junction proteins. Claudins are involved in tumorigenesis processes that lead to glioma formation. In gliomas, there is a noticeable dysregulation of claudins, occludin, and zonula occludens-1 abundance, and their dislocation has been observed. The weakening of intercellular adhesion and cell detachment is responsible for glioma infiltration into surrounding tissues. Furthermore, the paracellular permeability of the blood–brain barrier, formed with the involvement of tight junction proteins, influences the development of peritumoral edema – and, simultaneously, the rate of drug delivery to the glial tumor. Understanding the junctional and paracellular environments in brain tumors is crucial to predicting glial tumor progression and the feasibility of chemotherapeutic drug delivery. This knowledge may also illuminate differences between high and low-grade gliomas.

Keywords
 tight junction; claudin family; TJ-associated Marvel protein family; junctional adhesion molecule family; zonula occludens protein; glial tumors


1 Introduction


1.1 Definition of the tight junction (TJ) and the discovery of its structure and function


1.1.1 TJs structure

Historically, research on transporting epithelia contributed to the discovery of intercellular structures that regulate fluxes through intercellular spaces (Farquhar and Palade, 1963). The advent of electron microscopy in the early sixties of the 20th century allowed for the visualization of membrane-associated fusions that were not previously observable with optical microscopes (Farquhar and Palade, 1963). Studies conducted on rodents revealed the intricacy of intercellular junctional structures. These parts were identified as zonula occludens (tight junction), zonula adhaerens (intermediary junction), and macula adhaerens (desmosome) (Farquhar and Palade, 1963). The development of the freeze-fracture method in electron microscopy by Steere (1957) laid the foundation for new possibilities in TJ research. Consequently, the next significant development in TJ studies was the application of the freeze-fracture technique (Chalcroft and Bullivant, 1970). As a result, the presence of TJs containing ridges, which interconnect membranes adjacent to gap junctions and non-junctional membranes, was finally illustrated (Chalcroft and Bullivant, 1970).

According to current knowledge, Tight Junctions (TJ) establish a paracellular barrier in epithelial and endothelial cells, regulating the diffusion of fluids, molecules, and cell penetration across tissues.

TJs are formed by: (1) a group of integral membrane proteins including, the claudin family (CLDN), TJ-associated Marvel protein (TAMP) family, junctional adhesion molecule (JAM) family, and the Crumbs family of integral membrane proteins (CRBs) to regulate their function; (2) proteins that anchor the cytoskeleton: zonula occludens (ZO) proteins and the cingulin family (Wibbe and Ebnet, 2023; Citi et al., 2024; Figure 1).
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FIGURE 1
 Spatial localization of TJ proteins.




1.1.2 TJ function

The primary function of TJs stems from their location and structure, the function being fencing and gating. Fencing refers to preserving the cellular polarity, with an apical membrane domain that is structurally, molecularly, and physiologically different from the basolateral one. Gating pertains to controlling the passage of ions, molecules, and water through the paracellular pathway. This process can be detected through the measurement of the tissue’s transepithelial electrical resistance (TER).

Transepithelial/transendothelial electrical resistance (TEER) was recorded in blood–brain barrier (BBB) models (Srinivasan et al., 2015). Electrical resistance is inversely correlated with the water flux through the paracellular pathway. In brain endothelium, it was estimated to be 1870 × cm2, indicating a very “tight” BBB (Crone and Olesen, 1982). Claude and Goodenough made an important assumption, considering the effects of strands that form TJs as electrical resistors. Consequently, the authors demonstrated a stepwise TEER increase with the number of strands (Claude and Goodenough, 1973). Claude (1978), utilizing experimental, functional, and morphological data, performed calculations indicating that the relationship between the specific resistance of the ZO and the number of strands is non-linear. Freeze-fracture studies using electron microscopy revealed the presence of molecular strands with intramembranous units. Subsequent studies showed that the number of strands, their assembly, and TJ assembly and sealing contribute to TER (Balda et al., 1991). Factors such as the rearrangement of strands and their number (McCarthy et al., 1996), composition of occludin (OCL) and claudin (CLDN) containing strands (Tsukita and Furuse, 1999), the presence of channels and vertically oriented strands, as well as interaction with cytoskeleton and intracellular proteins (such as calmodulin, G proteins), elucidate the complex relationship between TER and strand number (Claude, 1978; Balda et al., 1996).

Currently, TJs are viewed as cell–cell adhesion complexes that act as gatekeepers in the paracellular space. Advances in research—from electron microscopy to molecular studies—have revealed that these strands are polymers of various occludin (OCL) and claudin (CLDN) proteins. They are assembled side by side (in cis) within the cell membrane and aligned directly (in trans) with proteins from neighboring cells. The resulting structure is zipper-like, closing the gap between adjacent cells (Marsch et al., 2024; Figures 1, 2).
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FIGURE 2
 Factors regulating TJ protein function.


Matrix metalloproteinases (MMPs) degrade claudin-5 (CLDN-5) in the BBB, reducing its abundance in the brain and raising its level in the cerebrospinal fluid (Chiu and Lai, 2013). OCL, another critical TJ protein, is also a substrate of MMP (Pan et al., 2021). Furthermore, MMP-2/9 cleaves ZO-1, leading to BBB disruption (Zhang et al., 2018). Thus, MMPs are involved in the process of removing TJs from their original location. Removal of proteins from the TJ and their reduced abundance can degrade the integrity of the BBB (Zheng et al., 2023).

Further studies have demonstrated that TJs are involved in regulating cell proliferation, differentiation, and apoptosis. These functions are associated with their signal transduction abilities (Matter and Balda, 2003; Matter et al., 2005). While early research primarily investigated epithelial TJs, the properties of endothelial TJs have become increasingly significant in understanding brain tumor pathomechanisms. Endothelial TJs can be influenced by various factors and conditions, as described in Table 1. Notably, amongst others, the CLDN5 gene expression is boosted by transcriptional factors such as the E-26 Transformation Specific (ETS) related gene (ERG), ETS-1, Sex-Determining Region Y-Box 18 (SOX-18), Krüppel-Like Factor 4 (KLF-4), glucocorticoids, estrogen receptors, vitamin D, clock transcription factor, and the Brain and Muscle Aryl-hydrocarbon Receptor Nuclear Translocator Like Protein 1 (BMAL1). These can also be affected by circadian rhythms, as the expression of Cldn5 tends to be more prominent in the mornings (Yuan et al., 2012; Fontijn et al., 2008; Ma et al., 2014a; Felinski et al., 2008; Burek et al., 2010; Zhang et al., 2022; Westgate et al., 2008).



TABLE 1 Factors, conditions, and processes that modify TJ function (Figure 2).
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The expression of CLDN5 is diminished by pro-inflammatory cytokines, nuclear factor κB (NF-κB), and microRNA-18, which depresses the runt-related transcription factor 1 (RUNX1) (Aslam et al., 2012; Miao et al., 2015).

Glutamate increases tyrosine phosphorylation and decreases threonine phosphorylation of OCL in brain microvascular endothelial cells through N-methyl-D-aspartate or alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate/kainate receptors, thus disrupting the BBB (András et al., 2007). Similarly, vascular endothelial growth factor (VEGF)-induced OCL phosphorylation heightens BBB permeability (Antonetti et al., 1999).

Endothelial TJs are more sensitive to changes in the microenvironment than epithelial TJs. Several factors, conditions, and processes can modify the endothelial barrier by (1) increasing or decreasing the abundance of TJ proteins, (2) rearranging and relocating TJ molecules, and (3) posttranslationally modifying TJ proteins (Table 1). The reorganization of TJ architecture can disrupt the endothelial barrier, leading to leakage of fluids, solutes, macromolecules, and cells. This can negatively impact vascular homeostasis and brain tissue. A comprehensive understanding of TJ protein regulation presents new possibilities for intervention. In the following sections, we review current knowledge about TJ proteins (Table 2), with a particular focus on their role in primary glial tumors.



TABLE 2 TJ protein families and their representatives.
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1.1.3 TJ proteins


1.1.3.1 Claudins (CLDNs)

Claudins (CLDNs) constitute a family of 27 proteins, categorized based on their configuration in TJs’ meshwork into class A, forming large mesh sizes (CLDN-7, CLDN-10a with anion channel attributes, CLDN-19a/b, −20), class B generating small mesh sizes (cation channel-forming CLDN-2, −10b, −15, and barrier-forming CLDN-3, −5, −14), and class C (CLDN-1, −6, −9, −11), shaping a tightly packed meshwork with parallel strands (Gonschior et al., 2022). From an amino acid sequence perspective, CLDNs are typified as “classic” and “non-classic.” “Classic” CLDNs are CLDN-1 to 10, −14, −15, −17, −19, which build strands between neighboring cells via trans-interactions (Hashimoto et al., 2023) and share sequence homology (Figure 3). The remaining CLDNs are defined as “non-classic.”
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FIGURE 3
 TJ proteins and their interactions at cell–cell adhesion sites.


CLDN-1, −3, −5, −11, −18, and − 19 form a barrier that excludes ion and solute flux. CLDN-2, −4, −8, −10, −15, −16, −17, and − 21 form ion channels. The function of other CLDNs depends on their cooperation with other proteins (Hashimoto et al., 2023).

The palmitoylation of CLDN-5 increases its affinity for cholesterol-rich domains within membranes, inhibits its self-assembly, and stabilizes TJ proteins within a cholesterol-rich membrane (Rajagopal et al., 2019). The degradation of CLDN-5, along with other CLDNs, is regulated by the ubiquitin-proteasome pathway (Mandel et al., 2012; Takahashi et al., 2009).

While TJs in endothelial cells are primarily composed of CLDN-5, they also include occludin (OCL), tricellulin, JAMs, and angulin-1 (lipolysis-stimulating receptor; LSR) (Vanlandewijck et al., 2018). The preservation of TJ structure and functionality necessitates binding to ZO-1 (Vasileva et al., 2022; Sugawara et al., 2021; Li et al., 2005; Itoh et al., 1999).



1.1.3.2 TAMPs

The TAMP (tight junction-associated MARVEL [(MAL {myelin and lymphocyte} and related proteins for vesicle trafficking and membrane link] protein) family comprises occludin, tricellulin (MARVEL D2), and MARVEL D3. MARVEL is a domain formed by four transmembrane-helix molecules identified in MAL proteins, physins, gyrins, and OCL (Sánchez-Pulido et al., 2002).

OCL was the first identified TJ protein (Furuse et al., 1993). Initially, it was discovered in avian tissues; nonetheless, later comprehensive studies revealed that it is also expressed in mammalian tissues. The NH-2 terminal half of OCL contains four membrane-spanning domains. The C-terminal portion of OCL is crucial for its interactions with ZO-1 protein dimerization and signaling function (Ando-Akatsuka et al., 1996; Li et al., 2005; Walter et al., 2009a; Walter et al., 2009b).

Five domains (A to E) arise from the transmembrane localization of OCL (Furuse et al., 1994). Domains A to D are found in the NH2-terminal, while domain E is present in the COOH-terminal half (Furuse et al., 1994). The release of this factor into the bloodstream suggests it could serve as a biomarker of BBB disintegration, having been observed in various brain pathologies (Kazmierski et al., 2012). Additionally, two forms of OCL have been identified: low-molecular-weight (HWM) (65 kDa to 68 kDa) and high-molecular-weight (LWM) (72 kDa to 75 kDa and 70 kDa to 7 kDa) (Wong, 1997). They are related to different TER; LWM associates with a lower TER (approximately 30 × cm2), while HMW associates with a higher TER (approximately 3,300 × cm2) (Wong, 1997).

OCL function is moderated by serine/threonine phosphorylation and tyrosine by different kinases. HMW OCL is more likely to be hyperphosphorylated than LMW (Wong, 1997). The distribution and function of OCL rely upon phosphorylation, with hyperphosphorylated HMW forms accumulating at cell–cell junctions, indicative of the presence of OCL’s functional forms at TJ (Wong and Gumbiner, 1997). Protein kinase C (PKC) plays a part in OCL phosphorylation (Tai et al., 1996). Activating PKC enhances OCL’s abundance in TJ via mitogen-activated protein kinase (MAPK), a step correlated with a decrease in TER (Wang et al., 2004). PKC stimulators like phorbol 12-myristate 13-acetate (PMA) and 1,2-dioctanoylglycerol affect OCL’s phosphorylation and distribution (Andreeva et al., 2001).

Conversely, dephosphorylation of serine/threonine residues on OCL by protein phosphatase 2A (PP2A) leads to TJ disintegration and increased paracellular permeability (Nunbhakdi-Craig et al., 2002). Regulating the phosphorylation status of OCL is phospholipase C-γ (PLC-γ) (Nunbhakdi-Craig et al., 2002), which contributes to hydrolyzing phosphatidylinositol 4,5-bisphosphate (PIP 2) to produce diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 provokes a transient increase of free intracellular Ca2+, while DAG directly activates PKC (Berridge and Irvine, 1989; Nishizuka, 1986).

Inhibition of phospholipase Cγ results in hyperphosphorylation of ZO-1, ZO2, and OCL correlating with TEER reduction (Ward et al., 2002). Also, PMA-induced PKC activation influences OCL dephosphorylation (Clarke et al., 2000). This effect may result from the inactivation of a serine/threonine kinase or the activation of a serine/threonine phosphatase. Therefore, PKC regulates signaling pathways leading to a decline in phosphorylated OCL and increased TJ permeability (Clarke et al., 2000). These findings highlight the complexity of OCL regulation and the involvement of other intermediaries in the pathways linking PKC and OCL.

Among other regulators of intracellular processes, small GTPases play a significant role. These enzymes catalyze the hydrolysis of guanosine triphosphate (GTP) to guanosine diphosphate (GDP) and represent a class of GTP-binding proteins known as the Ras superfamily, comprising of Rho, Rab, Arf, and Rab. They regulate the structure and function of OCL. Notably, RhoA and Rac1 are involved in this process (Jou et al., 1998).

Mitogen-activated protein kinases (MAP kinases) belong to another family of Ser/Thr kinases (ERK, p38/MAPK, and JNK). These kinases are activated by a sequence of kinases (MAPK kinase or MEK; MAPKK kinase) that help mediate the protective effects of epidermal growth factor (EGF) on TJs. EGF stabilizes TJ against H2O2-induced disruption by inhibiting H2O2-induced Tyr-phosphorylation, Thr-dephosphorylation, and cellular redistribution of OCL and ZO-1 (Basuroy et al., 2006). The protective effect of EGF against oxidative stress plays a key role in the progression of glioblastoma. Macrophages and glioblastoma-surrounding microglia secrete EGF, which takes part in the interplay of tumor-associated macrophage (TAM) and glioma cells, contributing to an environment that supports tumor progression (Buonfiglioli and Hambardzumyan, 2021). Oxidative stress results in OCL phosphorylation by tyrosine kinase, leading to the disassembly of the OCL-ZO complex (Rao et al., 1997) because C-terminal phosphorylation weakens the binding ability of OCL to ZO proteins (Kale et al., 2003). The combination of oxidative stress and inflammation, resulting from activated macrophages in the glioblastoma microenvironment, plays a role in the development and progress of the tumor (Xing et al., 2024). Exposing cell cultures to pro-inflammatory cytokines IFNγ and TNFα increases OCL abundance and TER (Van Itallie et al., 2010). The component linking inflammation and glioblastoma progression is the Src family of kinases (SFKs). An increased abundance of SFKs is seen in tumor-infiltrating cells and tumor cells (Zhao et al., 2024a; Torrisi et al., 2020), which catalyzes OCL phosphorylation (Kale et al., 2003). OCL stability is affected by the protein tyrosine phosphatase inhibitor phenylarsine oxide (PAO), alongside another inhibitor – pervanadate (PV), resulting in a TER decrease (Lohmann et al., 2004). PAO’s effect is activated by matrix metalloproteinase (Lohmann et al., 2004), while PV’s effect is not. Thus, the complex control of OCL through tyrosine phosphorylation, similar to serine/threonine phosphorylation, involves various undetermined factors. The presence of phosphatidylinositol (PI) 3-kinase (PI3K), which is associated with activated growth factor receptor tyrosine kinases, interacts with the coiled-coil domain of OCL (Nusrat et al., 2000).

OCL may impact glucose transport and metabolism. It co-localizes with insulin-responsive glucose transporters GLUT4 and GLUT1 on the BBB endothelial cells (Ngarmukos et al., 2001). Furthermore, OCL’s role also hinges on the downstream enzymatic activity of NADH oxidase, which relies on the NADH binding site in the CC-domain binding site, converting NADH to NAD+ (Torrisi et al., 2020). OCL activates the nuclear NAD + -dependent histone deacetylase sirtuin-1 (SIRT-1) (Castro et al., 2018). It governs glucose uptake and ATP production by elevating the activity of AMP-activated protein kinase (Castro et al., 2018). Changes in OCL abundance correlate with glucose transporters (Castro et al., 2018).

As previously stated, the C-terminal fragment of OCL binds to the cytoplasmic ZO-1 protein. ZO proteins (ZO-1, ZO-2, ZO-3) comprise a family of cytoplasmic proteins that not only connect to the actin cytoskeleton (Figures 1, 3) but also to CLDNs and actin-binding proteins such as α-catenin and cortactin (Katsube et al., 1998). ZOs also belong to the membrane-associated guanylate kinase homolog (MAGuK) protein family and form cytosolic plaques at TJs (Anderson et al., 1995). They are the most pivotal cytosolic TJ proteins due to their scaffolding functions via multiple binding sites, regulation of cytoskeletal organization, establishment of cell polarity, and signaling reciprocity between the cytoplasm and the nucleus (Guillemot et al., 2008; Gottardi et al., 1996). ZO-1 undergoes phosphorylation by protein kinase C delta (PKCδ), along with CLDN-5 and OCL (Jiao et al., 2011). The phosphorylation of tyrosine residues in cerebral vessels post interleukin-1β administration was linked with a loss of TJ proteins, specifically ZO-1, and OCL (Bolton et al., 1998). Moreover, pro-inflammatory cytokines, TNF-α and IL-6, lead to a decrease in endothelial ZO-1 abundance, which is associated with phosphorylation at threonine and tyrosine residues, NADPH oxidase activation, and oxidative stress (Rochfort and Cummins, 2015).



1.1.3.3 JAMs

JAMs are part of the immunoglobulin superfamily that contribute to the processes of TJ assembly and integrity (Martìn-Padura et al., 1998; Ebnet, 2017). There are three recognized members of the JAMs family; all JAMs interact with ZO-1 (Figures 1, 3) and contain two extracellular immunoglobulin-like domains. JAM-A, in particular, controls the localization of ZO-1 within TJs and as the predominant isoform in the brain endothelium, it helps govern BBB permeability (Aurrand-Lions et al., 2001). JAMs form a barrier even in the absence of CLDNs (Otani et al., 2019). Endothelial JAMs undergo phosphorylation via PKC, a process stimulated by thrombin and collagen (Ozaki et al., 2000). RhoA and Rho kinases also phosphorylate JAM-A in the brain endothelium after exposure to the CCL2 chemokine ([C-C motif] ligand 2), leading to its relocation to the TJ (Stamatovic et al., 2012). Lastly, JAM-A’s role also includes stimulating transcription factor C/EBP-α (CCAAT [cytosine-cytosine-adenosine-adenosine-thymidine] box motif/enhancer binding proteins) to increase the abundance of CLDN-5 (Kakogiannos et al., 2020).



1.1.3.4 Cingulin

Cingulin was first identified as a component of an avian TJ (Citi et al., 1988), and was later located in the brain endothelium (Schossleitner et al., 2016). Cingulin can also form complexes with ZO-1. An increase in cingulin levels leads to a reduction in CLDN-5 dominance in endothelial cells (Schossleitner et al., 2016; Figure 3). Cingulin is generally present in the cytoplasm, where it forms a plaque-like structure that operates as a foundation for guanine nucleotide exchange factors (GEFs) Rho-GEF: GEF-H1, and p114RhoGEF. These enable endothelial stability (Birukova et al., 2006). The activity of Rho family GTPase at TJ, regulated by cingulin, is facilitated by a direct interaction with the GEFs: RhoA and Rac1 (Citi et al., 2012). The pro-inflammatory cytokine, TNF alpha, stimulates RhoB activation through ArhGEF10 (Rho Guanine Nucleotide Exchange Factor 10). This suggests that cingulin influences the effects of this pro-inflammatory cytokine on TJ disruption (Khan et al., 2021). Additionally, it contributes to the tumor microenvironment milieu, which is involved in controlling glioblastoma progression. Conversely, the stimulation of cingulin by inflammation mediators, such as histamine, thrombin, and VEGF, reinforces barrier integrity. This is evidenced by the increase in TEER (Holzner et al., 2021). The same study also reported cingulin phosphorylation.

The ever-growing knowledge of the structure of TJ proteins, their functions, and the mechanisms of their regulatory processes have revealed their role in the development and advancement of glial tumors. The abundance of these proteins responds to various stimuli, each associated with cell proliferation, migration, and differentiation, which are vital for carcinogenesis, tumor progression, and metastases (Martin, 2014; Leech et al., 2015; Díaz-Coránguez et al., 2019).

Thus, with this approach in mind, we subsequently discuss how insights from TJ studies can illuminate the primary TJ protein’s role in glioma formation and progression.






2 Tight junction proteins in glioma formation

Similar to other malignancies, gliomas are characterized by reduced cell–cell adhesion, increased cellular motility, modified metabolism, enhanced proliferation, and neovascularization. Each of these stages is crucial in the development of an aggressive malignant phenotype in glioma, a process in which the involvement of TJ proteins has been evidenced.


2.1 TJ role in cell–cell adhesion

The dynamic regulation of cell adhesion during the early phase is diminished, facilitating the detachment of glioma cells from the extracellular matrix (ECM). This process is coordinated by cell adhesion molecules (CD44), the neural cell adhesion molecule (NCAM), and cadherin (Edvardsen et al., 2000; Cavallaro and Christofori, 2004). Subsequently, the detached cells migrate from the primary tumor to another site by forming and breaking integrin-mediated ECM interactions (Wang et al., 2022).

The role of TJ proteins requires further extensive study, although there is some existing evidence for their involvement in tumorigenesis and proliferation. OCL binds to the Rab11 (Ras [Rat sarcoma virus] related protein) GTPase interacting protein FIP5 (Rab11 family-interacting protein 5) (Zhang et al., 2024). FIP5 is a key regulator of endocytic transport (Jordens et al., 2005), which also oversees cell migration. The Rip11/FIP5 complex is involved in perinuclear endosome recycling (Schonteich et al., 2008). The binding of OCL to this complex regulates mitotic spindle orientation and controls prophase and cell proliferation (Zhang et al., 2024). Experiments in the latter study indicate that OCL triggers the TJ disruption associated with oncogenesis (Li and Mrsny, 2000). The loss of intercellular contact corresponds to the diminished presence of OCL and CLDN-1 and the redistribution of ZO-1 and E-cadherin (Li et al., 2000).

The composition of the cellular membrane and cholesterol content was suggested to be an independent mechanism that controls TJ structure and cell–cell interactions. The assembly of CLDNs into TJ strands depends on their affinity for cholesterol-rich membrane domains (Shigetomi et al., 2018). Additionally, the ZO-1 protein contributes to TJ formation from cholesterol-rich membrane domains, acting as a scaffold for CLDNs (Shigetomi et al., 2023).

In vitro, cholesterol depletion in the plasma membrane reduces OCL, CLDN-2, −3, and − 7 content (Casas et al., 2010). Glioblastoma cells regulate cholesterol synthesis through sterol regulatory element-binding protein 2 (SREBP2), glucose transporters (GLUTs), and members of the Ras-related protein Rab11 (Rab11) small GTPase family (Rab11s). SREBP2 activates genes encoding enzymes involved in cholesterol synthesis; for example, 3-hydroxy-3-methylglutaric acid (HMG)-coenzyme A (CoA)-reductase (HMGCR).

The passage of cholesterol through the BBB is limited, so cholesterol is synthesized in astrocytes and this process depends on the cellular glucose content. The transport of glucose into cells is facilitated by GLUTs, membrane proteins whose function is regulated by their distribution and the trafficking of intracellular vesicles. The recycling of GLUT-containing vesicles and their fusion with the plasma membrane is regulated by Rab11 family proteins (Wieman et al., 2007). An increase in the abundance of SREBP2, Rab11s, and GLUTs is associated with poor survival in glioblastoma patients (Cheng et al., 2022).

A combination of cholesterol synthesis regulators and GLUTs increases glioblastoma proliferation and aggressiveness. Conversely, when cholesterol in the plasma membrane is depleted, TJ proteins are shed from the membrane into extracellular space, leading to proteolysis catalyzed by metalloproteinases (Casas et al., 2010). Cholesterol metabolism in glioblastoma cells produces dihydroandrosterone, hydroxytestosterone, androstenediol, androstenedione, and progesterone, which contribute to tumor progression and are considered as potential therapeutic targets (Pinacho-Garcia et al., 2020).

Finasteride and dutasteride, which inhibit the conversion of cholesterol into neurosteroids by glioblastoma cell lines, limit tumor cell proliferation (Pinacho-Garcia et al., 2020; Kim et al., 2021). Additionally, finasteride has an antioxidant effect through the activation of antioxidant genes SESTRIN2 and PRDX5 (PEROXIREDOXIN-5) (Kim et al., 2021), leading to a reduction in reactive oxygen species (ROS). This effect is associated with a decrease in β-catenin accumulation in glioblastoma cells (Kim et al., 2021). The translocation of β-catenin to the nucleus mediates the transcription of genes, including those involved in endothelial proliferation, and decreases OCL and CLDN-5 abundance, which are crucial for BBB integrity (Manukjan et al., 2024). Thus, finasteride reduces β-catenin, reverses its effect, and restores BBB integrity.

β-catenin is part of the WNT (Wingless-related integration site)/β-catenin signaling pathway that is active in glioblastoma and is considered a therapeutic target (Yun et al., 2023). Furthermore, stimulation of the WNT/β-catenin pathway promotes the epithelial-to-mesenchymal transition (EMT).



2.2 TJ participation in epithelial-to-mesenchymal transition (EMT)

EMT, referring to the process where an epithelial cell undergoes transcriptional, biochemical, and structural changes, was identified in glioblastoma (Yang et al., 2021) and is known to enhance tumor cell motility (Kahlert et al., 2012). The impact of EMT is characterized by the adoption of a mesenchymal cell phenotype, which is associated with the disintegration and reorganization of TJ (Kyuno et al., 2021; He et al., 2023). The EMT process has been linked with the suppression of TJ proteins such as OCL and CLDNs. The pro-inflammatory cytokine, transforming growth factor beta (TGFb), known to contribute to glioblastoma progression, is found to decrease the abundance of CLDN-4 and stimulate the hypermethylation of its gene (CLDN4) during EMT (Papageorgis et al., 2010). The tumor-derived TGFb2 activates matrix metalloproteinases, leading to a decrease in the abundance of OCL, CLDN-1, and CLDN-5 (Ishihara et al., 2008). Interestingly, TGFb stimulates an increase in the abundance of CLDN-3 in glioblastoma, with a higher content of this TJ protein associated with EMT stimulation. Reciprocally, CLDN-3 has been found to enhance the effects of TGF-β (Sun et al., 2023).

The abundance of CLDN-4, which plays a pivotal role in tumor progression, is increased in glioblastoma (Yan et al., 2022). The involvement of TJ proteins in EMT, however, is complex and depends on their specific location and activity. CLDNs foster the activation of matrix metalloproteinases necessary for EMT (Miyamori et al., 2001). ZO-1 oscillates between the membrane, cytoplasm, or nucleus, and its localization in the nucleus is linked with tumor invasiveness (Polette et al., 2007). Depending on their location and cancer type, TJ proteins can either promote or suppress the EMT of cancer cells (Kyuno et al., 2021). Such diversity has also been observed in glial tumors and is related to cancerogenesis pathways like the Switch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex. SWI/SNF pries open the chromatin and aid in modulating its structure through the energy derived from ATP hydrolysis. This results in disrupted histone-DNA binding and increased DNA availability for transcription factors to modulate gene expression and DNA repair. Generally considered tumor suppressors, SWI/SNF genes account for mutations in almost 20% of all human cancers (Kadoch et al., 2013). Studies on CLDN-4 abundance in SWI/SNF-deficient neoplasms indicate that this complex lowers CLDN-4 levels (Schaefer et al., 2017). Furthermore, in H3.3K27M diffuse intrinsic pontine gliomas, there is an elevated presence of the SWI/SNF complex ATPase subunits, SMARCA4 and SMARCA2 (Switch/Sucrose Non-Fermentable (SWI/SNF)-Related, Matrix-Associated, Actin-Dependent Regulator of Chromatin, Subfamily A) (Mota et al., 2023). As such, a correlation between SWI/SNF mutation and an increase in CLDN-4 abundance is likely in certain types of gliomas. Glioblastoma cells also show variations in other CLDNs, such as increased levels of CLDN-1 and decreased levels of CLDN-5 (Schweiger and Kievit, 2023).



2.3 Neovascularization in glioma and TJ proteins

Neovascularization is another process in which TJ proteins participate. Vascular hyperplasia is a common histological feature of glioblastoma and is stimulated by the activation of the HIF-1 pathway (Hypoxia-inducible factor − 1). HIF-1, a key transcription factor mediating the hypoxia response, the levels of which increase in gliomas, causes ZO-1 dysregulation (Lin and Wu, 2023). The rise in HIF-1 abundance correlates with the loss of ZO-1 and increased paracellular permeability in the endothelium (Meng et al., 2019). Endothelial cells associated with glioblastoma are resistant to apoptosis and cytotoxic agents, exhibit heightened motility, and produce substantial amounts of growth factors like VEGF. Five clusters of endothelial cells were identified in glioblastoma (Xie et al., 2021). Cluster 1 of endothelial cells originated from nonmalignant brain tissue surrounding the glioblastoma and was characterized by high expression of KLF2 (Krüppel-like family of transcription factor 2), TIMP3 (tissue inhibitor 3 of metalloproteinases), SLC2A1 (solute carrier family 2 member 1 encoding glucose transporter protein type 1, [GLUT1]), SLCO1A2 (solute carrier organic anion transporter family member 1A2), and highest expression of CLDN-5, high OCL, and JAM2 (Xie et al., 2021). OCL, CLDN-3, and CLDN-5 were observed in most glioblastoma microvessels at levels akin to normal brain tissue (Wolburg et al., 2003). However, some vessels showed decreased OCL abundance or its presence was observed outside TJ. A fraction of glioblastoma microvessels demonstrated a total loss of CLDN-3 and CLDN-5 (Wolburg et al., 2003). The diversity observed in various subsets of microvessels arises from features reported in five endothelial cell clusters. A recent co-culture model of endothelial cells with glioblastoma spheroids showed a decreased content of OCL and CLDN-5 (Mathew-Schmitt et al., 2024). Most glioblastoma microvessels showed a total loss of CLDN-1, while hyperplastic vessels exhibited a decreased abundance of CLDN-5 and OCL (Liebner et al., 2000).



2.4 The role of cell interactions and tight junction dynamics in glioblastoma progression

The crosstalk between glioblastoma cells and endothelial cells within the tumor microenvironment significantly impacts tumor progression and prognosis. Agrin, a basement membrane heparan sulfate proteoglycan, plays a crucial role in this interaction by promoting tumor angiogenesis (Steiner et al., 2014). It increases the abundance of normal brain endothelial (VE)-cadherin, β-catenin, and ZO-1, but does not affect CLDN-5 and OCL (Steiner et al., 2014). In glioblastoma microvessels, agrin’s absence correlates with diminution in CLDN-1, CLDN-5, and OCL. Conversely, when agrin is present, it is accompanied by an increase in OCL and CLDN-5 but not in CLDN-1. Furthermore, agrin deficiency leads to an increase in the tenascin content within the glioblastoma ECM (Rascher et al., 2002).

The Glial cell line-derived neurotrophic factor (GDNF), secreted by astrocytes, enhances the abundance of CLDN-5, OCL, and ZO-1 in the endothelium of tumor vessels, which helps protect the BBB (Igarashi et al., 1999; Yue and Hoi, 2023; Liu T. et al., 2022). Likewise, GDNF boosts the presence of CLDN-5 and VE-cadherin in neurons (Yang et al., 2024). Intriguingly, a recent study noted that GDNF, apart from the prior effect, quickens the migration and invasion of glioblastoma cells by raising the quantity of the serine protease inhibitor family E member (SERPINE)-1 through signaling via the small mothers against decapentaplegic (SMAD) homolog 2/3 pathway (Guo et al., 2024).

Inflammatory cytokines enhance the quantity of CLDN-1, CLDN-4, and JAM-A in astrocytes, forming a layer consisting of astrocytic end-feet processes that envelop brain microvessels. This creates a secondary barrier in response to lesion formation (Horng et al., 2017). Specific impacts of cytokines on TJ proteins have been detected, with IL-1β, IFN-γ, and TGF-β1 all inducing CLDN-1, and IL-1β and TGF-β1 inducing CLDN-4 and JAM-A (Horng et al., 2017). IL-1β reduces OCL abundance without impacting ZO-1 and ZO-2 abundance, significantly altering astrocyte-to-astrocyte connectivity (Duffy et al., 2000).

Perivascular end-feet of reactive astrocytes consist of CLDN-1, CLDN-4, and JAM-A, whereas the loss of endothelial CLDN-5 was observed in inflammatory lesions (Horng et al., 2017). More so, activated lymphocytes cluster together when co-cultured with IL-1β stimulated astrocytes, a process limited by silencing of CLDN-1, CLDN-4, or JAM-A. Activated T lymphocytes penetrate the BBB due to their production of serine proteases and MMPs, primarily degrading CLDN-4 and, to a lesser extent, CLDN-1.

Reactive astrocytes transmit inflammation in a BBB model through a TNF-STAT3 signaling axis, and the secretion of alpha 1-antichymotrypsin regulated by the SERPINA3 gene (Kim et al., 2022). Consequently, the abundance of CLDN-5 reduces. The disassembly of tricellular junctions (Figure 1) is suggested to augment transcellular lymphocyte T diapedesis, stimulated by the presence of chemokines on the outer wall of the tumor vasculature (Castro Dias et al., 2021). Thus, astrocyte-dependent regulations of TJ proteins through inflammatory reactions create an immunological milieu that dictates whether the immune system resists or tolerates glioma tumorigenesis (Kumari et al., 2024).

Pro-inflammatory cytokines alter TJ proteins leading to BBB disintegration. Endothelial cells are crucial in maintaining BBB integrity through tight junctions, while astrocytes supply and sustain TJ proteins—like CLDN-5—in brain endothelial cells (Hashimoto et al., 2023). Therefore, the disassembly of TJs and the subsequent functional impairment of the BBB accompany glioblastoma tumor progression (On et al., 2013).




3 Tight junction proteins in glioma progression

Once a glial tumor invades the brain parenchyma, it cannot be eradicated surgically, and its recurrence cannot be prevented. Invasion is an orchestrated process involving the detachment of tumor cells from the central mass, migration through the brain parenchyma, and reattachment at a new site. Both cell-to-cell and cell-to-ECM adhesion significantly influence glioma invasion. As mediators of intercellular adhesion, TJ proteins are critical players in tumor cell proliferation, neovascularization, and glioma progression.


3.1 Procarcinogenic pathways in glioma and TJ proteins

EGF and its receptor (EGFR) are known to play a significant role in the development of glioblastoma, as EGFR gene modifications, like amplification, point mutations, deletions, or hypermethylation, have been identified in the tumor (Saadeh et al., 2018). EGFR triggers the activation of MAPKs, which involve mitogen-activated extracellular kinase/extracellular signal-regulated kinases (MEK1/2-ERK1/2) participating in the phosphorylation of the ETS (E 26) domain-containing protein-1 (ELK1) (Matsuoka et al., 2022). Furthermore, EGF-induced ELK1 phosphorylation increases CLDND1 expression at the mRNA level and enhances the abundance of this TJ protein (Matsuoka et al., 2022).

The TGF-β/CLDN4/TNF-α/NF-κB signaling axis plays a pivotal role in the biological progression of glioma, involving CLDN-4. Its suppression curtails mesenchymal transformation, cell invasion, migration, and glioma growth. TGF-β elevates CLDN-4 abundance, facilitating glioblastoma cell invasion. Furthermore, CLDN-4 stimulates TNF-α and NF-κ signaling. CLDN-4 escalates the expression of mesenchymal-related genes in glioblastoma and augments its mesenchymal transition and invasion capability (Yan et al., 2022). CLDN-4 also catalyzes Wnt3A, a pathway crucial for glioma progression. Wnt3A, a derivative of the WNT gene, regulates self-renewal and differentiation in the central nervous system. Neurontin (NNAT), a proteolipid governing overall body metabolism, mediates the CLDN-4 effect on Wnt3A, leading to glioma progression (Yang et al., 2023). Expression of the WNT5A gene is heightened in low-grade glioma and glioblastoma, correlating with poor prognosis in low-grade glioma (Feng et al., 2022). The WNT5a protein is a key effector in the CUX1 (CUT-like homeobox 1)/WNT5a/NFAT (nuclear factor of activated T cells) axis and increased CUX1 abundance is associated with poor prognosis in glioma (Feng et al., 2021). The p75 isoform of the CUX1 protein, also identified as the CCAAT displacement protein (CDP), reduces CLDN, ZO-1, and E-cadherin in glioma cells, promoting tumor infiltration capabilities (Xu et al., 2021).



3.2 MicroRNAs and TJ proteins

MicroRNAs, which affect a multitude of processes involved in carcinogenesis, contribute to the pathogenesis of glial tumors, and their impact on TJs’ proteins is significant (Beylerli et al., 2022; Ordóñez-Rubiano et al., 2024). MicroRNA carriers are exosomes, a 30–100 nm subset of extracellular vesicles (EVs) that are shed from cells as membrane-coated particles containing cytoplasmic or membrane components (Ghaemmaghami et al., 2020). In addition to microRNA, exosomes transport proteins, lipids, and DNAs, playing a crucial role in intercellular communication. Exosomes can be secreted by both glioblastoma and mesenchymal stem cells. Hypoxic glioblastoma cells excrete exosomes containing miR-301a, targeting the tumor suppressor gene TCEAL7 via the Wnt/b-catenin pathway, leading to a tumor resistant to radiotherapy (Yue et al., 2019). Exosomes containing microRNAs are emerging as promising biomarkers for indicating glioma progression and treatment response (Yin et al., 2019; Zeng et al., 2018). Analyzing exosome content to represent the molecular phenotype of glioma cells is a novel method in oncological testing known as “liquid biopsy,” reviewed extensively elsewhere (Ghaemmaghami et al., 2020).

The long noncoding RNA nuclear paraspeckle assembly transcript 1 (lncRNA NEAT1) associates with the miR-181d-5p/SOX5 pathway, leading to decreased OCL, CLDN-5, and ZO-1 abundance and increased BBB permeability (Guo et al., 2017). The lncRNAs regulate aspects such as cell-cycle regulation, cell development, migration, and apoptosis (Zhang et al., 2019). An lncRNA NEAT1 isoform imbalance has recently been identified as a cause of transcriptomic changes in glioma (Zakutansky et al., 2024). The downstream effect of lncRNA NEAT1 is related to microRNA miR-181d, which inhibits methyl-guanine-methyltransferase (MGMT), an effect that correlates with a better response to temozolomide and extended overall survival (Zhang et al., 2012).

MicroRNAs (miRNAs) are noncoding short RNAs (18–22 nucleotides). Their precursors are either miRNA genes or coding gene introns subject to RNA polymerase II modification. MicroRNAs bind to the 3′ untranslated terminal (3′ UTR) mRNA areas of the target gene and inhibit its translation, inducing a silencing effect (Shang et al., 2023). They take part in regulating junction protein gene expression and thereby control TJ structure integrity (Zhuang et al., 2016). Experimental models in endothelial cells have shown that miR-98 decreases ZO-1 abundance without affecting OCL and CLDN-1 while increasing the factor-inhibiting HIF-1 (FIH-1) level and reducing hypoxia-inducible factor-1 (HIF-1α) abundance (Hu et al., 2015).

HIF-1 abundance has been shown to correlate with glioblastoma progression, neovascularization, glucose metabolism, migration, invasion, and patient survival (Huang et al., 2019). MicroRNAs regulate HIF-1 effects in astrocytoma and glioblastoma. For example, MiR2243p negatively regulates HIF-1 abundance in glial tumor cells (Huang et al., 2019). MicroRNAs such as miR-181a decrease OCL, CLDN-5, and ZO-1 abundance and increase permeability in the co-culture of glioma cells with endothelial cells through a process meditated by Krüppel-like factor 6 (KLF6), a transcription factor that interacts with the promoters of TJ proteins genes (Ma et al., 2014b).

In a glioma blood-tumor barrier (BTB) model using vascular endothelial cells, miR-18a decreased OCL, CLDN-5, and ZO-1 mRNA expression acting on the runt-related transcriptional factor 1 (RUNX1) gene. This decreased mRNA translated to ZO-1, leading to increased permeability of BTB (Miao et al., 2015). Similarly, miR-34c was found to decrease OCL, CLDN-5, and ZO-1 abundance in an In vitro BTB model. This function of miR-34c is mediated by the Myc-associated zinc finger protein (MAZ). The MAZ gene is targeted by miR-34c, causing BTB disintegration and increased permeability (Zhao et al., 2015).

MicroRNAs are involved in glioma angiogenesis, a process entailing the formation of new blood vessels in a multistage manner involving endothelial cells, proteolytic enzymes, extracellular matrix components (ECM), and growth factors like VEGF, fibroblast growth factor (FGF), HIF1-α, and angiopoietins (Ang1, Ang2) (Zhang A. B. et al., 2023; Mafi et al., 2023). MicroRNA gene mutations and epigenetic alterations cause microRNA dysregulation in gliomas. While some microRNAs act as tumor suppressors, others play a role in carcinogenesis (Table 3).



TABLE 3 The effects of microRNAs on cancerogenesis in gliomas.
[image: Table3]



3.3 Glioblastoma programmed cell death effect on TJ

The progression of glioblastoma depends on the equilibrium between processes that maintain tumor cell survival and mechanisms that lead to programmed cell death (PCD). However, PCD is controversial in the treatment of glioblastoma since it stimulates immunosuppressive mechanisms, ultimately resulting in poor outcomes. Ferroptosis, an iron-dependent PCD mechanism observed in glioma, is associated with a gloomy prognosis due to tumor cell migration, temozolomide resistance (Liu et al., 2020), induced immunosuppression, and resistance to immunotherapy (Liu D. et al., 2022). An increase in PCD protein 10 (PDCD10) in glioblastoma cells prompts an increase in ZO-1 and CLDN-5 in co-cultured endothelial cells (Wu et al., 2023). The localization of ZO-1 within TJs is moderated by JAM-A, which also has an interactive relationship with ZO-1. Furthermore, JAM-A suppresses microglial activation surrounding glioblastoma in female mice (Turaga et al., 2020). ZO-1 adjusts transcription through its association with the Y-box binding protein 3 (YB-3 / ZO-1-associated nucleic acid-binding protein, ZONAB), influencing cell proliferation (Balda and Matter, 2000) and angiogenesis (El Bakkouri et al., 2024).

Tumor cells are shielded from apoptosis by the F11 receptor (F11R)/JAM-A (F11R/JAM-A), which is a member of the JAM family of TJ proteins. The abundance of F11R/JAM-A is magnified in glioblastoma and its heightened levels are associated with reduced patient survival and an overall unfavorable outcome (Lathia et al., 2014). Nevertheless, in the case of grade 2 and grade 3 gliomas, no relationship has been noted between the abundance of F11R/JAM-A and patient survival (Rosager et al., 2017).



3.4 TJ reorganization and peritumoral edema

The extent of TJ protein reorganization is associated with the grading of glial tumors. The abundance of OCL, CLDN-1, and CLDN-5 was observed to be reduced in anaplastic astrocytoma and glioblastoma (Ishihara et al., 2008). Conversely, CLDN-4 abundance was higher in glioblastoma than in low-grade tumors (Yan et al., 2022). OCL presence was found in 68.3% of brain tumors. Almost 80% of low-grade tumors were OCL-positive, while 25% of high-grade gliomas demonstrated OCL positivity. The highest OCL positivity was detected in hemangioblastomas (100%), pituitary adenomas (100%), and schwannomas (83.3%). The volume of peritumoral brain edema was lower in OCL-positive cases than in negative ones. Furthermore, the average survival time was longer in the OCL-positive tumor group than in the OCL-negative cases (Park et al., 2006). This study analyzed OCL content in tumor homogenates, hence, it does not offer information about the relocation of OCL or its presence in a subset of microvessels. Nonetheless, the study supports the use of OCL, and also CLDN-5, as prognostic biomarkers, which have already been used in other brain pathologies like stroke (Kazmierski et al., 2012), neuromyelitis optica (Jasiak-Zatońska et al., 2022) or fetal growth restriction syndrome with neuronal injury (Misan et al., 2022) in terms of BBB disintegration. The loss of OCL content in glial tumors was suggested as a contributing factor to endothelial TJ opening (Papadopoulos et al., 2001). The association between OCL content, peritumoral edema (PTBE), and survival time in brain tumor patients aligns with other reports that underscore the role of TJ proteins. CLDNs also play an essential role in maintaining BBB integrity. CLDN-5 is disintegrated in pathological conditions by matrix metalloproteinase-9 (MMP-9), which increases BBB permeability (Nitta et al., 2003). It is well-established that MMPs, along with aquaporin-4 (AP-4) and VEGF, contribute to PTBE. However, the involvement of TJ demands further research. CLDNs’ role in tumorigenesis has been extensively studied with a focus on peritumoral edema, specifically, employing a 3D spheroid BBB model and samples from patients with gliomas ranging from grade 1 to 4 (Abuelrub et al., 2024). In the model incorporating human umbilical vein endothelial cells (HUVEC) and glioma cells, CLDN1 gene expression was augmented in IDH1-wildtype. In contrast, no significant CLDN1 gene expression was observed in IDH-mutant cell lines (Abuelrub et al., 2024). Moreover, CLDN3 and CLDN5 gene expressions were escalated in both IDH1-wildtype and IDH-mutant cell lines (Abuelrub et al., 2024). In the same study, lower CLDN1 gene expression was noted in patient samples with PTBE than in non-PTBE samples. In patient samples, both with PTBE and non-PTBE, no differences in CLDN3 and CLDN5 gene expression were found (Abuelrub et al., 2024). AQP-4 abundance in PTBE positively correlated with both VEGF and HIF-1α content (Mou et al., 2010). VEGF, derived from astrocytes, decreases OCL and CLDN-5 abundance in the endothelium (Argaw et al., 2009). VEGF rapidly enhances the phosphorylation of both OCL and the tyrosine of ZO-1 (Antonetti et al., 1999). High-grade astrocytomas produce VEGF more intensively (grade 3–67%, grade 4–64% vs. grade 2–37%), which stimulates angiogenesis, depletes OCL abundance, and enhances endothelial cell permeability (Oehring et al., 1999). VEGF provokes the redistribution of OCL from the endothelial cell membrane to intracellular endosomes. This process is mediated by OCL ubiquitination and phosphorylation induced by VEGF, which further leads to OCL degradation in the ubiquitin-proteasome system. Ubiquitination is sufficient to induce OCL endocytosis and the disruption of the TJ complex resulting in the loss of CLDN-5 and ZO-1 abundance in the cellular membrane (Murakami et al., 2009). Neuropilin-1 (Nrp1) is a VEGF co-receptor involved in angiogenesis in the tumor microenvironment. In human brain microvascular endothelial cells (HBMVECs), Nrp1 stimulates IFN-γ-mediated activation of signal transducer and activator of transcription 3 (STAT3) and CXCL10 through Rac1 signaling, leading to the disruption of BBB (Smith et al., 2022). Endothelial cells are surrounded by perivascular astrocyte processes (PAP), which are remodeled by growth/differentiation factor 15 (GDF15) that stimulates CLDN-5 abundance (Malik et al., 2020).



3.5 TJ proteins and glioblastoma treatment possibilities

The current efficacy of glioblastoma treatment is unsatisfactory, which makes research into tumor heterogeneity, glioma stem cells, DNA damage repair mechanisms, and various immunotherapies essential. These include therapies like immune checkpoint inhibitors, chimeric antigen receptor T (CAR T) cell therapy, oncolytic virotherapy, vaccine therapy, and agents interfering with tumor metabolism, along with strategies to overcome the BBB for effective drug delivery. Modification of TJ proteins plays a significant role in treatment strategies that focus on the BBB.

In the tumor microenvironment, interactions between tumor cells lead to cell adhesion-mediated drug resistance (CAM-DR). This resistance is observed in various tumors, including gliomas and glioblastomas (Westhoff et al., 2008; Ding et al., 2020). This process is mediated by integrin αV, which reduces EGFR abundance and stimulates the FAK (focal adhesion kinase)/paxillin/AKT (a serine/threonine protein kinase) pathway (Yu et al., 2021).

In an experimental glioma model, FAK was found crucial in destabilizing the tumor endothelium, evident by the tortuous, distorted, and hyperdilated vasculature (Lee et al., 2010). The presence of FAK resulted in reduced ZO-1 and OCL abundance and increased vascular permeability (Lee et al., 2010). The coupling of FAK to integrin αV is stimulated by VEGF (Avraham et al., 2003).

Currently, anti-FAK drugs are considered potential modifiers of the tumor microenvironment, and their synergistic effect with chemo- and immunotherapy promises improved drug resistance (Zhang J. et al., 2023). AKT inhibitor perifosine, when used with temozolomide, suppressed the viability and proliferation of glioblastoma cells through caspase-dependent apoptosis (Zhao et al., 2024b). In addition, perifosine, an alkylphospholipid analog, reversibly opens TJs (Koklic, 2014). To date, there are no reports on the impact of other AKT inhibitors such as AZD5363/capivasertib and MK-2206 on TJs.

Ibrutinib, a Burton tyrosine kinase (BTK) inhibitor, significantly reduces both the expression and abundance of OCL, CLDN-3, CLDN-5, ZO-1, tricellulin/MarvelD2 both at gene and protein levels 2 h after administration in a rat glioma model (Lim et al., 2024). This evidence about TJ proteins and BBB integrity and permeability in glioblastoma presents new directions for further research into combined therapies. The ultimate goal is to enhance drug penetration through BBB and impact signaling pathways crucial for tumor progression and aggressiveness, thereby improving therapeutic efficacy.

The depletion or modification of TJ proteins is hypothesized to facilitate drug delivery for tumor treatment. For instance, lipid polymeric nanoparticles (LPN) may disrupt CLDN-5 and ZO-1, thus enhancing paracellular transport and permeability, and subsequently promoting afatinib delivery across a BBB model (Lo et al., 2021). Another strategy to facilitate drug delivery across the BBB involves exploiting the transcytosis of the transferrin receptor (TfR) (Esparza et al., 2023). TfR abundance is significantly elevated on the endothelial cells of glioma tumor vasculature, making it a promising avenue for glioma therapy. Notably, targeting TfR with vincristine-carrying liposomes has led to effective BBB penetration of the drug and significant anti-glioma therapeutic effects (Mojarad-Jabali et al., 2022).

In contrast, TJ stabilization is crucial for the management of peritumoral edema. The anti-diabetic sulfonylurea derivative, glyburide, generates this effect by reducing the gaps among ZO-1 proteins along the cell membrane, effectively decreasing BBB permeability (Thompson et al., 2013).




4 Conclusion

This review emphasizes the roles and attributes of TJ proteins in glial tumors. These proteins’ participation in various processes such as intercellular adhesion, proliferation, neoangiogenesis, and invasiveness suggests their crucial role in both the pathogenesis of glial tumors and their clinical course. The disorganization and perturbed formation of the TJs in glioma vessels induce BBB disruption and subsequent brain edema development. Numerous factors, which include cytokines and miRNAs, alter the abundance of TJ proteins. These proteins’ functions are regulated through phosphorylation/dephosphorylation, ubiquitination, and palmitoylation. Occludin, claudins, and ZO-1 represent key TJ proteins. Enhancing understanding of their regulation in glial tumors could amplify the quality of care for patients with gliomas. Future investigations concentrating on TJ proteins in liquid biopsies might yield diagnostic protocols contributing to the early detection of glial tumors and monitoring of post-surgical treatment patients. Deciphering their precise contributions to glioma pathomechanisms may pave the way for novel therapeutic approaches.



Author contributions

JM: Conceptualization, Writing – original draft, Writing – review & editing. SM: Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

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



References

 Abuelrub, A., Paker, B., Kilic, T., and Avsar, T. (2024). Claudin and transmembrane receptor protein gene expressions are reversely correlated in peritumoral brain edema. Cancer Med. 13:e70111. doi: 10.1002/cam4.70111 

 Anderson, J. M., Fanning, A. S., Lapierre, L., and Van Itallie, C. M. (1995). Zonula occludens (ZO)-1 and ZO-2: membrane-associated guanylate kinase homologues (MAGuKs) of the tight junction. Biochem. Soc. Trans. 23, 470–475. doi: 10.1042/bst0230470 

 Ando-Akatsuka, Y., Saitou, M., Hirase, T., Kishi, M., Sakakibara, A., Itoh, M., et al. (1996). Interspecies diversity of the occludin sequence: cDNA cloning of human, mouse, dog, and rat-kangaroo homologues. J. Cell Biol. 133, 43–47. doi: 10.1083/jcb.133.1.43 

 András, I. E., Deli, M. A., Veszelka, S., Hayashi, K., Hennig, B., and Toborek, M. (2007). The NMDA and AMPA/KA receptors are involved in glutamate-induced alterations of occludin expression and phosphorylation in brain endothelial cells. J. Cereb. Blood Flow Metab. 27, 1431–1443. doi: 10.1038/sj.jcbfm.9600445 

 Andreeva, A. Y., Krause, E., Müller, E. C., Blasig, I. E., and Utepbergenov, D. I. (2001). Protein kinase C regulates the phosphorylation and cellular localization of occludin. J. Biol. Chem. 276, 38480–38486. doi: 10.1074/jbc.M104923200 

 Antonetti, D. A., Barber, A. J., Hollinger, L. A., Wolpert, E. B., and Gardner, T. W. (1999). Vascular endothelial growth factor induces rapid phosphorylation of tight junction proteins occludin and zonula occludens 1.A potential mechanism for vascular permeability in diabetic retinopathy and tumors. J. Biol. Chem. 274, 23463–23467. doi: 10.1074/jbc.274.33.23463 

 Argaw, A. T., Gurfein, B. T., Zhang, Y., Zameer, A., and John, G. R. (2009). VEGF-mediated disruption of endothelial CLN-5 promotes blood-brain barrier breakdown. Proc. Natl. Acad. Sci. USA 106, 1977–1982. doi: 10.1073/pnas.0808698106 

 Aslam, M., Ahmad, N., Srivastava, R., and Hemmer, B. (2012). TNF-alpha induced NFκB signaling and p65 (RelA) overexpression repress Cldn5 promoter in mouse brain endothelial cells. Cytokine 57, 269–275. doi: 10.1016/j.cyto.2011.10.016 

 Aurrand-Lions, M., Duncan, L., Ballestrem, C., and Imhof, B. A. (2001). JAM-2, a novel immunoglobulin superfamily molecule, expressed by endothelial and lymphatic cells. J. Biol. Chem. 276, 2733–2741. doi: 10.1074/jbc.M005458200 

 Avraham, H. K., Lee, T. H., Koh, Y., Kim, T. A., Jiang, S., Sussman, M., et al. (2003). Vascular endothelial growth factor regulates focal adhesion assembly in human brain microvascular endothelial cells through activation of the focal adhesion kinase and related adhesion focal tyrosine kinase. J. Biol. Chem. 278, 36661–36668. doi: 10.1074/jbc.M301253200 

 Balda, M. S., González-Mariscal, L., Contreras, R. G., Macias-Silva, M., Torres-Marquez, M. E., García-Sáinz, J. A., et al. (1991). Assembly and sealing of tight junctions: possible participation of G-proteins, phospholipase C, protein kinase C and calmodulin. J. Membrain Biol. 122, 193–202. doi: 10.1007/BF01871420 

 Balda, M. S., and Matter, K. (2000). The tight junction protein ZO-1 and an interacting transcription factor regulate ErbB-2 expression. EMBO J. 19, 2024–2033. doi: 10.1093/emboj/19.9.2024 

 Balda, M. S., Whitney, J. A., Flores, C., Gonzalez, S., Cereijido, M., and Matter, K. (1996). Functional dissociation of paracellular permeability and transepithelial electrical resistance and disruption of the apical-basolateral intramembrane diffusion barrier by expression of a mutant tight junction membrane protein. J. Cell Biol. 134, 1031–1049. doi: 10.1083/jcb.134.4.1031 

 Banelli, B., Forlani, A., Allemanni, G., Morabito, A., Pistillo, M. P., and Romani, M. (2017). MicroRNA in glioblastoma: An overview. Int. J. Genomics 2017, 7639084–7639016. doi: 10.1155/2017/7639084 

 Basuroy, S., Seth, A., Elias, B., Naren, A. P., and Rao, R. (2006). MAPK interacts with occludin and mediates EGF-induced prevention of tight junction disruption by hydrogen peroxide. Biochem. J. 393, 69–77. doi: 10.1042/BJ20050959 

 Bauer, H., Stelzhammer, W., Fuchs, R., Weiger, T. M., Danninger, C., Probst, G., et al. (1999). Astrocytes and neurons express the tight junction-specific protein occludin in vitro. Exp. Cell Res. 250, 434–438. doi: 10.1006/excr.1999.4558 

 Berridge, M. J., and Irvine, R. F. (1989). Inositol phosphates and cell signalling. Nature 341, 197–205. doi: 10.1038/341197a0 

 Beylerli, O., Gareev, I., Sufianov, A., Ilyasova, T., and Zhang, F. (2022). The role of microRNA in the pathogenesis of glial brain tumors. Noncoding RNA Res. 7, 71–76. doi: 10.1016/j.ncrna.2022.02.005 

 Birukova, A. A., Adyshev, D., Gorshkov, B., Bokoch, G. M., Birukov, K. G., and Verin, A. D. (2006). GEF-H1 is involved in agonist-induced human pulmonary endothelial barrier dysfunction. Am. J. Physiol. Lung Cell. Mol. Physiol. 290, L540–L548. doi: 10.1152/ajplung.00259.2005 

 Bolton, S. J., Anthony, D. C., and Perry, V. H. (1998). Loss of the tight junction proteins occludin and zonula occludens-1 from cerebral vascular endothelium during neutrophil-induced blood-brain barrier breakdown in vivo. Neuroscience 86, 1245–1257. doi: 10.1016/S0306-4522(98)00058-X 

 Bronstein, J. M., Tiwari-Woodruff, S., Buznikov, A. G., and Stevens, D. B. (2000). Involvement of OSP/claudin-11 in oligodendrocyte membrane interactions: role in biology and disease. J. Neurosci. Res. 59, 706–711. 

 Buonfiglioli, A., and Hambardzumyan, D. (2021). Macrophages and microglia: the cerberus of glioblastoma. Acta Neuropathol. Commun. 9:54. doi: 10.1186/s40478-021-01156-z 

 Burek, M., Arias-Loza, P. A., Roewer, N., and Forster, C. Y. (2010). Claudin-5 as a novel estrogen target in vascular endothelium. Arterioscler. Thromb. Vasc. Biol. 30, 298–304. doi: 10.1161/ATVBAHA.109.197582 

 Buruiană, A., Florian, Ș. I., Florian, A. I., Timiș, T. L., Mihu, C. M., Miclăuș, M., et al. (2020). The roles of miRNA in glioblastoma tumor cell communication: diplomatic and aggressive negotiations. Int. J. Mol. Sci. 21:1950. doi: 10.3390/ijms21061950 

 Casas, E., Barron, C., Francis, S. A., McCormack, J. M., McCarthy, K. M., Schneeberger, E. E., et al. (2010). Cholesterol efflux stimulates metalloproteinase-mediated cleavage of occludin and release of extracellular membrane particles containing its C-terminal fragments. Exp. Cell Res. 316, 353–365. doi: 10.1016/j.yexcr.2009.10.020 

 Castro Dias, M., Coisne, C., Baden, P., Enzmann, G., Garrett, L., Becker, L., et al. (2019). Claudin-12 is not required for blood-brain barrier tight junction function. Fluids Barriers CNS 16:30. doi: 10.1186/s12987-019-0150-9 

 Castro Dias, M., Odriozola Quesada, A., Soldati, S., Bösch, F., Gruber, I., Hildbrand, T., et al. (2021). Brain endothelial tricellular junctions as novel sites for T cell diapedesis across the blood-brain barrier. J. Cell Sci. 134:253880. doi: 10.1242/jcs.253880 

 Castro, V., Skowronska, M., Lombardi, J., He, J., Seth, N., Velichkovska, M., et al. (2018). Occludin regulates glucose uptake and ATP production in pericytes by influencing AMP-activated protein kinase activity. J. Cereb. Blood Flow Metab. 38, 317–332. doi: 10.1177/0271678X17720816 

 Cavallaro, U., and Christofori, G. (2004). Cell adhesion and signalling by cadherins and Ig-CAMs in cancer. Nat. Rev. Cancer 4, 118–132. doi: 10.1038/nrc1276 

 Chalcroft, J. P., and Bullivant, S. (1970). An interpretation of liver cell membrane and junction structure based on observation of freeze-fracture replicas of both sides of the fracture. J. Cell Biol. 47, 49–60. doi: 10.1083/jcb.47.1.49 

 Chen, M., Medarova, Z., and Moore, A. (2021). Role of microRNAs in glioblastoma. Oncotarget 12, 1707–1723. doi: 10.18632/oncotarget.28039 

 Chen, L., Zhang, J., Han, L., Zhang, A., Zhang, C., Zheng, Y., et al. (2012). Downregulation of miR-221/222 sensitizes glioma cells to temozolomide by regulating apoptosis independently of p53 status. Oncol. Rep. 27, 854–860. doi: 10.3892/or.2011.1535 

 Chen, Y., Zheng, Z., Mei, A., Huang, H., and Lin, F. (2021). Claudin-1 and Claudin-3 as molecular regulators of myelination in Leukoaraiosis patients. Clinics (Sao Paulo) 76:e2167. doi: 10.6061/clinics/2021/e2167 

 Cheng, C., Tu, J., Hu, Z., Chen, Y., Wang, Y., Zhang, T., et al. (2022). SREBP2/Rab11s/GLUT1/6 network regulates proliferation and migration of glioblastoma. Pathol. Res. Pract. 240:154176. doi: 10.1016/j.prp.2022.154176 

 Chiu, P. S., and Lai, S. C. (2013). Matrix metalloproteinase-9 leads to claudin-5 degradation via the NF-κB pathway in BALB/c mice with eosinophilic meningoencephalitis caused by Angiostrongylus cantonensis. PLoS One 8:e53370. doi: 10.1371/journal.pone.0053370 

 Citi, S., Fromm, M., Furuse, M., González-Mariscal, L., Nusrat, A., Tsukita, S., et al. (2024). A short guide to the tight junction. J. Cell Sci. 137:jcs261776. doi: 10.1242/jcs.261776 

 Citi, S., Pulimeno, P., and Paschoud, S. (2012). Cingulin, paracingulin, and PLEKHA7: signaling and cytoskeletal adaptors at the apical junctional complex. Ann. N. Y. Acad. Sci. 1257, 125–132. doi: 10.1111/j.1749-6632.2012.06506.x 

 Citi, S., Sabanay, H., Jakes, R., Geiger, B., and Kendrick-Jones, J. (1988). Cingulin, a new peripheral component of tight junctions. Nature 333, 272–276. doi: 10.1038/333272a0 

 Clarke, H., Soler, A. P., and Mullin, J. M. (2000). Protein kinase C activation leads to dephosphorylation of occludin and tight junction permeability increase in LLC-PK1 epithelial cell sheets. J. Cell Sci. 113, 3187–3196. doi: 10.1242/jcs.113.18.3187 

 Claude, P. (1978). Morphological factors influencing transepithelial permeability: a model for the resistance of the zonula occludens. J. Membr. Biol. 39, 219–232. doi: 10.1007/BF01870332 

 Claude, P., and Goodenough, D. A. (1973). Fracture faces of zonulae occludentes from “tight” and “leaky” epithelia. J. Cell Biol. 58, 390–400. doi: 10.1083/jcb.58.2.390 

 Crone, C., and Olesen, S. P. (1982). Electrical resistance of brain microvascular endothelium. Brain Res. 241, 49–55. doi: 10.1016/0006-8993(82)91227-6 

 Díaz-Coránguez, M., Liu, X., and Antonetti, D. A. (2019). Tight junctions in cell proliferation. Int. J. Mol. Sci. 20:5972. doi: 10.3390/ijms20235972 

 Ding, Y., Zhou, Y., Li, Z., Zhang, H., Yang, Y., Qin, H., et al. (2020). Oroxylin A reversed fibronectin-induced glioma insensitivity to Temozolomide by suppressing IP3R1/AKT/β-catenin pathway. Life Sci. 260:118411. doi: 10.1016/j.lfs.2020.118411 

 Duffy, H. S., John, G. R., Lee, S. C., Brosnan, C. F., and Spray, D. C. (2000). Reciprocal regulation of the junctional proteins claudin-1 and connexin43 by interleukin-1 beta in primary human fetal astrocytes. J. Neurosci. 20, 1–6.

 Ebnet, K. (2017). Junctional adhesion molecules (JAMs): cell adhesion receptors with pleiotropic functions in cell physiology and development. Physiol. Rev. 97, 1529–1554. doi: 10.1152/physrev.00004.2017 

 Edvardsen, K., Chent, W., Rucklidgef, G., Walsh, F. S., Obrinkt, B., and Bock, E. (2000). Transmembrane neural cell-adhesion molecule (NCAM), but not secretion of matrix metalloproteinases. Proc. Natl. Acad. Sci. USA 90, 11463–11467.

 El Bakkouri, Y., Chidiac, R., Delisle, C., Corriveau, J., Cagnone, G., and Gaonac’h-Lovejoy, V. (2024). ZO-1 interacts with YB-1 in endothelial cells to regulate stress granule formation during angiogenesis. Nat. Commun. 15:4405. doi: 10.1038/s41467-024-48852-7 

 El Fatimy, R., Subramanian, S., Uhlmann, E. J., and Krichevsky, A. M. (2017). Genome editing reveals glioblastoma addiction to microRNA-10b. Mol. Ther. 25, 368–378. doi: 10.1016/j.ymthe.2016.11.004 

 Esparza, T. J., Su, S., Francescutti, C. M., Rodionova, E., Kim, J. H., and Brody, D. L. (2023). Enhanced in vivo blood brain barrier transcytosis of macromolecular cargo using an engineered pH-sensitive mouse transferrin receptor binding nanobody. Fluids Barriers CNS 20:64. doi: 10.1186/s12987-023-00462-z 

 Farquhar, M. G., and Palade, G. E. (1963). Junctional complexes in various epithelia. J. Cell Biol. 17, 375–412 

 Felinski, E. A., Cox, A. E., Phillips, B. E., and Antonetti, D. A. (2008). Glucocorticoids induce transactivation of tight junction genes occludin and claudin-5 in retinal endothelial cells via a novel cis-element. Exp. Eye Res. 86, 867–878. doi: 10.1016/j.exer.2008.01.002 

 Feng, Y., Wang, Y., Guo, K., Feng, J., Shao, C., Pan, M., et al. (2022). The value of WNT5A as prognostic and immunological biomarker in pan-cancer. Ann. Transl. Med. 10:466. doi: 10.21037/atm-22-1317 

 Feng, F., Zhao, Z., Zhou, Y., Cheng, Y., Wu, X., and Heng, X. (2021). CUX1 facilitates the development of oncogenic properties via activating Wnt/β-catenin signaling pathway in glioma. Front. Mol. Biosci. 8:705008. doi: 10.3389/fmolb.2021.705008 

 Fontijn, R. D., Volger, O. L., Fledderus, J. O., Reijerkerk, A., de Vries, H. E., and Horrevoets, A. J. G. (2008). SOX-18 controls endothelial-specific claudin-5 gene expression and barrier function. Am. J. Physiol. Heart Circ. Physiol. 294, H891–H900. doi: 10.1152/ajpheart.01248.2007 

 Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsukita, S., et al. (1993). Occludin: a novel integral membrane protein localizing at tight junctions. J. Cell Biol. 123, 1777–1788. doi: 10.1083/jcb.123.6.1777 

 Furuse, M., Itoh, M., Hirase, T., Nagafuchi, A., Yonemura, S., Tsukita, S., et al. (1994). Direct association of occludin with ZO-1 and its possible involvement in the localization of occludin at tight junctions. J. Cell Biol. 127, 1617–1626. doi: 10.1083/jcb.127.6.1617 

 Garcia, F. J., Sun, N., Lee, H., Godlewski, B., Mathys, H., Galani, K., et al. (2022). Single-cell dissection of the human brain vasculature. Nature 603, 893–899. doi: 10.1038/s41586-022-04521-7 

 Ghaemmaghami, A. B., Mahjoubin-Tehran, M., Movahedpour, A., Morshedi, K., Sheida, A., Taghavi, S. P., et al. (2020). Role of exosomes in malignant glioma: microRNAs and proteins in pathogenesis and diagnosis. Cell Commun. Signal 18:120. doi: 10.1186/s12964-020-00623-9 

 Gjervan, S. C., Ozgoren, O. K., Gow, A., Stockler-Ipsiroglu, S., and Pouladi, M. A. (2024). Claudin-11 in health and disease: implications for myelin disorders, hearing, and fertility. Front. Cell. Neurosci. 17:1344090. doi: 10.3389/fncel.2023.1344090 

 Godlewski, J., Nowicki, M. O., Bronisz, A., Williams, S., Otsuki, A., Nuovo, G., et al. (2008). Targeting of the Bmi-1 oncogene/stem cell renewal factor by microRNA-128 inhibits glioma proliferation and self-renewal. Cancer Res. 68, 9125–9130. doi: 10.1158/0008-5472.CAN-08-2629

 Goenka, A., Tiek, D. M., Song, X., Iglesia, R. P., Lu, M., Hu, B., et al. (2022). The role of non-coding RNAs in glioma. Biomedicines 10:2031. doi: 10.3390/biomedicines10082031 

 Gonschior, H., Schmied, C., Van der Veen, R. E., Eichhorst, J., Himmerkus, N., Piontek, J., et al. (2022). Nanoscale segregation of channel and barrier claudins enables paracellular ion flux. Nat. Commun. 13:4985. doi: 10.1038/s41467-022-32533-4 

 Gottardi, C. J., Arpin, M., Fanning, A. S., and Louvard, D. (1996). The junction-associated protein, zonula occludens-1, localizes to the nucleus before the maturation and during the remodeling of cell-cell contacts. Proc. Natl. Acad. Sci. USA 93, 10779–10784. doi: 10.1073/pnas.93.20.10779 

 Gray, K. M., Katz, D. B., Brown, E. G., and Stroka, K. M. (2019). Quantitative phenotyping of cell-cell junctions to evaluate ZO-1 presentation in brain endothelial cells. Ann. Biomed. Eng. 47, 1675–1687. doi: 10.1007/s10439-019-02266-5 

 Guillemot, L., Paschoud, S., Pulimeno, P., Foglia, A., and Citi, S. (2008). The cytoplasmic plaque of tight junctions: A scaffolding and signalling center. Biochim. Biophys. Acta Biomembr. 1778, 601–613. doi: 10.1016/j.bbamem.2007.09.032 

 Guo, J., Cai, H., Zheng, J., Liu, X., Liu, Y., Ma, J., et al. (2017). Long non-coding RNA NEAT1 regulates permeability of the blood-tumor barrier via miR-181d-5p-mediated expression changes in ZO-1, occludin, and claudin-5. Biochim. Biophys. Acta Mol. basis Dis. 1863, 2240–2254. doi: 10.1016/j.bbadis.2017.02.005 

 Guo, X., Zhou, H., Liu, Y., Xu, W., Kanwore, K., and Zhang, L. (2024). Glial-cell-line-derived neurotrophic factor promotes glioblastoma cell migration and invasion via the SMAD2/3-SERPINE1-signaling Axis. Int. J. Mol. Sci. 25:10229. doi: 10.3390/ijms251810229 

 Hashimoto, Y., Greene, C., Munnich, A., and Campbell, M. (2023). The CLDN5 gene at the blood-brain barrier in health and disease. Fluids Barriers CNS 20:22. doi: 10.1186/s12987-023-00424-5 

 He, X., Guo, Y., Yu, C., Zhang, H., and Wang, S. (2023). Epithelial-mesenchymal transition is the main way in which glioma-associated microglia/macrophages promote glioma progression. Front. Immunol. 14:1097880. doi: 10.3389/fimmu.2023.1097880 

 Holzner, S., Bromberger, S., Wenzina, J., Neumüller, K., Holper, T. M., Petzelbauer, P., et al. (2021). Phosphorylated cingulin localises GEF-H1 at tight junctions to protect vascular barriers in blood endothelial cells. J. Cell Sci. 134:258557. doi: 10.1242/jcs.258557 

 Horng, S., Therattil, A., Moyon, S., Gordon, A., Kim, K., Argaw, A. T., et al. (2017). Astrocytic tight junctions control inflammatory CNS lesion pathogenesis. J. Clin. Invest. 127, 3136–3151. doi: 10.1172/JCI91301 

 Hu, D., Yu, Y., Wang, C., Li, D., Tai, Y., and Fang, L. (2015). microRNA- 98 mediated microvascular hyperpermeability during burn shock phase via inhibiting FIH-1. Eur. J. Med. Res. 20:51. doi: 10.1186/s40001-015-0141-5 

 Huang, T., Alvarez, A. A., Pangeni, R. P., Horbinski, C. M., Lu, S., Kim, S. H., et al. (2016). A regulatory circuit of miR-125b/miR-20b and Wnt signalling controls glioblastoma phenotypes through FZD6-modulated pathways. Nat. Commun. 7:12885. doi: 10.1038/ncomms12885 

 Huang, S., Qi, P., Zhang, T., Li, F., and He, X. (2019). The HIF-1α/miR-224-3p/ATG5 axis affects cell mobility and chemosensitivity by regulating hypoxia-induced protective autophagy in glioblastoma and astrocytoma. Oncol. Rep. 41, 1759–1768. doi: 10.3892/or.2018.6929 

 Igarashi, Y., Utsumi, H., Chiba, H., Yamada-Sasamori, Y., Tobioka, H., Kamimura, Y., et al. (1999). Glial cell line-derived neurotrophic factor induces barrier function of endothelial cells forming the blood-brain barrier. Biochem. Biophys. Res. Commun. 261, 108–112. doi: 10.1006/bbrc.1999.0992 

 Ishihara, H., Kubota, H., Lindberg, R. L. P., Leppert, D., Gloor, S. M., Errede, M., et al. (2008). Endothelial cell barrier impairment induced by glioblastomas and transforming growth factor beta(2) involves matrix metalloproteinases and tight junction proteins. J. Neuropathol. Exp. Neurol. 67, 435–448. doi: 10.1097/NEN.0b013e31816fd622 

 Itoh, M., Furuse, M., Morita, K., Kubota, K., Saitou, M., and Tsukita, S. (1999). Direct binding of three tight junction-associated MAGUKs, ZO-1, ZO-2 and ZO-3, with the COOH termini of claudins. J. Cell Biol. 147, 1351–1363. doi: 10.1083/jcb.147.6.1351 

 Iwamoto, N., Higashi, T., and Furuse, M. (2014). Localization of angulin-1/LSR and tricellulin at tricellular contacts of brain and retinal endothelial cells in vivo. Cell Struct. Funct. 39, 1–8. doi: 10.1247/csf.13015 

 Jasiak-Zatońska, M., Michalak, S., Osztynowicz, K., Kozubski, W., and Kalinowska-Łyszczarz, A. (2022). Relationship between blood-brain permeability and antibodies against aquaporins in neuromyelitis optica spectrum disorders and multiple sclerosis patients. Neurol. Neurochir. Pol. 56, 308–317. doi: 10.5603/PJNNS.a2022.0007 

 Jiao, H., Wang, Z., Liu, Y., Wang, P., and Xue, Y. (2011). Specific role of tight junction proteins claudin-5, occludin, and ZO-1 of the blood-brain barrier in a focal cerebral ischemic insult. J. Mol. Neurosci. 44, 130–139. doi: 10.1007/s12031-011-9496-4

 Jordens, I., Marsman, M., Kuijl, C., and Neefjes, J. (2005). Rab proteins, connecting transport and vesicle fusion. Traffic 6, 1070–1077. doi: 10.1111/j.1600-0854.2005.00336.x 

 Jou, T. S., Schneeberger, E. E., and Nelson, W. J. (1998). Structural and functional regulation of tight junctions by RhoA and Rac1 small GTPases. J. Cell Biol. 142, 101–115. doi: 10.1083/jcb.142.1.101 

 Kadoch, C., Hargreaves, D. C., Hodges, C., Elias, L., Ho, L., Ranish, J., et al. (2013). Proteomic and bioinformatic analysis of mammalian SWI/SNF complexes identifies extensive roles in human malignancy. Nat. Genet. 45, 592–601. doi: 10.1038/ng.2628 

 Kahlert, U. D., Maciaczyk, D., Doostkam, S., Orr, B. A., Simons, B., Bogiel, T., et al. (2012). Activation of canonical WNT/β-catenin signaling enhances in vitro motility of glioblastoma cells by activation of ZEB1 and other activators of epithelial-to-mesenchymal transition. Cancer Lett. 325, 42–53. doi: 10.1016/j.canlet.2012.05.024 

 Kakogiannos, N., Ferrari, L., Giampietro, C., Scalise, A. A., Maderna, C., Ravà, M., et al. (2020). JAM-A acts via C/EBP-α to promote Claudin-5 expression and enhance endothelial barrier function. Circ. Res. 127, 1056–1073. doi: 10.1161/CIRCRESAHA.120.316742 

 Kale, G., Naren, A. P., Sheth, P., and Rao, R. K. (2003). Tyrosine phosphorylation of occludin attenuates its interactions with ZO-1, ZO-2, and ZO-3. Biochem. Biophys. Res. Commun. 302, 324–329. doi: 10.1016/S0006-291X(03)00167-0 

 Katsube, T., Takahisa, M., Ueda, R., Hashimoto, N., Kobayashi, M., and Togashi, S. (1998). Cortactin associates with the cell-cell junction protein ZO-1 in both Drosophila and mouse. J. Biol. Chem. 273, 29672–29677. doi: 10.1074/jbc.273.45.29672 

 Kazmierski, R., Michalak, S., Wencel-Warot, A., and Nowinski, W. L. (2012). Serum tight-junction proteins predict hemorrhagic transformation in ischemic stroke patients. Neurology 79, 1677–1685. doi: 10.1212/WNL.0b013e31826e9a83 

 Khan, A., Ni, W., Lopez-Giraldez, F., Kluger, M. S., Pober, J. S., and Pierce, R. W. (2021). Tumor necrosis factor-induced ArhGEF10 selectively activates RhoB contributing to human microvascular endothelial cell tight junction disruption. FASEB J. 35:e21627. doi: 10.1096/fj.202002783RR 

 Kim, H. J., Kim, T. J., Kim, Y. G., Seong, C., Cho, J. H., Kim, W., et al. (2021). Antioxidant and Antiproliferative activity of finasteride against glioblastoma cells. Pharmaceutics 13:1410. doi: 10.3390/pharmaceutics13091410 

 Kim, H., Leng, K., Park, J., Sorets, A. G., Kim, S., Shostak, A., et al. (2022). Reactive astrocytes transduce inflammation in a blood-brain barrier model through a TNF-STAT3 signaling axis and secretion of alpha 1-antichymotrypsin. Nat. Commun. 13:6581. doi: 10.1038/s41467-022-34412-4 

 Kojima, T., Ninomiya, T., Konno, T., Kohno, T., Taniguchi, M., and Sawada, N. (2013). Expression of tricellulin in epithelial cells and non-epithelial cells. Histol. Histopathol. 28, 1383–1392. doi: 10.14670/HH-28.1383 

 Koklic, T. (2014). Perifosine induced release of contents of trans cell-barrier transport efficient liposomes. Chem. Phys. Lipids 183, 50–59. doi: 10.1016/j.chemphyslip.2014.05.006 

 Kumari, L., Yadav, R., Kumar, Y., and Bhatia, A. (2024). Role of tight junction proteins in shaping the immune milieu of malignancies. Expert Rev. Clin. Immunol. 20, 1305–1321. doi: 10.1080/1744666X.2024.2391915 

 Kyuno, D., Takasawa, A., Kikuchi, S., Takemasa, I., Osanai, M., and Kojima, T. (2021). Role of tight junctions in the epithelial-to-mesenchymal transition of cancer cells. Biochim. Biophys. Acta Biomembr. 1863:183503. doi: 10.1016/j.bbamem.2020.183503 

 Lathia, J. D., Li, M., Sinyuk, M., Alvarado, A. G., Flavahan, W. A., Stoltz, K., et al. (2014). High-throughput flow cytometry screening reveals a role for junctional adhesion molecule a as a cancer stem cell maintenance factor. Cell Rep. 6, 117–129. doi: 10.1016/j.celrep.2013.11.043 

 Lee, J., Borboa, A. K., Chun, H. B., Baird, A., and Eliceiri, B. P. (2010). Conditional deletion of the focal adhesion kinase FAK alters remodeling of the blood-brain barrier in glioma. Cancer Res. 70, 10131–10140. doi: 10.1158/0008-5472.CAN-10-2740 

 Lee, S. T., Chu, K., Oh, H. J., Im, W. S., Lim, J. Y., Kim, S. K., et al. (2011). Let-7 microRNA inhibits the proliferation of human glioblastoma cells. J. Neuro-Oncol. 102, 19–24. doi: 10.1007/s11060-010-0286-6 

 Leech, A. O., Cruz, R. G. B., Hill, A. D. K., and Hopkins, A. M. (2015). Paradigms lost—An emerging role for over-expression of tight junction adhesion proteins in cancer pathogenesis. Ann. Transl. Med. 3:184. doi: 10.3978/j.issn.2305-5839.2015.08.01

 Li, Y. H., Fanning, A. S., Anderson, J. M., and Lavie, A. (2005). Structure of the conserved cytoplasmic C-terminal domain of occludin: identification of the ZO-1 binding surface. J. Mol. Biol. 352, 151–164. doi: 10.1016/j.jmb.2005.07.017 

 Li, D., and Mrsny, R. J. (2000). Oncogenic Raf-1 disrupts epithelial tight junctions via downregulation of occludin. J. Cell Biol. 148, 791–800. doi: 10.1083/jcb.148.4.791 

 Liebner, S., Fischman, A., Rascher, G., Duffner, F., Grote, E. H., Kalbacher, H., et al. (2000). Claudin-1 and claudin-5 expression and tight junction morphology are altered in blood vessels of human glioblastoma multiforme. Acta Neuropathol. 100, 323–331. doi: 10.1007/s004010000180 

 Lim, S., Kwak, M., Kang, J., Cesaire, M., Tang, K., Robey, R. W., et al. (2024). Ibrutinib disrupts blood-tumor barrier integrity and prolongs survival in rodent glioma model. Acta Neuropathol. Commun. 12:56. doi: 10.1186/s40478-024-01763-6 

 Lin, Y., and Wu, Z. (2023). Hypoxia-inducible factor 1α (HIF-1α)-activated Gli1 induces invasion and EMT by H3K4 methylation in glioma cells. Oncologie 25, 71–79. doi: 10.1515/oncologie-2023-0004

 Liu, H. J., Hu, H. M., Li, G. Z., Zhang, Y., Wu, F., Liu, X., et al. (2020). Ferroptosis-related gene signature predicts glioma cell death and glioma patient progression. Front. Cell Dev. Biol. 8:538. doi: 10.3389/fcell.2020.00538 

 Liu, D., Yang, L., Liu, P., Ji, X., Qi, X., Wang, Z., et al. (2022). Sigma-1 receptor activation alleviates blood-brain barrier disruption post cerebral ischemia stroke by stimulating the GDNF-GFRα1-RET pathway. Exp. Neurol. 347:113867. doi: 10.1016/j.expneurol.2021.113867 

 Liu, T., Zhu, C., Chen, X., Guan, G., Zou, C., Shen, S., et al. (2022). Ferroptosis, as the most enriched programmed cell death process in glioma, induces immunosuppression and immunotherapy resistance. Neuro-Oncology 24, 1113–1125. doi: 10.1093/neuonc/noac033 

 Lo, Y. L., Lin, H. C., Hong, S. T., Chang, C. H., Wang, C. S., and Lin, A. M. (2021). Lipid polymeric nanoparticles modified with tight junction-modulating peptides promote afatinib delivery across a blood–brain barrier model. Cancer Nanotechnol. 12:13. doi: 10.1186/s12645-021-00084-w

 Lohmann, C., Krischke, M., Wegener, J., and Galla, H. J. (2004). Tyrosine phosphatase inhibition induces loss of blood–brain barrier integrity by matrix metalloproteinase-dependent and -independent pathways. Brain Res. 995, 184–196. doi: 10.1016/j.brainres.2003.10.002 

 Ma, J., Wang, P., Liu, Y. H., Zhao, L. N., Li, Z., and Xue, Y. X. (2014b). Krüppel-like factor 4 regulates blood-tumor barrier permeability via ZO-1, occludin and claudin-5. J. Cell. Physiol. 229, 916–926. doi: 10.1002/jcp.24523 

 Ma, J., Yao, Y., Wang, P., Liu, Y., Zhao, L., Li, Z., et al. (2014a). MiR-181a regulates blood-tumor barrier permeability by targeting Krüppel-like factor 6. J. Cereb. Blood Flow Metab. 34, 1826–1836. doi: 10.1038/jcbfm.2014.152 

 Mafi, A., Mannani, R., Khalilollah, S., Hedayati, N., Salami, R., Rezaee, M., et al. (2023). The significant role of microRNAs in gliomas angiogenesis: a particular focus on molecular mechanisms and opportunities for clinical application. Cell. Mol. Neurobiol. 43, 3277–3299. doi: 10.1007/s10571-023-01385-x 

 Malik, V. A., Zajicek, F., Mittmann, L. A., Klaus, J., Unterseer, S., Rajkumar, S., et al. (2020). GDF15 promotes simultaneous astrocyte remodeling and tight junction strengthening at the blood–brain barrier. J. Neurosci. Res. 98, 1433–1456. doi: 10.1002/jnr.24611 

 Mandel, I., Paperna, T., Volkowich, A., Merhav, M., Glass-Marmor, L., and Miller, A. (2012). The ubiquitin-proteasome pathway regulates claudin 5 degradation. J. Cell. Biochem. 113, 2415–2423. doi: 10.1002/jcb.24118 

 Manukjan, N., Chau, S., Caiment, F., van Herwijnen, M., Smeets, H. J., Fulton, D., et al. (2024). Wnt7a decreases brain endothelial barrier function via β-catenin activation. Mol. Neurobiol. 61, 4854–4867. doi: 10.1007/s12035-023-03872-0 

 Mariano, C., Palmela, I., Pereira, P., Fernandes, A., Falcão, A. S., Cardoso, F. L., et al. (2013). Tricellulin expression in brain endothelial and neural cells. Cell Tissue Res. 351, 397–407. doi: 10.1007/s00441-012-1529-y 

 Marsch, P., Rajagopal, N., and Nangia, S. (2024). Biophysics of claudin proteins in tight junction architecture: three decades of progress. Biophys. J. 123, 2363–2378. doi: 10.1016/j.bpj.2024.06.010 

 Martin, T. A. (2014). The role of tight junctions in cancer metastasis. Semin. Cell Dev. Biol. 36, 224–231. doi: 10.1016/j.semcdb.2014.09.008

 Martìn-Padura, I., Lostaglio, S., Schneemann, M., Williams, L., Romano, M., Fruscella, P., et al. (1998). Junctional adhesion molecule, a novel member of the immunoglobulin superfamily that distributes at intercellular junctions and modulates monocyte transmigration. J. Cell Biol. 142, 117–127. doi: 10.1083/jcb.142.1.117 

 Mathew-Schmitt, S., Peindl, M., Neundorf, P., Dandekar, G., Metzger, M., Nickl, V., et al. (2024). Blood-tumor barrier in focus – investigation of glioblastoma-induced effects on the blood-brain barrier. J. Neuro-Oncol. 170, 67–77. doi: 10.1007/s11060-024-04760-w 

 Matsuoka, H., Yamaoka, A., Hamashima, T., Shima, A., Kosako, M., Tahara, Y., et al. (2022). EGF-dependent activation of ELK1 contributes to the induction of CLDND1 expression involved in tight junction formation. Biomedicines 10:1792. doi: 10.3390/biomedicines10081792 

 Matter, K., Aijaz, S., Tsapara, A., and Balda, M. S. (2005). Mammalian tight junctions in the regulation of epithelial differentiation and proliferation. Curr. Opin. Cell Biol. 17, 453–458. doi: 10.1016/j.ceb.2005.08.003 

 Matter, K., and Balda, M. S. (2003). Signalling to and from tight junctions. Nat. Rev. Mol. Cell Biol. 4, 225–237. doi: 10.1038/nrm1055

 McCarthy, K. M., Skare, I. B., Stankewich, M. C., Furuse, M., Tsukita, S., Rogers, R. A., et al. (1996). Occludin is a functional component of the tight junction. J. Cell Sci. 109, 2287–2298. doi: 10.1242/jcs.109.9.2287 

 Meng, C., Sun, Y., Hu, Z., Wang, H., Jiang, W., Song, J., et al. (2019). Effects of hypoxia inducible factor-1α on expression levels of MLCK, p-MLC and ZO-1 of rat endothelial cells. Biochem. Biophys. Res. Commun. 519, 591–596. doi: 10.1016/j.bbrc.2019.08.159 

 Miao, Y. S., Zhao, Y. Y., Zhao, L. N., Wang, P., Liu, Y. H., Ma, J., et al. (2015). MiR-18a increased the permeability of BTB via RUNX1 mediated down-regulation of ZO-1, occludin and claudin-5. Cell. Signal. 27, 156–167. doi: 10.1016/j.cellsig.2014.10.008 

 Misan, N., Michalak, S., Rzymski, P., Poniedziałek, B., Kapska, K., Osztynowicz, K., et al. (2022). Molecular indicators of blood-brain barrier breakdown and neuronal injury in pregnancy complicated by fetal growth restriction. Int. J. Mol. Sci. 23:13798. doi: 10.3390/ijms232213798 

 Miyamori, H., Takino, T., Kobayashi, Y., Tokai, H., Itoh, Y., Seiki, M., et al. (2001). Claudin promotes activation of pro-matrix metalloproteinase-2 mediated by membrane-type matrix metalloproteinases. J. Biol. Chem. 276, 28204–28211. doi: 10.1074/jbc.M103083200 

 Mojarad-Jabali, S., Farshbaf, M., Hemmati, S., Sarfraz, M., Motasadizadeh, H., Mojarrad, J. S., et al. (2022). Comparison of three synthetic transferrin mimetic small peptides to promote the blood–brain barrier penetration of vincristine liposomes for improved glioma targeted therapy. Int. J. Pharm. 613:121395. doi: 10.1016/j.ijpharm.2021.121395 

 Morgan, S. V. (2016). Tight junction protein expression in human astrocytes. PhD thesis. Sheffield: University of Sheffield.

 Mota, M., Sweha, S. R., Pun, M., Natarajan, S. K., Ding, Y., Chung, C., et al. (2023). Targeting SWI/SNF ATPases in H3.3K27M diffuse intrinsic pontine gliomas. Proc. Natl. Acad. Sci. USA 120:e2221175120. doi: 10.1073/pnas.2221175120 

 Mou, K., Chen, M., Mao, Q., Wang, P., Ni, R., Xia, X., et al. (2010). AQP-4 in peritumoral edematous tissue is correlated with the degree of glioma and with expression of VEGF and HIF-alpha. J. Neuro-Oncol. 100, 375–383. doi: 10.1007/s11060-010-0205-x 

 Murakami, T., Felinski, E. A., and Antonetti, D. A. (2009). Occludin phosphorylation and ubiquitination regulate tight junction trafficking and vascular endothelial growth factor-induced permeability. J. Biol. Chem. 284, 21036–21046. doi: 10.1074/jbc.M109.016766 

 Ngarmukos, C., Baur, E. L., and Kumagai, A. K. (2001). Co-localization of GLUT1 and GLUT4 in the blood-brain barrier of the rat ventromedial hypothalamus. Brain Res. 900, 1–8. doi: 10.1016/S0006-8993(01)02184-9 

 Nishizuka, Y. (1986). Studies and perspectives of protein kinase C. Science 233, 305–312. doi: 10.1126/science.3014651 

 Nitta, T., Hata, M., Gotoh, S., Seo, Y., Sasaki, H., Hashimoto, N., et al. (2003). Size-selective loosening of the blood-brain barrier in claudin-5-deficient mice. J. Cell Biol. 161, 653–660. doi: 10.1083/jcb.200302070 

 Nunbhakdi-Craig, V., Machleidt, T., Ogris, E., and Bellotto, C. L. (2002). White III, E. Sontag. Protein phosphatase 2A associates with and regulates atypical PKC and the epithelial tight junction complex. J. Cell Biol. 158, 967–978. doi: 10.1083/jcb.200206114 

 Nusrat, A., Chen, J. A., Foley, C. S., Liang, T. W., Tom, J., Cromwell, M., et al. (2000). The coiled-coil domain of occludin can act to organize structural and functional elements of the epithelial tight junction. J. Biol. Chem. 275, 29816–29822. doi: 10.1074/jbc.M002450200 

 Oehring, R. D., Miletic, M., Valter, M. M., Pietsch, T., Neumann, J., Fimmers, R., et al. (1999). Vascular endothelial growth factor (VEGF) in astrocytic gliomas--a prognostic factor? J. Neuro-Oncol. 45, 117–125. doi: 10.1023/A:1006333005563 

 On, N. H., Mitchell, R., Savant, S. D., Bachmeier, C. J., Hatch, G. M., and Miller, D. W. (2013). Examination of blood-brain barrier (BBB) integrity in a mouse brain tumor model. J. Neuro Oncol. 111, 133–143. doi: 10.1007/s11060-012-1006-1 

 Ordóñez-Rubiano, E. G., Rincón-Arias, N., Espinosa, S., Shelton, W. J., Salazar, A. F., Cómbita, A., et al. (2024). The potential of miRNA-based approaches in glioblastoma: An update in current advances and future perspectives. Curr. Res. Pharmacol. Drug Discov. 7:100193. doi: 10.1016/j.crphar.2024.100193 

 Otani, T., Nguyen, T. P., Tokuda, S., Sugihara, K., Sugawara, T., Furuse, K., et al. (2019). Claudins and JAM-A coordinately regulate tight junction formation and epithelial polarity. J. Cell Biol. 218, 3372–3396. doi: 10.1083/jcb.201812157 

 Ozaki, H., Ishii, K., Arai, H., Horiuchi, H., Kawamoto, T., Suzuki, H., et al. (2000). Junctional adhesion molecule (JAM) is phosphorylated by protein kinase C upon platelet activation. Biochem. Biophys. Res. Commun. 276, 873–878. doi: 10.1006/bbrc.2000.3574 

 Pan, R., Liu, W., and Liu, K. J. (2021). MMP-2/9-cleaved occludin promotes endothelia cell death in ischemic stroke. Brain Hemorrhages 2, 63–70. doi: 10.1016/j.hest.2021.01.002

 Papadopoulos, M. C., Saadoun, S., Woodrow, C. J., Davies, D. C., Costa-Martins, P., Moss, R. F., et al. (2001). Occludin expression in microvessels of neoplastic and non-neoplastic human brain. Neuropathol. Appl. Neurobiol. 27, 384–395. doi: 10.1046/j.0305-1846.2001.00341.x 

 Papageorgis, P., Lambert, A. W., Ozturk, S., Gao, F., Pan, H., Manne, U., et al. (2010). Smad signaling is required to maintain epigenetic silencing during breast cancer progression. Cancer Res. 70, 968–978. doi: 10.1158/0008-5472.CAN-09-1872 

 Park, M. W., Kim, C. H., Cheong, J. H., Bak, K. H., Kim, J. M., and Oh, S. J. (2006). Occludin expression in brain tumors and its relevance to peritumoral edema and survival. Cancer Res. Treat. 38, 139–143. doi: 10.4143/crt.2006.38.3.139 

 Pinacho-Garcia, L. M., Valdez, R. A., Navarrete, A., Cabeza, M., Segovia, J., and Romano, M. C. (2020). The effect of finasteride and dutasteride on the synthesis of neurosteroids by glioblastoma cells. Steroids 155:108556. doi: 10.1016/j.steroids.2019.108556 

 Polette, M., Mestdagt, M., Bindels, S., Nawrocki-Raby, B., Hunziker, W., Foidart, J. M., et al. (2007). Beta-catenin and ZO-1: shuttle molecules involved in tumor invasion-associated epithelial-mesenchymal transition processes. Cells Tissues Organs 185, 61–65. doi: 10.1159/000101304 

 Rajagopal, N., Irudayanathan, F. J., and Nangia, S. (2019). Palmitoylation of claudin-5 proteins influences their lipid domain affinity and tight junction assembly at the blood-brain barrier interface. J. Phys. Chem. B 123, 983–993. doi: 10.1021/acs.jpcb.8b09535 

 Rao, R. K., Baker, R. D., Baker, S. S., Gupta, A., and Holycross, M. (1997). Oxidant-induced disruption of intestinal epithelial barrier function role of protein tyrosine phosphorylation. Am. J. Phys. 273, G812–G823. doi: 10.1152/ajpgi.1997.273.4.G812 

 Rascher, G., Fischmann, A., Kröger, S., Duffner, F., Grote, E. H., and Wolburg, H. (2002). Extracellular matrix and the blood-brain barrier in glioblastoma multiforme: spatial segregation of tenascin and agrin. Acta Neuropathol. 104, 85–91. doi: 10.1007/s00401-002-0524-x 

 Rochfort, K. D., and Cummins, P. M. (2015). Cytokine-mediated dysregulation of zonula occludens-1 properties in human brain microvascular endothelium. Microvasc. Res. 100, 48–53. doi: 10.1016/j.mvr.2015.04.010 

 Rosager, A. M., Sorensen, M. D., Dahlrot, R. H., Boldt, H. B., Hansen, S., Lathia, J. D., et al. (2017). Expression and prognostic value of JAM-A in gliomas. J. Neuro-Oncol. 135, 107–117. doi: 10.1007/s11060-017-2555-0 

 Saadeh, F. S., Mahfouz, R., and Assi, H. I. (2018). EGFR as a clinical marker in glioblastomas and other gliomas. Int. J. Biol. Markers 33, 22–32. doi: 10.5301/ijbm.5000301 

 Sánchez-Pulido, L., Martín-Belmonte, F., Valencia, A., and Alonso, M. A. (2002). MARVEL: a conserved domain involved in membrane apposition events. Trends Biochem. Sci. 27, 599–601. doi: 10.1016/S0968-0004(02)02229-6 

 Schaefer, I.-M., Agaimy, A., Fletcher, C. D. M., and Hornick, J. L. (2017). Claudin-4 expression distinguishes SWI/SNF complex-deficient undifferentiated carcinomas from sarcomas. Modern Pathol. 30, 539–548. doi: 10.1038/modpathol.2016.230 

 Schonteich, E., Wilson, G. M., Burden, J., Hopkins, C. R., Anderson, K., Goldenring, J. R., et al. (2008). The Rip11/Rab11-FIP5 and kinesin II complex regulates endocytic protein recycling. J. Cell Sci. 121, 3824–3833. doi: 10.1242/jcs.032441 

 Schossleitner, K., Rauscher, S., Gröger, M., Friedl, H. P., Finsterwalder, R., Habertheuer, A., et al. (2016). Evidence that Cingulin regulates endothelial barrier function in vitro and in vivo. Arterioscler. Thromb. Vasc. Biol. 36, 647–654. doi: 10.1161/ATVBAHA.115.307032 

 Schweiger, B., and Kievit, F. (2023). TMIC-08. Claudin-1 upregulation in glioblastoma induced blood-brain-barrier dysfunction via a paracrine mechanism. Neuro-Oncology 25:v279. doi: 10.1093/neuonc/noad179.1074

 Shang, C., Guo, Y., Hong, Y., Liu, Y.-H., and Xue, Y.-X. (2015). MiR-21 up-regulation mediates glioblastoma cancer stem cells apoptosis and proliferation by targeting FASLG. Mol. Biol. Rep. 42, 721–727. doi: 10.1007/s11033-014-3820-3 

 Shang, R., Lee, S., Senavirathne, G., and Lai, E. C. (2023). microRNAs in action: biogenesis, function and regulation. Nat. Rev. Genet. 24, 816–833. doi: 10.1038/s41576-023-00611-y 

 Shigetomi, K., Ono, Y., Inai, T., and Ikenouchi, J. (2018). Adherens junctions influence tight junction formation via changes in membrane lipid composition. J. Cell Biol. 217, 2373–2381. doi: 10.1083/jcb.201711042 

 Shigetomi, K., Ono, Y., Matsuzawa, K., and Ikenouchi, J. (2023). Cholesterol-rich domain formation mediated by ZO proteins is essential for tight junction formation. Proc. Natl. Acad. Sci. USA 120:e2217561120. doi: 10.1073/pnas.2217561120

 Silber, J., Lim, D. A., Petritsch, C., Persson, A. I., Maunakea, A. K., Yu, M., et al. (2008). miR-124 and miR-137 inhibit proliferation of glioblastoma multiforme cells and induce differentiation of brain tumor stem cells. BMC Med. 6:14. doi: 10.1186/1741-7015-6-14 

 Smith, G. T., Radin, D. P., and Tsirka, S. E. (2022). From protein-protein interactions to immune modulation: therapeutic prospects of targeting Neuropilin-1 in high-grade glioma. Front. Immunol. 13:958620. doi: 10.3389/fimmu.2022.958620 

 Srinivasan, B., Kolli, A. R., Esch, M. B., Abaci, H. E., Shuler, M. L., and Hickman, J. J. (2015). TEER measurement techniques for in vitro barrier model systems. J. Lab. Autom. 20, 107–126. doi: 10.1177/2211068214561025 

 Stamatovic, S. M., Sladojevic, N., Keep, R. F., and Andjelkovic, A. V. (2012). Relocalization of junctional adhesion molecule A during inflammatory stimulation of brain endothelial cells. Mol. Cell. Biol. 32, 3414–3427. doi: 10.1128/MCB.06678-11 

 Steere, R. L. (1957). Electron microscopy of structural detail in frozen biological specimens. J. Biophys. Biochem. Cytol. 3, 45–60. doi: 10.1083/jcb.3.1.45 

 Steiner, E., Enzmann, G. U., Lyck, R., Lin, S., Rüegg, M. A., Kröger, S., et al. (2014). The heparan sulfate proteoglycan agrin contributes to barrier properties of mouse brain endothelial cells by stabilizing adherens junctions. Cell Tissue Res. 358, 465–479. doi: 10.1007/s00441-014-1969-7 

 Sugawara, T., Furuse, K., Otani, T., Wakayama, T., and Furuse, M. (2021). Angulin-1 seals tricellular contacts independently of tricellulin and claudins. J. Cell Biol. 220:e202005062. doi: 10.1083/jcb.202005062 

 Sun, Z., Yan, T., Jiang, H., Cai, J., Zhu, X., and Chen, Q. (2023). Claudin-3 facilitates the progression and mediates the tumorigenic effects of TGF-β in glioblastoma multiforme. Med. Oncol. 40:268. doi: 10.1007/s12032-023-02136-0 

 Tai, Y. H., Flick, J., Levine, S. A., Madara, J. L., Sharp, G. W., and Donowitz, M. (1996). Regulation of tight junction resistance in T84 monolayers by elevation in intracellular Ca2+ a protein kinase C effect. J. Membr. Biol. 149, 71–79 

 Takahashi, S., Iwamoto, N., Sasaki, H., Ohashi, M., Oda, Y., Tsukita, S., et al. (2009). The E3 ubiquitin ligase LNX1p80 promotes the removal of claudins from tight junctions in MDCK cells. J. Cell Sci. 122, 985–994. doi: 10.1242/jcs.040055

 Thompson, E. M., Pishko, G. L., Muldoon, L. L., and Neuwelt, E. A. (2013). Inhibition of SUR1 decreases the vascular permeability of cerebral metastases. Neoplasia 15, 535–543. doi: 10.1593/neo.13164 

 Tluli, O., Al-Maadhadi, M., Al-Khulaifi, A. A., Akomolafe, A. F., Al-Kuwari, S. Y., Al-Khayarin, R., et al. (2023). Exploring the role of microRNAs in glioma progression, prognosis, and therapeutic strategies. Cancers (Basel) 15:4213. doi: 10.3390/cancers15174213 

 Tornabene, E., Helms, H. C. C., Pedersen, S. F., and Brodin, B. (2019). Effects of oxygen-glucose deprivation (OGD) on barrier properties and mRNA transcript levels of selected marker proteins in brain endothelial cells/astrocyte co-cultures. PLoS One 14:e0221103. doi: 10.1371/journal.pone.0221103 

 Torrisi, F., Vicario, N., Spitale, F. M., Cammarata, F. P., Minafra, L., Salvatorelli, L., et al. (2020). The role of hypoxia and SRC tyrosine kinase in glioblastoma invasiveness and Radioresistance. Cancers 12:2860. doi: 10.3390/cancers12102860 

 Tsukita, S., and Furuse, M. (1999). Occludin and claudins in tight-junction strands: leading or supporting players? Trends Cell Biol. 9, 268–273. doi: 10.1016/S0962-8924(99)01578-0 

 Turaga, S. M., Silver, D. J., Bayik, D., Paouri, E., Peng, S., Lauko, A., et al. (2020). JAM-A functions as a female microglial tumor suppressor in glioblastoma. Neuro-Oncology 22, 1591–1601. doi: 10.1093/neuonc/noaa148 

 Van Itallie, C. M., Fanning, A. S., Holmes, J., and Anderson, J. M. (2010). Occludin is required for cytokine-induced regulation of tight junction barriers. J. Cell Sci. 123, 2844–2852. doi: 10.1242/jcs.065581 

 Vanlandewijck, M., He, L. Q., Mae, M. A. A., Andrae, J., Ando, K., Del Gaudio, F., et al. (2018). A molecular atlas of cell types and zonation in the brain vasculature. Nature 554, 475–480. doi: 10.1038/nature25739 

 Vasileva, E., Spadaro, D., Rouaud, F., King, J. M., Flinois, A., Shah, J., et al. (2022). Cingulin binds to the ZU5 domain of scaffolding protein ZO-1 to promote its extended conformation, stabilization, and tight junction accumulation. J. Biol. Chem. 298:101797. doi: 10.1016/j.jbc.2022.101797 

 Walter, J. K., Castro, V., Voss, M., Gast, K., Rueckert, C., Piontek, J., et al. (2009b). Redox-sensitivity of the dimerization of occludin. Cell. Mol. Life Sci. 66, 3655–3662. doi: 10.1007/s00018-009-0150-z 

 Walter, J. K., Rueckert, C., Voss, M., Mueller, S. L., Piontek, J., Gast, K., et al. (2009a). The oligomerization of the coiled coil-domain of occludin is redox sensitive. Ann. N. Y. Acad. Sci. 1165, 19–27. doi: 10.1111/j.1749-6632.2009.04058.x

 Wang, M., Shen, S., Hou, F., and Yan, Y. (2022). Pathophysiological roles of integrins in gliomas from the perspective of glioma stem cells. Front. Cell Dev. Biol. 10:962481. doi: 10.3389/fcell.2022.962481 

 Wang, Y., Zhang, J., Yi, X. J., and Yu, F. S. (2004). Activation of ERK1/2 MAP kinase pathway induces tight junction disruption in human corneal epithelial cells. Exp. Eye Res. 78, 125–136. doi: 10.1016/j.exer.2003.09.002 

 Ward, P. D., Klein, R. R., Troutman, M. D., Desai, S., and Thakker, D. R. (2002). Phospholipase C-gamma modulates epithelial tight junction permeability through hyperphosphorylation of tight junction proteins. J. Biol. Chem. 277, 35760–35765. doi: 10.1074/jbc.M203134200 

 Westgate, E. J., Cheng, Y., Reilly, D. F., Price, T. S., Walisser, J. A., Bradfield, C. A., et al. (2008). Genetic components of the circadian clock regulate thrombogenesis in vivo. Circulation 117, 2087–2095. doi: 10.1161/CIRCULATIONAHA.107.739227 

 Westhoff, M. A., Zhou, S., Bachem, M. G., Debatin, K. M., and Fulda, S. (2008). Identification of a novel switch in the dominant forms of cell adhesion-mediated drug resistance in glioblastoma cells. Oncogene 27, 5169–5181. doi: 10.1038/onc.2008.148 

 Wibbe, N., and Ebnet, K. (2023). Cell adhesion at the tight junctions: new aspects and new functions. Cells 12:2701. doi: 10.3390/cells12232701 

 Wieman, H. L., Wofford, J. A., and Rathmell, J. C. (2007). Cytokine stimulation promotes glucose uptake via phosphatidylinositol-3 kinase/Akt regulation of Glut1 activity and trafficking. Mol. Biol. Cell 18, 1437–1446. doi: 10.1091/mbc.e06-07-0593 

 Wolburg, H., Wolburg-Buchholz, K., Kraus, J., Rascher-Eggstein, G., Liebner, S., Hamm, S., et al. (2003). Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively lost during experimental autoimmune encephalomyelitis and human glioblastoma multiforme. Acta Neuropathol. 105, 586–592. doi: 10.1007/s00401-003-0688-z 

 Wong, V. (1997). Phosphorylation of occludin correlates with occludin localization and function at the tight junction. Am. J. Phys. 273, C1859–C1867. doi: 10.1152/ajpcell.1997.273.6.C1859 

 Wong, V., and Gumbiner, B. M. (1997). A synthetic peptide corresponding to the extracellular domain of occludin perturbs the tight junction permeability barrier. J. Cell Biol. 136, 399–409. doi: 10.1083/jcb.136.2.399 

 Wu, S., Wang, J., Liu, J., Zhu, H., Li, R., Wan, X., et al. (2023). Programmed cell death 10 increased blood-brain barrier permeability through HMGB1/TLR4 mediated downregulation of endothelial ZO-1 in glioblastoma. Cell. Signal. 107:110683. doi: 10.1016/j.cellsig.2023.110683 

 Xie, Y., He, L., Lugano, R., Zhang, Y., Cao, H., He, Q., et al. (2021). Key molecular alterations in endothelial cells in human glioblastoma uncovered through single-cell RNA sequencing. JCI Insight 6:e150861. doi: 10.1172/jci.insight.150861 

 Xing, J., Cai, H., Lin, Z., Zhao, L., Xu, H., Song, Y., et al. (2024). Examining the function of macrophage oxidative stress response and immune system in glioblastoma multiforme through analysis of single-cell transcriptomics. Front. Immunol. 14:1288137. doi: 10.3389/fimmu.2023.1288137 

 Xu, A., Wang, X., Luo, J., Zhou, M., Yi, R., Huang, T., et al. (2021). Overexpressed P75CUX1 promotes EMT in glioma infiltration by activating β-catenin. Cell Death Dis. 12:157. doi: 10.1038/s41419-021-03424-1 

 Yan, T., Tan, Y., Deng, G., Sun, Z., Liu, B., Wang, Y., et al. (2022). TGF-β induces GBM mesenchymal transition through upregulation of CLDN4 and nuclear translocation to activate TNF-α/NF-κB signal pathway. Cell Death Dis. 13:339. doi: 10.1038/s41419-022-04788-8 

 Yang, L., Lin, Z., Mu, R., Wu, W., Zhi, H., Liu, X., et al. (2024). Neurons enhance blood-brain barrier function via upregulating claudin-5 and VE-cadherin expression due to GDNF secretion. Life 13:RP96161. doi: 10.7554/eLife.96161.2

 Yang, X., Niu, S., Liu, J., Fang, J., Wu, Z., Ling, S., et al. (2021). Identification of an epithelial-mesenchymal transition-related lncRNA prognostic signature for patients with glioblastoma. Sci. Rep. 11:23694. doi: 10.1038/s41598-021-03213-y 

 Yang, F., Xu, W., Tang, X., Li, Q., Hou, X., and Hui, X. (2023). Claudin 4 enhances the malignancy of glioma cells via NNAT/Wnt signaling. Am. J. Cancer Res. 13, 2530–2539 

 Yin, J., Zeng, A., Zhang, Z., Shi, Z., Yan, W., and You, Y. (2019). Exosomal transfer of miR-1238 contributes to temozolomide-resistance in glioblastoma. EBioMed 42, 238–251. doi: 10.1016/j.ebiom.2019.03.016 

 Yu, Q., Xiao, W., Sun, S., Sohrabi, A., Liang, J., and Seidlits, S. K. (2021). Extracellular matrix proteins confer cell adhesion-mediated drug resistance through integrin α in glioblastoma cells. Front. Cell Dev. Biol. 9:616580. doi: 10.3389/fcell.2021.616580 

 Yuan, L., Le Bras, A., Sacharidou, A., Itagaki, K., Zhan, Y. M., Kondo, M., et al. (2012). ETS-related gene (ERG) controls endothelial cell permeability via transcriptional regulation of the claudin 5 (CLDN5) gene. J. Biol. Chem. 287, 6582–6591. doi: 10.1074/jbc.M111.300236 

 Yue, Q., and Hoi, M. P. M. (2023). Emerging roles of astrocytes in blood-brain barrier disruption upon amyloid-beta insults in Alzheimer’s disease. Neural Regen. Res. 18, 1890–1902. doi: 10.4103/1673-5374.367832 

 Yue, X., Lan, F., and Xia, T. (2019). Hypoxic glioma cell-secreted Exosomal miR-301a activates Wnt/beta-catenin signaling and promotes radiation resistance by targeting TCEAL7. Mol. Ther. 27, 1939–1949. doi: 10.1016/j.ymthe.2019.07.011 

 Yun, E. J., Kim, D., Kim, S., Hsieh, J. T., and Baek, S. T. (2023). Targeting Wnt/β-catenin-mediated upregulation of oncogenic NLGN3 suppresses cancer stem cells in glioblastoma. Cell Death Dis. 14:423. doi: 10.1038/s41419-023-05967-x 

 Zakutansky, P. M., Ku, L., Zhang, G., Shi, L., Li, Y., Yao, B., et al. (2024). Isoform balance of the long noncoding RNA NEAT1 is regulated by the RNA-binding protein QKI, governs the glioma transcriptome, and impacts cell migration. J. Biol. Chem. 300:107595. doi: 10.1016/j.jbc.2024.107595 

 Zeng, A., Wei, Z., Yan, W., Yin, J., Huang, X., Zhou, X., et al. (2018). Exosomal transfer of miR-151a enhances chemosensitivity to temozolomide in drug-resistant glioblastoma. Cancer Lett. 436, 10–21. doi: 10.1016/j.canlet.2018.08.004 

 Zhang, S., An, Q., Wang, T., Gao, S., and Zhou, G. (2018). Autophagy- and MMP-2/9-mediated reduction and redistribution of ZO-1 contribute to hyperglycemia-increased blood-brain barrier permeability during early reperfusion in stroke. Neuroscience 377, 126–137. doi: 10.1016/j.neuroscience.2018.02.035 

 Zhang, Z., Chen, J., Ma, R., Xu, C., Lu, Y., Zhou, J., et al. (2024). Tight junction component Occludin binds to FIP5 to regulate endosome trafficking and mitotic spindle function. Adv Sci (Weinh) 11:e2308822. doi: 10.1002/advs.202308822 

 Zhang, Y. G., Garrett, S., Carroll, R. E., Xia, Y. L., and Sun, J. (2022). Vitamin D receptor upregulates tight junction protein claudin-5 against colitis-associated tumorigenesis. Mucosal Immunol. 15, 683–697. doi: 10.1038/s41385-022-00502-1 

 Zhang, J., Li, W., Wang, W., Chen, Q., Xu, Z., Deng, M., et al. (2023). Dual roles of FAK in tumor angiogenesis: A review focused on pericyte FAK. Eur. J. Pharmacol. 947:175694. doi: 10.1016/j.ejphar.2023.175694 

 Zhang, A. B., Mozaffari, K., Aguirre, B., Li, V., Kubba, R., Desai, N. C., et al. (2023). Exploring the past, present, and future of anti-Angiogenic therapy in glioblastoma. Cancers (Basel) 15:830. doi: 10.3390/cancers15030830 

 Zhang, W., Zhang, J., Hoadley, K., Kushwaha, D., Ramakrishnan, V., Li, S., et al. (2012). miR-181d: a predictive glioblastoma biomarker that downregulates MGMT expression. Neuro-Oncology 14, 712–719. doi: 10.1093/neuonc/nos089 

 Zhang, Y., Zhang, H., Kang, H., Huo, W., Zhou, Y., and Zhang, Y. (2019). Knockdown of long non-coding RNA HOST2 inhibits the proliferation of triple negative breast cancer via regulation of the let-7b/CDK6 axis. Int. J. Mol. Med. 43, 1049–1057. doi: 10.3892/ijmm.2018.3995 

 Zhao, W., Ouyang, C., Zhang, L., Wang, J., Zhang, J., Zhang, Y., et al. (2024a). The proto-oncogene tyrosine kinase c-SRC facilitates glioblastoma progression by remodeling fatty acid synthesis. Nat. Commun. 15:7455. doi: 10.1038/s41467-024-51444-0 

 Zhao, L., Wang, P., Liu, Y., Ma, J., and Xue, Y. (2015). miR-34c regulates the permeability of blood-tumor barrier via MAZ-mediated expression changes of ZO-1, occludin, and claudin-5. J. Cell. Physiol. v230, 716–731.

 Zhao, W., Zhou, L., Zhao, W., Yang, H., Lu, Z., Zhang, L., et al. (2024b). The combination of temozolomide and perifosine synergistically inhibit glioblastoma by impeding DNA repair and inducing apoptosis. Cell. Death Discov. 10:315. doi: 10.1038/s41420-024-02085-1 

 Zheng, X., Ren, B., and Gao, Y. (2023). Tight junction proteins related to blood-brain barrier and their regulatory signaling pathways in ischemic stroke. Biomed. Pharmacother. 165:115272. doi: 10.1016/j.biopha.2023.115272 

 Zhuang, Y., Peng, H., Mastej, V., and Chen, W. (2016). MicroRNA regulation of endothelial junction proteins and clinical consequence. Med. Inflamm. 2016:5078627. doi: 10.1155/2016/5078627


Copyright
 © 2025 Moskal and Michalak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncel-19-1541885-t002.jpg
Protein family

Protein

Localization in nervous
system

Claudins

TAMP family [tight
junction- associated
MARVEL (MAL and
related proteins for
vesicle trafficking and
membrane link)

protein]

20

JAMs

Cingulin

Claudin-3

Claudin-5

Claudin-11

Claudin-12

Claudin-25

Oceludin

Tricellulin
(MARVEL D2)

MARVEL D3

Zonula occudens -

1,-2,-3

Junctional
Adhesion
Molecules

Brain endothelium (Wolburg
etal, 2003)

Oli-neu cels (a model of
oligodendroglial studies) (Chen Y.
etal, 2021)

Brain endothelium (Hashimoto
etal, 2023)

NS myelin/oligodendrocytes
(Bronstein et al, 2000; Gjervan
etal, 2024)

Brain endothelium
(Vanlandewijck et al, 2018; Garcia
etal, 2022)

Oligodendrocytes, astrocytes,
neurons (Castro Dias et al., 2019)
Brain endothelium
Oligodendrocytes (Vanlandewijck
etal., 2018; Garcia et al., 2022)
Brain endothelium

pericytes

Astrocytes (Castro etal, 2018)
Neurons (Baver et al., 1999)

Brain endothelium (Iwamoto
etal, 2014)

Astrocytes neurons (Mariano
etal,, 2013)

Microglia (Kojima et al.,2013)
Brain endothelium (Tornabene
etal, 2019)

Brain endothelium (Gray et al.,
2019)

Astrocytes (Morgan, 2016)
Brain endothelium (Kakogiannos
etal,, 2020)

Brain endothelium (Schossleitner
etal, 2016)





OPS/images/fncel-19-1541885-t003.jpg
Tumor suppressive miRNA Cancerogenic miRNAs

Downregulated R-7, miR-34a, miR-124, miR-128, miR-137, miR-181 (Banclli et al., RAS inhibitor

in gliomas. 2017; Thuli etal,, 2023; Silber etal., 2008) Let-7 (Lee etal, 2011)
miR-7, miR-34a and miR-12 (Chen M. et al,, 2021)
miR-128 (Godlewski et al,, 2008)

Upregulatedin  anti-tumor effect miR-10b and miR-21 in high-grade gliomas have been linked to

gliomas miR-128-3p or miR-145-5p (Goenka et al,, 2022) angiogenesis, metastasis, and chemoresistance (Chen M. etal, 2021)
inhibition of tumor-suppressing gene Upregulated in proneural (PN) but inactive in mesenchymal (MES) GBM
miR-19a, miR-19b, miR-20a, and miR-92a (Buruiand et al,, 2020) miR-125b and miR-20b (uang et al, 2016)
inhibition of proapoptotic p53 miR-10b (EI Fatimy et al, 2017)

MiR-221/222 (Chen et al., 2012) miR-21 3p, and miR-21-5p (Shang et al,, 2015)





OPS/images/fncel-19-1541885-g003.jpg
cell 2 cytoplasm  cytoskeleton





OPS/images/fncel-19-1541885-t001.jpg
Factors Conditions/acti
+ Neurotransmitters: glutamate + Ischemia/hypoxia
+ Cytokines/mediators: TNFa, + Inflammation
IL-1, VEGE + Tumorigenesis
+ Nuclear factor kB « Phosphorylation/dephosphorylation
+ Reactive oxygen species + Ubiquitination

Proteolytic enzymes - Palmitoylation
matrix metalloproteinases
miRNA

Toxins

Drugs

Nanoparticles





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tight junction proteins in glial tumors development and progression



		1 Introduction



		1.1 Definition of the tight junction (TJ) and the discovery of its structure and function



		1.1.1 TJs structure



		1.1.2 TJ function



		1.1.3 TJ proteins



		1.1.3.1 Claudins (CLDNs)



		1.1.3.2 TAMPs



		1.1.3.3 JAMs



		1.1.3.4 Cingulin





















		2 Tight junction proteins in glioma formation



		2.1 TJ role in cell–cell adhesion



		2.2 TJ participation in epithelial-to-mesenchymal transition (EMT)



		2.3 Neovascularization in glioma and TJ proteins



		2.4 The role of cell interactions and tight junction dynamics in glioblastoma progression









		3 Tight junction proteins in glioma progression



		3.1 Procarcinogenic pathways in glioma and TJ proteins



		3.2 MicroRNAs and TJ proteins



		3.3 Glioblastoma programmed cell death effect on TJ



		3.4 TJ reorganization and peritumoral edema



		3.5 TJ proteins and glioblastoma treatment possibilities









		4 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fncel-19-1541885-g001.jpg
cell2

cln;lm claudm claudin 'clngulln

cytoskeleton

occludin
cm\}n\"-_____ﬂ’" ~ingulin a

tricellulin [)w.=> C=’|W 'J'Fulceumm o

5‘ tricellulin”

cingulin

“ricellutin J"

cytoskeleton

cell3






OPS/images/fncel-19-1541885-g002.jpg
extracellular space

\/ J
Nty
iy histamine
— thrombin
CLND cobi c VEGF
oywoskaleton % tricellulin
Phosphorylation, Ubiqurtinafion, pamitoylation ‘hosphorylation
E-26 transfomation specific (ETS) related gene (ERG) | | Eluamate Er——
sex-determining region Y-box 18 (SOX-18) VEGF
Kriippel-Like Factor 4 (KLF-4) proinflammatory
proinflammatory cytokines eytokines
matrix metalloproteinases matrix
nuclear factor kB (NF-kB) metalloproteinases
microRNA-18
glucocorticoids, estrogen receptors, vitamin D
clock transcription factor phosphorylation
brain and muscle aryl-hydrocarbon receptor nuclear matrix
teanslocator like protein 1 (BMALI) ‘metalloproteinases
circadian thythms cellcytoplasm






OPS/images/cover.jpg
& frontiers | Frontiers in Cellular Neuroscience

Tight junction proteins in glial
tumors development and
progression












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Cellular Neuroscience






