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Abstract

:

Heparan sulfate proteoglycans are highly glycosylated proteins in which heparan sulfate, a glycosaminoglycan sugar chain, is an acidic sugar chain consisting of a repeating disaccharide structure of glucuronic acid and N-acetylglucosamine is locally sulfated. Syndecan, one of the transmembrane HSPGs, functions as a receptor that transmits signals from the extracellular microenvironment to the inside of the cell. In the vascular system, heparan sulfate proteoglycans, a major component of the glycocalyx, enable the binding of various plasma-derived molecules due to their diversity, epimerization of glycosaminoglycans chains, long chains, and sulfation. Heparan sulfate proteoglycans present in the extracellular matrix serve as a reservoir for bioactive molecules such as chemokines, cytokines, and growth factors. Aberrant expression of heparan sulfate proteoglycans, heparanase, and sulfatase is observed in many pathological conditions. Therefore, it can be applied to therapeutic strategies for a wide range of fields including Alzheimer’s disease, heart failure, cancer, organ transplants, diabetes, chronic inflammation, aging, and autoimmune diseases.
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1. Introduction


The heparan sulfate proteoglycans (HSPGs) are highly glycosylated proteins in which heparan sulfate (HS), a glycosaminoglycan sugar chain, is an acidic sugar chain consisting of a repeating disaccharide structure of glucuronic acid and N-acetylglucosamine is locally sulfated (Figure 1) [1,2]. Chondroitin sulfate (CS) and dermatan sulfate also belong to sulfated glycosaminoglycans (GAGs), but they differ from HS in that they contain galactosamine as an amino sugar. Furthermore, heparin localized within mast cells is homologous to HS, which exists on the cell surface and basement membrane as HSPG covalently bound to core protein and plays important physiological roles while interacting with various substances. The number of sugar chains of HSPGs on the cell surface varies from one to three or four [3].



In addition, in vivo, it is covalently bound to a protein, core protein, and expressed as HSPG, which are broadly classified into four types: Syndecan, glypican, perlecan, and agrin [4]. Among them, Syndecan and glypican are proteoglycans expressed on the cell surface. Three to five sugar chains and the core protein of glypican are bound to the cell membrane via glycated phosphatidylinositol (GPI) [5]. HSPGs with many sugar chains, including Syndecan, are recognized as a “full-time type”, in which the sugar chains are constantly modified [3]. Syndecan in mammals consists of four genetically distinct core proteins. The expression of Syndecan-1/Syndecan is primarily in the epithelium and some leukocytes, Syndecan-2/fibroglycan is expressed mostly in mesenchymal cells, Syndecan-3/N-syndecan is expressed in the nervous system, endothelium, and muscle tissue, and Syndecan-4/ryudocan is expressed almost ubiquitously [6,7]. Syndecan mRNAs encode a family of diverse extracellular domains consisting of an N-terminal signal peptide and an HS or CS addition site, a single transmembrane domain, and an intracellular domain of a short C-terminal consisting of conserved C1 and C2 domains separated by a diverse domain unique to each Syndecan [8]. Although the cytoplasmic domain of Syndecan is only a small portion of the molecules, this domain has important functions, such as regulating adhesion to the extracellular matrix, which contributes significantly to the progression of tumors. Syndecan-4 interacts with protein kinase C, alpha (PKCa), and Phosphatidylinositol 4,5-bisphosphate (PtdIns4,5P2) in fibroblasts cultured on fibronectin, resulting in enhanced activation of PKCa. This interaction is mediated by the LGKKPIYKK sequence, which is absent in other Syndecans and therefore cannot activate PKC, at the center of the short intracellular domain of Syndecan-4.



HSPGs, as a molecular group, have been involved in developmental and homeostatic processes but also many pathological conditions, particularly cancer [9,10,11]. There are six types of glypicans, including Glypican-1/Glypican, Glypican-2/Cerebroglycan, Glypican-3/OCI-5, Glypican-4/L-Glypican, Glypican-5, and Glypican-6 [12]. The glypican family has 14 cysteine residues necessary for forming a compact three-dimensional structure and a COOH-terminal structure that is covalently bounded to GPI and anchored to the cell membrane. The glypican family is mainly distributed on the cell membrane at the tip of the cell, but it is also expressed in a cell-type-specific manner, with only Glypican-1 present in vascular endothelial cells. On the other hand, perlecan and agrin are proteoglycans that are secreted outside the cell and form the extracellular matrix [13,14]. The core protein of perlecan has a molecular weight of 467 kDa in humans and consists of five functional domains like other extracellular matrix (ECM) molecules. The first domain at the N-terminus is a binding site for three HS chains, the second domain is a repeating structure like the low-density lipoprotein (LDL) receptor, the third domain is a repeating structure like a laminin short arm, the fourth domain contains an Ig-type NCAM (neural cell adhesion molecules)-like repeat, and the fifth domain contains a laminin A chain-like repeat and an epidermal growth factors (EGF) motif [14]. The core protein portion alone shows extreme multifunctionality [14,15]. There is also a hybrid type with added dermatan sulfate chains. In addition to HS chains, a total of about 20kDa of N-linked and O-linked oligosaccharide chains are added, suggesting their involvement in secretion. On the other hand, agrin was discovered as a protein that induces the aggregation of acetylcholine receptors and acetylcholinesterase in the postsynaptic membrane of the neuromuscular junction [16]. It is also present in basement membranes other than synapses and is more abundant than perlecan in renal glomeruli. The core protein consists of three globular domains, including a laminin-binding site at the head at N-terminus, a follistatin-like rod, and a laminin G-like globular domain at the tail at C-terminus. Four HS chains and four N-linked oligosaccharide chains are predicted to be modified [17]. Agrin exists in the basement membranes of nerve tissue and other tissues, but those that have undergone unique splicing are localized at synapses. In this review, we summarize the structure, biological activity, diversity, modification, and therapeutic applications of HSPGs.



Glypicans consist of six members in mammals, are anchored in the cell membrane via a GPI anchor, and carry two to three HS chains [18]. Thus, multiple types of core proteins bind to HS, which is a sulfated sugar chain and has a structure, a sulfate group is added to a repeating disaccharide skeleton of uronic acid and glucosamine, and the local sulfation of their sugar chains caused by various sulfotransferases, such as N-deacetylase/N-sulfotransferase, C5 epi transferase, 6-O sulfotransferase, 2-O sulfotransferase, and 3-O sulfotransferase, etc., resulted in the construction of a diverse group of glycoproteins [19].
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Figure 1. Cell surface and extracellular HSPGs. Syndecan core proteins are transmembrane proteins that contain a highly conserved C-terminal cytoplasmic domain. HS chains attach to serine residues distal from the plasma membrane. Some Syndecans also contain a CS chain(s) that attaches to a serine residue(s) near the membrane. The glypican core proteins are disulfide-stabilized globular core proteins that are linked to the plasma membrane by a glycosylphosphatidylinositol (GPI) linkage. HS chains link to serine residues adjacent to the plasma membrane. Perlecans are secreted HSPGs that carry HS chains [20]. 
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2. Modification and Biosynthesis of HS


2.1. Functions, Structures, and Biosynthesis of HS Chain


Due to its great structure diversity, HS chains of Syndecan bind with a wide range of ligands that strongly influence adhesion, migration, proliferation, and survival [21]. The HS chain is a strongly anionic, structurally heterogeneous, linear polysaccharide and retains a common overall pattern, characterized by highly, intermediately, and lightly sulfated regions. The expression of HS is in almost all cell types, and its synthesis occurs mainly in the Golgi apparatus [22,23]. Although HS chains are synthesized by the same set of enzymes, the length and amount of sulfation of HS chains on the same core protein differ in different tissues. For example, when calculating the ratio of saturated/unsaturated disaccharides, the average HS chain length in rats is found in muscle (to 60 disaccharides (dpc) per chain), liver (to 40 dpc), brain (to 50 dpc), spleen (to 62 dpc), lung (to 42 dpc), kidney (to 49 dpc), and heart (to 33 dpc). These differences are due to the expression of biosynthetic enzymes in the Golgi apparatus and differences in nucleotide sugar donors during synthesis.



Biosynthesis of the HS chain initiates with the generation of the core tetrasaccharide, in which stepwise addition of a tetrasaccharide chain (GlcA-Gal-Gal-Xyl-O-Ser) consisting of xylose (Xyl), galactose (Gal), and glucuronic acid (GlcA) to serine residues of core proteins [23]. This occurs through the translocation of xylose to a specific serine residue in the HSPG core protein by xylose transferase, followed by the addition of two galactose residues by galactosyltransferases I and II and glucuronic acid (GlucA) by glucuronidyltransferase. After the core tetrasaccharide is formed, elongation of the disaccharide repeating structure (GlcA-GlcNAc) of acetylglucosamine (GlcNAc) and GlcA. Elongation of the HS chain begins with the addition of N-acetylglucosamine (GlcNAc) by N-acetylglucosamine transferase I (GlcNAcT-I), followed by alternating addition of GlcA and GlcNAc by exostosis family enzymes [24]. Subsequently, sulfation and epimerization modify the extending [GlcA-GlcNAc]n polymer. The first modification that occurs and is required in advance of all other modifications is GlcNAc N-deacetylation/N-sulfation of GlcNAc residues by N-deacetylases/N-sulfotransferases (NDSTs). This reaction is followed by the isomerization of GlcA and the resulting 2-O-sulfation of the iduronic acid (IdoA) residue. Finally, O-sulfation at position 6 and/or position 3 of the glucosamine residue occurs. After the initial N-deacetylation/N-sulfation, all modification reactions are incompletely accomplished, resulting in various sulfation states of HS, in which HS chain composition determines HSPG-mediated cellular responses [23]. Due to the exostosis glycosyltransferase 1 (Ext1) gene mutation, primary fibroblasts express a smaller amount and shorter chain of HS than the wild-type (Wt) fibroblasts and are unable to form vinculin-containing focal adhesions compared to the Wt, which is consistent with the known role of Syndecan-4 in promoting focal adhesion formation through interaction with the fibronectin Hep II domain [25]. N-sulfation is essential for focal adhesion formation in primary rat fibroblasts plated on fibronectin in the presence of competitive heparin oligomers or variably desulfated heparin oligomers or in the absence of oligomers, and 6-O-sulfate is the next most important.




2.2. Functions of the Syndecan Family


The sulfation pattern of HS also influences the mode of ligand binding to HSPGs [23]. Syndecan-1, which are expressed at approximately the same level on the surface of myeloma cells, share a common core protein and have HS chain sugars of approximately similar size. However, only Syndecan-1 on MPC-11 cells, which is a B lymphocyte cell line of a mouse with plasmacytoma, mediates cell adhesion by binding to type I collagen. Syndecan-1 HS from MPC-11 exhibits high N-sulfation 2-0-sulfation and low 6-O sulfation. This indicates that HS sulfation and the specific sulfation pattern, rather than the true charge, are important for differences in binding to collagen. Each of these HSPGs has a cell-type-specific distribution, and in vascular endothelial cells, expression of Syndecan-1, -2, and -4 is mainly observed between cells and on the basement membrane side [1]. The Syndecan family belongs to type I membrane proteins and forms a family with homology to each other in their transmembrane and cytoplasmic domains. The cytoplasmic amino acid sequences of Syndecan proteins show high homology within the family. In particular, the submembrane and C-terminal regions are highly conserved and are therefore responsible for triggering signal transduction cascades common to the family. Also, since the central arrangement is unique to each member, it triggers a cascade unique to each member. In addition, this transmembrane–intracellular domain contains four tyrosine residues with conserved positions, and phosphorylation of any of the tyrosine residues participates in intracellular signal transduction [26]. These intracellular domain ends are involved in association with intracellular microfilaments in Syndecan-1 and focal adhesion in Syndecan-4.



Furthermore, in Syndecan-1, which was cloned from mouse mammary epithelial cells, the sugar chain contains CS in addition to heparan sulfate, and the ratio and size of these differ depending on the tissue in which they are expressed. Additionally, Syndecan-1 is expressed as an HSPG with anticoagulant activity in rat microvascular endothelial cells. It was isolated from golden hamsters as a fibroblast growth factor 2 (FGF-2) receptor, and the sugar chain has been modified to have different functions depending on the cell in which it is expressed [27,28].




2.3. Sugar Skeleton of HS


The sugar skeleton of HS is a repeat of GlcA/IdoA-GlcNAc, but there are theoretically 1036 different molecules depending on the position and number of sulfate groups attached. Therefore, it is currently not possible to determine whether the “ligand binding redundancy” of HS is truly redundant or binding via each specific sugar chain structure. Signal pathways mediated by cell surface receptors usually involve a dimerization process upon ligand binding. Syndecan can self-associate through a transmembrane domain containing a specific conserved motif GXXXG [26]. The delicate balance between anabolism and catabolism is critical to tissue homeostasis, structure, and function. For example, matrix metalloproteinases (MMPs) cleave many extracellular matrix proteins, shedding Syndecan from the cell membrane and affecting signaling [29,30].



Furthermore, in some cancer types, HSPG expression is different from healthy tissue. Thus, enzymes that modify, cleave, shed, and degrade HSPG are important factors in catabolic reactions, while glycosaminoglycan biosynthetic enzymes control anabolic reactions [22,30,31,32]. Syndecan functions as a receptor that transmits signals from the extracellular microenvironment to the inside of the cell [8,33]. Fibroblast growth factor-2 (FGF-2) bound to HS significantly increases affinity for FGFR [34,35]. Cells lacking cell surface HSPGs have reduced proliferation rates that can be restored by exogenous heparin [36]. In addition, interaction with HS protects growth factors from proteolytic degradation, thereby increasing their half-life in the cellular environment. Antithrombin III specifically interacts with heparin, while HGF can bind both HS and dermatan sulfate to exert biological activity and requires a unique pentasaccharide structure containing a rare 3-O-sulfated N-unsubstituted glucosamine (GlcN3S), which induces structural changes in the protein and increases the degree of thrombin inhibition. Glucosamine 3-O-sulfation of the HS chain is a rare modification but critical for several specific HS–protein interactions [37,38].



Because heparin has a high IdoA2S-GlcNS6S content, in the absence of HSPGs, core protein papillomavirus (HPV-16) can infect epidermal cells [39]. Therefore, structural changes in the sulfation pattern of HS can change ligand binding and HS-mediated cellular signaling [23]. The ligand interacts with heparan sulfate on the cell surface in cooperation with high-affinity receptors [36]. The fact that the ligand binding site is the HS sugar side chain means that Syndecan could theoretically serve as a receptor for all heparin-binding molecules [40]. Many extracellular matrix constituent molecules and cell growth factors bind to the HS sugar side chain of Syndecan. Adsorption of Herpes simplex virus type 1 (HSV-1) to the target cell surface via HS occurs when viral glycoproteins gB and gC bind to HS. This binding of HS by gB and gC is involved in the binding of virus particles to the cell surface, but not in the entry of virus particles into cells. For HSV-1 to enter cells, the glycoprotein gD must bind to entry receptors, resulting in membrane fusion between the viral envelope and the host cell membrane [41,42]. In addition to nectin cell adhesion molecule 1 (NECTIN-1), nectin cell adhesion molecule 2 (NECTIN-2), and herpesvirus entry mediator (HVEM), 3-O-sulfated HS has been identified as one of these entry receptors. Interestingly, among the six human 3-O-sulfotransferases (3-OSTs), 3-O-sulfated HS, which is sulfated by six 3-OSTs (3-OST-2, 3-OST-3A, 3-OST-3B, 3-OST-4, 3-OST-5, and 3-OST-6), except 3-OST-1, interacts with gD and functions as an entry receptor [37,43,44]. Multiple sulfotransferases share activity and form sugar chains with more complex sulfation patterns, thereby acting as separate functional domains. In addition to HSV-1, a wide variety of virus particles interact with HS, including human immunodeficiency virus, hepatitis B virus, dengue virus, human papillomavirus, cold coronavirus, vaccinia virus, and Lassa virus [39,45,46]. The electrostatic interaction between the positive charge of the viral protein that makes up the surface of the virus particle and the negative charge of HS is involved in the adsorption of the virus particle to the cell surface. SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), the virus that causes COVID-19 (CoronaVirus Infectious Disease in 2019), also uses HS to bind to target cell surfaces [46,47,48]. SARS-CoV-2 is caused by the Spike protein, an S protein present in the envelope binding to the Angiotensin-converting enzyme 2 (ACE2) receptor present in the cell membrane, entering the cell, when the S protein also binds to HS, increasing its binding to the ACE2 receptor [37,38,39].





3. Structure and Function of Vascular Endothelial Glycocalyx


3.1. Structure and Function of Proteoglycan


Proteoglycan, the main component of the vascular endothelial glycocalyx, which is a structure composed of glycoproteins and polysaccharides that covers the cell surface of the vascular lumen, functions as the most important skeletal molecule of the glycocalyx, which is usually composed of proteoglycan and glycoproteins that are bound to the cell membrane and surface layer, as well as polysaccharides that are not bound to the cell membrane surface in the outer layer [49,50]. The main components of the glycocalyx are glycosaminoglycans such as HS, CS, and hyaluronic acid (HA), and core proteins such as Syndecan that support them, which are also made up of complex bonds of sugar chains. Furthermore, since the presence of glycocalyx in the vascular endothelium has the function of preventing substances from flowing out of the blood vessel and adhering to the vascular endothelium, it is attracting attention in intensive care fields such as infusions and anesthesia [51,52]. Glycocalyx is a jelly-like, band-like structure of glycoprotein that covers the surface of cells such as vascular endothelium and has various physiological functions [53,54]. The glycocalyx has a variety of functions, including maintaining blood flow, protecting the endothelium, antithrombotic effects, binding and signal transmission of hormones and growth factors, and serving as a nutritional source consisting of sugar chains [54,55]. Vascular endothelial glycocalyx is a carbohydrate-rich layer located on the luminal surface of the vascular endothelium [56]. It binds to the endothelium primarily through skeletal molecules such as proteoglycans and glycoproteins and incorporates soluble molecules derived from plasma or endothelium to form a mesh structure [49,54]. The lumen side of the glycocalyx is formed by soluble plasma components bound directly to membrane-bound proteoglycans and glycoproteins or indirectly through sugar chains such as soluble proteoglycans [57]. There is a dynamic equilibrium between the soluble components on the lumen side of the glycocalyx and the flowing blood, and this intermittently influences the composition and thickness of the glycocalyx [57,58].




3.2. Vascular Endothelial Glycocalyx


Glycocalyx is a structure with a thickness of several hundred nm that exists on the vascular endothelium [56,59,60]. It is composed of glycoproteins such as proteoglycans and adhesion molecules that are bound to the cell membrane, and HA that is not directly bound to the cell membrane. Proteoglycan is a core protein with GCG bound to it. Plasma proteins such as albumin and antithrombin bind to the vascular lumen side of glycocalyx, forming an endothelial surface layer (ESL). The physiological functions of glycocalyx and ESL are diverse, including regulation of vascular permeability, mechanoreceptors for shear stress, regulation of leukocyte adhesion and migration, and control of coagulation and fibrinolysis within blood vessels [61]. Glycocalyx is a very fragile structure. Due to various stimuli and pathological conditions, it peels off, releases into the blood, and then regenerates, a process that repeats repeatedly. As one way to recognize glycocalyx damage, blood concentrations of these released glycocalyx components, including Syndecan-1, HS, and HA, etc., are measured for research purposes [62,63]. On the other hand, visualizing glycocalyx is an extremely difficult task, and even with current technology, it is difficult to directly evaluate glycocalyx structure in vivo.



Injury factors for glycocalyx include sepsis, ischemia–reperfusion, hypervolemia due to the use of cardiopulmonary bypass, and hyperglycemia [63]. Among these, hypervolemia damages glycocalyx via atrial natriuretic peptide (ANP) secretion [64]. ANP administration reduces the glycocalyx structure observed by electron microscopy and promotes hydroxyethyl starch (HES) extravasation, even at physiological concentrations. As a result of performing acute normovolemic hemodilution and volume loading (VL) using the same amount of HES (20) mL on surgical patients, only VL increases blood ANP concentration and increases the blood concentration of Syndecan-1 and HA [65]. In addition, in coronary artery bypass surgery, regardless of on-pump or off-pump surgery, blood concentrations of ANP and glycocalyx degradation products increased by several to several dozen times [66]. The increase in blood concentration of decomposition products precedes the increases in inflammatory cytokines and is triggered by the increase in blood ANP concentration [67]. Furthermore, multivariate analysis has shown that there is a relationship between cumulative fluid volume during initial resuscitation and glycocalyx injury in patients with sepsis.



Enzymes such as MMP, heparinase, and hyaluronidase are involved in the decomposition process of glycocalyx [54]. These enzymes are activated in the presence of inflammatory cytokines and reactive oxygen species. Since ANP-induced glycocalyx damage was reduced under the use of MMP inhibitors, activation of MMP by ANP contributes to glycocalyx damage [68].



The vascular endothelial glycocalyx is a complex, self-assembled three-dimensional mesh of various polysaccharide molecules. This is sheared and released by enzyme reactions associated with inflammation and shear stress [69]. In the vascular system, HSPGs, a major component of the glycocalyx, enable the binding of various plasma-derived molecules. Because of their diversity, epimerization of sugar chains, long chains, and sulfation account for approximately 50 to 90% of the total amount of proteoglycans in the glycocalyx [32,70]. The binding of enzymes, ligands, and their receptors to sugar chains locally increases their concentrations, facilitating necessary signaling and enzyme modification reactions, and functions in blood vessel protection [71]. Several important anticoagulant mediators are present in the endothelial glycocalyx, including antithrombin, heparin cofactor II, thrombomodulin, and tissue factor pathway inhibitor (TFPI), which is produced in vascular endothelial cells, is a strong inhibitor of FVIIa and FXa, and exists bound to the glycocalyx via heparan sulfate. Syndecan-4 derived from human vascular endothelial cells binds to heparin-binding proteins FGF-2, midkine, and TFPI via its heparan sulfate sugar chains. Antithrombin, produced and secreted by hepatocytes, is a powerful inhibitor of thrombin and procoagulant proteases such as FXa and FIXa [72]. Their binding to a specific region of heparan sulfate enhances anticoagulant ability hundreds of times [73].



Heparin cofactor II, which is also produced and secreted by hepatocytes, is a specific inhibitor of thrombin and exhibits antithrombin activity by binding to dermatan sulfate in the glycocalyx. Thrombomodulin is a CS-containing glycoprotein expressed on the vascular endothelial cell membrane, and when it binds to thrombin, it abolishes its procoagulant effect [74,75]. On the other hand, it exhibits an anticoagulant effect by activating protein C, a coagulation inhibitor produced by liver cells. However, proteoglycan expression in endothelial cells changes due to various stimuli. For example, Syndecan is changed and regulated by the activation of endothelial cells and stimulated by different chemokines [49,76]. The second most common sugar chain in the vascular endothelial glycocalyx is CS/dermatan sulfate, and the abundance ratio of heparan sulfate and CS in the vascular endothelium is approximately 4:1 [55,60,77]. Another important sugar chain in the vascular endothelial glycocalyx is hyaluronan [60,78,79]. These long polymer molecules with up to 10 kDa differ from other sugar chains in that they are not bound to a core protein, forming surprisingly viscous solutions [80]. Sugar chains have specific binding sites for many plasma proteins, and even slight differences in chain modification can significantly change their function, such as loss of binding ability [81]. Modifications at individual sugar units within sugar chains confer unique functions to proteoglycans, but there are typically 16 to 48 different sulfation patterns per disaccharide chain [82]. The length of the functional domain is typically five to ten glycans. At least 163 different sulfation patterns are theoretically possible, and the various structures correspond to the diverse biological functions of the sugar chains [83]. Indeed, modification patterns change over time and under different pathological and physiological stimuli [81,84,85,86]. The diversity of sugar chain sulfation patterns and their effects on specific protein binding and functional regulation change the thickness of the glycocalyx, sugar chain sulfation patterns, and their charges, regulating vascular permeability, and specific binding proteins and their activities [82,85,87].



In addition, the vascular endothelial glycocalyx sensitively reflects the health status of vascular endothelial cells, and under normal conditions, it remains thick and slippery, but when the vascular endothelium itself is damaged due to diabetes, etc., the glycocalyx becomes thinner and its function decreases [78,88,89]. In particular, the glycocalyx in peripheral capillaries is more important than in large blood vessels because the thickness of the glycocalyx is relatively larger than the vessel diameter [55]. Capillaries, which extend throughout the body’s organs, account for 99% of all blood vessels. This exchanges information substances such as nutrients, oxygen, and hormones with six billion cells, and is not surrounded by smooth muscle, instead consisting of endothelial cells that form the vascular lumen and pericytes that are sparsely present around the periphery [90,91]. In classical theory, the movement of substances from the capillary side to the interstitial side, or from the interstitial side to the capillary side, is caused by the difference in osmotic pressure between the two sides and moves through the small gap between endothelial cells. When many substances, which move due to the difference in osmotic pressure between the upper and lower sides of the glycocalyx covering the capillaries, pass through, the gap in the endothelium opens [54,92,93].



The microstructure of the lumen of capillaries is classified into three types: the continuous type with almost no gaps in the lumen, the fenestrated type with small holes distributed, and the sinusoidal type, with holes of various sizes. The capillary endothelium in the brain, heart, lungs, etc., is continuous, and its surface is densely covered with a glycocalyx [94,95]. The digestive tract, kidneys, and endocrine organs are fenestrated and have a glycocalyx that covers the holes [55,65,96]. The liver and bone marrow are sinusoidal, with large holes, and are not covered by a glycocalyx [97]. Thus, substances enter and exit the capillaries of the gastrointestinal tract, kidneys, liver, etc., freely, to a certain extent, through holes that are originally opened and are regulated by the function of the glycocalyx [94,98,99]. The permeability of capillaries in each organ can be explained by a combination of the three classifications of their microstructure and the glycocalyx [94,100,101]. Even though the capillary structure is the same, the thickness of the glycocalyx differs depending on the organ [51,59,102]. Comparing their ultrafine three-dimensional structures by organ, the fine structure of the vascular endothelium in the lungs, heart, and brain is classified into the same continuous types, and the same structure was confirmed in electron microscopy images [103].



However, the glycocalyx is thin in the lungs, intermediate in the heart, and very thick in the brain [98,102]. Even if the blood vessels have the same structure, the glycocalyx differs depending on the organ, in which the brain is thick to protect brain cells from cytokines and toxins, and the lungs are thin to carry out the gas exchange of oxygen and carbon dioxide. The vascular endothelial glycocalyx of mouse models of diabetes, aging, and dietary restrictions is thinner than that of normal mice [104]. When inflammation is induced in model mice if the glycocalyx is thick, the endothelium is likely to be protected, but if it is thin, the inflammation will be prolonged [56,105]. Additionally, if infected with COVID-19, people with underlying diseases such as diabetes or cancer are more likely to develop blood clots and become more seriously ill, which may also be due to the thin glycocalyx [106,107]. In addition, when the glycocalyx becomes thinner, damage caused by stimulation and an increase in abnormal signal transmission occurs, leading to the onset or worsening of various diseases such as prolonged inflammation and cancer growth [105]. Elucidation of the mechanisms leading to the onset and deterioration of the disease and the development of treatments targeting the glycocalyx still require further research, but this is an area that is expected to continue to develop [51,55,106]. In addition, blood vessels are essential organs that control circulation throughout the body, as well as inflammatory cytokines such as Tumor Necrosis Factor (TNF) and Interleukin-6 (IL-6) [108,109]. Further, interleukin-1 beta (IL-1beta) and growth factors such as hepatocyte growth factor (HGF), fibroblast growth factor (FGF), and vascular endothelial growth factor (VEGF) are also transported to organs through blood vessels and are involved in the development of various diseases and tissue repair [110,111].





4. Molecular Mechanisms of the Syndecan Family


4.1. Syndecan-4 Functions


Syndecan-4 plays an important role in biological defense against inflammation and tissue damage [6,76,112]. In addition, the expression of Syndecan-4 is increased in the vascular wall after vascular injury. Syndecan-4 functions in cell proliferation and migration of vascular smooth muscle cells induced by thrombin. For HS–growth factor interactions, it is still unclear whether distinct HS sequences are required. The degree of global sulfation defines HS-FGF interactions in a nonspecific manner. Using FGF-1 and FGF-2, 2-O-sulfation and 6-O-sulfation can be interconverted without loss of physiologically significant interactions. Therefore, for many proteins, what is important is the composition of the HS domain, rather than the precisely determined HS sugar chain sequence. The expression of 3-O-sulfotransferase was regulated through RAS/mitogen-activated protein kinase (MAPK), fibroblast growth factor receptor 2 (FGFR2), and Kit signals [113]. Biotechnically produced 3-O-sulfate-rich HS interacts with FGFR2b, thereby promoting the formation of a ternary complex between fibroblast growth factor receptor 10 (FGF-10) and FGFR2b [114]. Additionally, microRNAs can control HS chain modification, which changes the binding of growth factors to sugar chains [3,22].



Sydecan-4 always exists as a dimer on the cell surface, which becomes multimerized by binding to ligands such as the heparin-binding domain of fibronectin [115]. Furthermore, in focal adhesions, high concentrations of Syndecan-4 increase the probability of oligomer formation that promotes PKC signaling. Membrane-bound HSPGs, including Syndecan, glypican, beta-glycan, neuropilin-1, and CD44v3, an isoform of CD44, are found in the plasma membrane of nearly all eukaryotic tissues and can act as co-receptors that regulate cell signals and behavior, or as receptors for endocytosis and adhesion [3].




4.2. HS Chains and Inflammatory Responses


Syndecan HS chains are also important in inflammatory responses by binding to chemokines [60]. In rheumatoid arthritis (RA), the chemokine CXC chemokine ligand 8 (CXCL8) binds to the HS chain of Syndecan-3, and the excision of the HS chain from Syndecan-3 by bacterial heparanases I and III abolished the binding of CXCL8 to rheumatoid synovial endothelium [116,117]. In addition, the administration of chemokines engineered to have reduced affinity for HS abolishes leukocyte recruitment to RA joints [118]. Chemokine CXC chemokine ligand 1 (CXCL1), a functional rodent homolog of CXCL8, binds to HS on the cell surface of mice [119]. Syndecan-3 knockout mice exhibit reduced neutrophil accumulation in the knee joints due to CXCL1 administration and attenuated inflammatory responses and RA compared to Wt mice [116]. Thus, the role of Syndecan-3 on leukocyte activation and migration via the HS chain is shown [116,120]. Specific deficiency of HS 2-O-sulfotransferase in endothelial and bone marrow cells reveals a specific HS function in inflammatory cell recruitment. Inactivation of this gene in endothelial cells markedly altered the sulfation status of disaccharides, showing a decrease in 2-O-sulfate content as expected, but 6-O-sulfation and N-sulfation increased. This altered sulfation pattern promoted increased binding of cytokines [121,122]. Furthermore, neutrophil recruitment was enhanced in these animals after inflammatory stimuli, leading to intensified neutrophil rolling [123]. The latter is because of increased interaction between neutrophil L-selectin and HS on endothelial cells. In addition to chemokine binding, the pleiotropic roles of HSPGs in immune system signaling are clear. In vitro experiments show that Syndecan-4 HS in CTCL cells acts as a cell surface reservoir for TGFb1 [112]. Additionally, the same HS site was shown to bind dendritic cell HSPG–integrin ligand on activated T cells, in which interactions produce immunosuppressive effects.




4.3. Syndecan and Cell Signals


Syndecan can control cell signals in vitro and in vivo experiments [120]. Several phenotypic changes in FGF-2-mediated signaling induced overexpression of Syndecan-4 in endothelial cells [115,124]. Syndecan-1 null mice were viable and fertile but had reduced mammary branching morphogenesis, in which a reduced number of collaterals characterized the glands of lower morphology [125].



Additionally, by crossing Syndecan-1 null mice with mice expressing constitutively active intracellular beta-catenin, Syndecan-1 was suggested to be required for catenin-induced mammary gland hyperplasia and cancer development in vivo [126]. Furthermore, the expression of Syndecan is enhanced in myocardial infarction models. In patients with myocardial infarction, a marked increase in blood Syndecan-4 was detected, peaking two weeks after onset, and clear Syndecan-4 staining was observed in the tissue repair area in autopsy tissue images, indicating that Syndecan-4 is rapidly expressed during ischemic myocardial injury and function in tissue repair [127,128].





5. Molecular Regulation and Function of Sulfatases In Vivo


5.1. Sulfatases Function and Group


Sulfatases are enzymes that remove sulfate groups from a variety of molecules, including steroids, sulfated lipids, glycoproteins, and proteoglycans. Removal of sulfate groups from HS alters interactions with growth factors and affects downstream signals [10]. Extracellular endosulfatases Sulfatase 1 (Sulf-1) and Sulfatase 2 (sulf-2) selectively remove 6-O-sulfate from glucosamine, thereby changing the binding properties of sugar chains [129]. These sulfatases need to be processed by furin-type proteases to become active enzymes. 6-O-sulfate of the HS chain is important for signals from FGF. Sulf-1 inhibits FGF-2-promoted thymoma viral proto-oncogene 1 (AKT/PKB) and ERK signaling in hepatoma cell lines. Sulf-1 decreases the expression of cyclin D1 and survives, leading to cell cycle arrest and apoptosis. Ultimately, Sulf-1 attenuates hepatoma cell proliferation in vivo. Similarly, Sulf-1 expression is decreased in several types of cancer, including breast cancer. Furthermore, expression of Sulf-1 in MDA-MB-468 breast cancer cells overexpressing epidermal growth factor receptor (EGFR) reduces cell proliferation in vitro and cancer size in vivo. The molecular mechanism underlying these Sulf-1-mediated effects involves the inhibition of autocrine ERK signaling induced by amphiregulin and heparin-binding EGF [130]. Apart from their impact on cancer biology, sulfatases have a role in maintaining tissue homeostasis. Sulf-1 and Sulf-2 knockout mice survived, and no obvious physiological defects were observed [131,132]. On the other hand, double-knockout mice for both sulfatases died around birth. Sulf-1 knockout mice exhibit more severe cartilage degeneration in surgically induced osteoarthritis than Wt mice. In addition, this mouse exhibits high expression levels of matrix metallopeptidase 13 (MMP-13) and a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) and an abnormal extracellular matrix, in which there are low mRNA levels of collagen type 2a1 (col2a1) and aggrecan. This phenotype is associated with increased phosphorylation of Erk1/2, while decreased Smad1 protein expression and Smad1/5 phosphorylation. Sulf-2 knockout mice exhibit a similar phenotype. The degree of sulfation differs between various organs in Sulf-1 and Sulf-2 knockout mice, and each of these sulfatases controls organ-specific sulfation patterns of HS chains [133].




5.2. Sulfatases and Cell Signaling


In addition, alternative splicing of the Sulf-1 gene provides further enzymatic regulation of cellular signals [130]. Short-splicing variant of Sulf-1B suppresses Wnt signaling in osteoblasts, while full-length Sulf-1 induces Wnt signaling [134,135,136]. Furthermore, Sulf-1B induces angiogenesis, whereas Sulf-1 causes the opposite effect. Expression of Sulf-2 is elevated in glioblastoma patients and correlates with cell proliferation and tumorigenesis [137]. The molecular mechanism of Sulf-2-mediated effects involves the regulation of several tyrosine kinase-type receptors, such as Platelet-derived Growth Factor Receptor a (PDGDRa), insulin-like growth factor 1 receptor 1 beta (IGF1Rbeta), and Erythropoietin-producing hepatoma receptor-A2 (EPHA2). Sulf-2 promotes cell proliferation, which was associated with increased expression of glypican-3 [138,139]. This HSPG induces higher binding of FGF-2 and activation of ERK and AKT signaling pathways in hepatoma cell lines [45]. Sulf-2 enhances tumor growth in nude mice and is associated with poor patients’ prognosis [140,141]. Sulf-2 is elevated in breast cancer compared to healthy controls and promotes angiogenesis [142]. Furthermore, the knockdown of Sulf-2 reduces breast cancer proliferation and increases luminal cell apoptosis. Furthermore, tumors lacking Sulf-2 retain lumen formation and basement membrane integrity, which is concomitant with decreased matrix metalloproteinase-9 (MMP-9) expression and activity. On the other hand, when MDA-MB-231 cells, basal-like breast cancer were treated with Sulf-2, phosphorylation of ERK induced by FGF-2 or HB-EGF was reduced, resulting in a decrease in cell invasion and proliferation. Furthermore, heparanase is secreted as an inactive zymogen, taken up through HSPGs such as Syndecan-1, and, finally, transported to lysosomes, where heparanase is converted into an active form by cathepsin-L [143,144]. Heparanase recognizes a specific HS sequence and directly cleaves between GlcA and GlcNS with 3-O- or 6-O-sulfate [145]. On the other hand, polysaccharides containing IdoA2S-GlcNS (2-O-sulfo-α-L-iduronic acid- glucosamine-N-sulfate) inhibit heparanase enzyme activity. The released HS fragments serve as competitors for HSPG–protein interactions but can also bind to Toll-like receptor 4 (TLR-4), eliciting innate immune responses [146,147]. Heparanase induces malignant transformation and is associated with poor prognosis in several cancer types [118]. Therefore, several heparanase inhibitors have been developed, but most of the inhibitors are sulfated sugars or HS analogs and exhibit anti-angiogenic, anti-metastatic, and anticancer activities [148,149].




5.3. HSPGs and Reservoir for Bioactive Molecules


HSPGs present in the extracellular matrix serve as a reservoir for bioactive molecules (Figure 2) [150]. In a physiological situation using a model of mammary duct branching morphogenesis, heparanase activity promotes the release of fibroblast growth factor-10 (FGF-10) bound to the HS of perlecan. This allows growth factors to bind to fibroblast growth factor receptors (FGFRs), increasing mitogen-activated protein kinase (MAPK) activation, epithelial invasion, and lateral branch formation [151]. Similarly, fibroblast growth factor-2 (FGF-2) and VEGF are released from the extracellular matrix by the action of heparanase and control the angiogenic response [152], while heparanase can regulate cellular signals independently of its enzymatic activity. For example, mutated and inactive heparanase promotes VEGF activation mediated by proto-oncogene tyrosine-protein kinase Src and p38 mitogen-activated protein kinase activation. Besides hydrolyzing glycosidic bounds, heparanase promotes changes in the sulfation pattern of HS, which, in turn, modulates cellular signals [23,153]. Heparanase overexpression increases HS turnover as well as N- and O-sulfate content in the liver [154]. Additionally, HS6-O-sulfation is higher in other organs of mice overexpressing heparanase. Similarly, cancers that highly express heparanase correlate with increased HS 6-O-sulfation [22]. This change in sulfation promotes the formation of a tripartite complex between fibroblast growth factor (FGF) and FGFR1 and modulates signal transduction.
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Figure 2. Schematic representation of the interaction between HSPGs, growth factors, receptors, and downstream signaling pathways. HSPGs bind several other growth factors such as hepatocyte growth factor (HGF), fibroblast growth factor (FGF), heparin-binding epidermal growth factor-like growth factor (HB-EGF), transforming growth factor (TGF) beta, and vascular endothelial growth factor (VEGF), and modulate their signaling, including SMAD, PI3K/AKT, MAPK/ERK, JAK/STAT, and Rho/PKC [155]. 
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6. Function of Syndecan via Extracellular Vesicle (EV) and miRNAs


6.1. EVs and Heparanase


EVs are extracellular granules that represent important communication pathways between cells, transporting molecules that affect cellular signals, such as proteins, lipids, microRNAs, and mRNAs [156,157]. Most cells produce EVs, but under pathological conditions, EV secretion is increased and correlated with cancer progression [158,159,160]. Myeloma cells that highly express heparanase secrete significantly more EVs than control cells [161]. In addition, exogenously applied heparanase enhances EV secretion in other types of cancer cells [162,163]. These effects depend on the enzymatic activity of catalytically inactivated heparanase, as it did not induce EV release [164]. EVs derived from cells with high heparanase expression contain increased amounts of Syndecan-1, VEGF, and HGF, which regulate cancer and host cell behavior [128,165,166]. Syndecan core protein is key to EV formation through interaction with the syntenin/ALIX (ALG-2-interacting protein X) complex [167,168]. Besides controlling EV biogenesis, HSPGs are important for EV uptake and biological activities, e.g., EV-induced ERK1/2 signal activation [169,170]. Poor prognosis in myeloma patients correlates with high HGF levels [171,172]. In this context, heparanase influences cellular signals by regulating growth factor expression and activity [147,173]. Analysis of bone marrow biopsies from myeloma patients shows a positive correlation between heparanase and HGF levels [161]. In vitro experiments showed that heparanase induces the expression and secretion of active HGF in myeloma cells, and that enzyme activity is not required for this effect. Furthermore, heparanase increases the formation of active complexes between HGF and Syndecan-1 released from the membrane [165].




6.2. Sydecans Control Cellular Functions


Transmembrane Sydecans control cell adhesion and migration through interactions with signal molecules and the cytoskeleton. On the other hand, it interacts with extracellular matrix molecules, integrins, growth factors, and other ligands [66]. For example, Syndecan-2, as a receptor for the cell adhesion substrate fibronectin, controls the fibronectin-binding information of integrin a5b1 and induces different cytoskeleton formation. Thus, Syndecan mediates cell adhesion and migration via cytoskeleton architecture as an extracellular matrix receptor and cell proliferation as a growth factor low-affinity receptor. Syndecan shedding is an important mechanism that controls the amount of Syndecan on the cell surface.



Furthermore, the shedding of Syndecan is an important phenomenon because shed Syndecan can serve as a soluble ligand [174]. Although the Syndecan extracellular domain may be constitutively shed into the extracellular space, the rate at which this occurs in vivo is poorly understood. However, pathological conditions and some stimuli such as growth factors, chemokines, microbial toxins, insulin, heparanase, and cellular stress, increase the rate of shedding. Matrix metallopeptidase (MMPs) primarily catalyze Syndecan shedding, usually cleaving the extracellular domain of Syndecan close to the transmembrane domain. Shredded Syndecan-1 acts as a paracrine factor during cancer progression [127,165]. Syndecan-1 shed from fibroblasts induces cell division response in human breast cancer cells using a three-dimensional co-culture model. HS chains, FGF-1, and stromal-derived factor 1 are key factors in this paracrine phenomenon [1,114].



Furthermore, in MCF-7 breast cancer cells, overexpression of Syndecan-1 ectodomain rapidly promotes the acquisition of invasiveness in a normally poorly invasive cell line [175]. Apart from metalloproteases, heparanase promotes the shedding of Syndecan-1 from myeloma cells by several mechanisms [166]. First, heparanase cleaves HS chains and enhances the sensitivity of core proteins to matrix metalloproteinases (MMPs). Increased heparanase maintains ERK signaling [176,177]. This increases the expression level of MMP-9, potentially increasing the shedding rate of Syndecan-1, which is shed from myeloma cells and acts in a paracrine manner [166]. For example, culture supernatants from myeloma cells that highly express heparanase contain shed Syndecan-1 and VEGF.



Chemotherapy and radiotherapy, the most common treatments for cancer patients, induce Syndecan shedding [127,165]. However, this can potentially be considered a negative side effect as it creates a favorable microenvironment for cancer progression [178,179]. In addition, treatment of myeloma mice with chemotherapeutic drugs increases the amount of shed Syndecan-1 compared to control animals. The molecular mechanism involved in chemotherapy-induced shedding of Syndecan-1 involves the activation of caspases and ADAM metallopeptidase domain (ADAMs) consisting of disintegrin and metal proteinase domains [127,166]. MMP was the metalloprotease that mediated Syndecan-1 shedding in this case [22]. Furthermore, miR-494 was identified as a microRNA involved in Syndecan-1 shedding [127].




6.3. Diversity in HS Chain Length and Modification


The great diversity in HS chain length and modifications contributes to a high degree of complexity, but important aspects remain unclear, especially in vivo [180,181]. This suggests a mechanism by which heparanase expression is linked to subsequent HS sulfation and ultrastructural changes [1]. It involves sensitivity to changes in the pericellular environment, such as from interactions between growth factors and HS [182]. In cancer tissues, aberrant expression of HSPGs, heparanase, and sulfatase is observed and influences disease progression and outcome [10,131,183]. There is increasing interest in developing HS and HS-modifying enzymes as useful targets for novel cancer therapeutics, such as inhibitors of heparanase [10,184,185]. HSPGs are expressed on accessible cell surfaces, but it remains unclear how abnormalities in HSPG expression affect changes in cell physiology and how different cell types in the cancer microenvironment are affected [10,55,186]. To achieve an understanding of the function of HSPGs in cancer progression, it is necessary to clarify how the expression of HSPG is regulated and maintained during normal development and how these molecules are deregulated during disease [9,10,55,187]. In addition, since HS is abundant on the cell surface, viruses use it as a scaffold for adsorption to target cells [29,38,188]. On the other hand, the structure of HS changes depending on the cell type, individual, age, etc., and there is various structural diversity of HS, which determines the infection tropism of viruses and the infection susceptibility of cells [4,29,39,189]. More detailed analysis of the interaction between virus particles and HS may lead to a better understanding of the various HS [37,38].





7. Extracellular Matrix (ECM) HSPGs


7.1. Cell Surface Type and Extracellular Matrix Type of HSPGs


With very few exceptions, HS is covalently bound to core proteins, and together they form HSPG, which are classified into two types: cell surface type and extracellular matrix type. The two main cell surface HSPGs are glypicans and Syndecans. As mentioned above, Syndecan has an extracellular region where HS chains and chondroitin sulfate chains bind, as well as a transmembrane region and an intracellular region. Glypicans are bound to membranes via glycosylphosphatidylinositol. Other cell surface HSPGs include CD44 and beta glycan [190]. On the other hand, the main HSPG in the extracellular matrix is perlecan. Cell surface HSPGs may also be secreted into the matrix because of enzymatic cleavage of core proteins.




7.2. Structure, Expression, and Functions of CD44


CD44 on the surface of lymphocytes and fibroblasts binds to HA, transmits signals by phosphorylating a kinase-like protein kinase C and phosphorylating serine/threonine residues within the CD44 molecules, and controls cell adhesion, proliferation, connective tissue component synthesis, etc. [191,192]. CD44 is a family with multiple isotopes and is a type 1 transmembrane glycoprotein that is expressed in a wide range of tissues and cells in normal living organisms [193,194]. These molecules bind to the extracellular matrix and are involved in cell movement and aggregation. Abnormal expression of these molecules has been reported to play an important role in tumor invasion and metastasis.



The human CD44 gene locus is in the p13 region of chromosome 11, and its genetic structure consists of at least 20 exons. Some exons undergo alternative splicing, resulting in multiple isotopes and isoforms, and, to date, more than 20 combinations of isotopes have been reported. In the upstream region of the CD44 gene, a typical TATA box sequence is not observed, but an AP-1 binding site, TPA (12-O-tetradecanoylphorbol 13-acetate) response element (TRE), and epidermal growth factor (EGF) response element (ERE) is present, leading to activation by intracellular signals. In addition to sugar chains, CS and HS are added to this gene product, and it is finally localized in the cell membrane. These molecules are classified into two major forms and variants. One of the major forms has a molecular weight of 80 to 90 kDa and is also called the standard form (CD44s) or the hematopoietic form (CD44H) since it was first discovered in blood cells. In particular, the role of binding to HA and its association with ankyrin in the intracellular domain in cell movement has been pointed out. The second major form has a molecular weight of 110 to 160 kDa and is called the epithelial form (CD44E) because it was first discovered in epithelial cells. Isotopes other than these two are collectively called variant forms (CD44v). Five well-conserved N-glycosylation sites exist in the N-terminal 120 amino acid region. The intracellular region of the CD44 molecules is usually selected from exon 20 and is called the long form (CD44-L) [195]. Exon 19 is rarely selected, and when it is selected, the molecule is called short form CD44 (CD44s), and this isotope exists at a ratio of about 1/100 to 1/200 times less. The intracytoplasmic region contains ezrin, radixin, moesin (ERM family) binding sites, ankyrin binding sites, and two phosphorylation sites (Ser325 and Ser327).



CD44 is expressed in many cell types, including blood cells, fibroblasts, epithelial cells, vascular endothelial cells, muscle cells, and neuroglial cells. It also appears and disappears during the differentiation and proliferation processes of each cell lineage, and changes dynamically [191,195]. In intestinal mucosa, gastric mucosa, and squamous epithelial mucosa, CD44 expression is enhanced in areas with strong basal proliferation, but the expression is weak or absent in superficial areas. When T cells are activated by antigen stimulation, etc., they begin to express isotopes containing v6, which are not observed in the resting phase and are involved in T cell migration to tissues.



HA is a long-chain glycosaminoglycan consisting of repeating disaccharides and is involved as an extracellular matrix in cell migration during morphogenesis, wound healing, and tumor progression. Cell surface molecules such as CD44 and RHAMM mediate cell movement by binding to HA as a ligand [196]. The binding of CD44 to HA is influenced not only by the amount of CD44 expressed but also by its distribution density and activation state [197]. Covalent homodimerization of CD44 via cysteine 286 in the transmembrane region is important for high-level binding of HA [198,199]. Furthermore, since it has been suggested that five well-conserved N-glycosylation sites present in the N-terminal 120 amino acid region play an important role in this region, the HA-binding ability is attenuated by these N-glycosylation and sialic acid additions. This also provides the basis for explaining the diversity of CD44 function across different tissues and cell types. Furthermore, the presence of a motif (B(7x)B) consisting of two basic amino acids into which seven non-acidic amino acids are inserted is important for binding to HA. In wildtype CD44, this motif exists repeatedly, once in the cartilage attachment region and twice in the center of the extracellular domain. Serglycin, a new ligand for CD44s, is a proteoglycan secreted by immune hematopoietic cells and is involved in the activation of immune cells. Osteopontin is an extracellular phosphorylated protein that is secreted by activated T cells, osteoblasts, histiocytes, etc. In addition to interacting with integrins, it also binds to CD44, an isotope containing v7 to v10, and the pathological conditions caused by this interaction are chemotaxis rather than motility.




7.3. Therapeutic Application of HSPGs


HA, whose functions are being further elucidated, is expected to be applied to a wide range of fields beyond the areas in which it has been primarily used, such as musculoskeletal diseases and ophthalmology. In addition, sugar chains such as heparin and CS, which belong to the same proteoglycan region as HA, have also been widely used as medicines. Heparin has a unique function of expressing anticoagulant activity through antithrombin III in the blood and has long held an unwavering position as a drug that maintains blood circulation. Low-molecular-weight heparin, an improved version of heparin with reduced bleeding effects, is an antithrombotic drug. Furthermore, as the oligosaccharide structure of the active moiety is elucidated, progress is being made in the development of antithrombotic agents using this active oligosaccharide chain. CS has been used as a medical drug for more than half a century. Its efficacy has been recognized for joint pain, neuralgia, frozen shoulders, etc. It is also used to prevent corneal dryness and is included in medical and non-prescription eye drops. In addition, polysaccharides such as chitin and chitosan, which are proteoglycan analogs, are being developed for use in medical devices [200,201]. In addition, polysaccharides such as dextran produced by microorganisms have long been used in infusions as plasma expanders, and polysaccharides derived from plants are used in anticancer drugs and healthy foods [202,203,204].



There are still not many examples of applying knowledge from glycoscience to pharmaceuticals. However, carbohydrates play unique roles in developmental and aging processes and diseases such as infection, immunity, inflammation, and cancer, and, as the elucidation of their mechanisms is rapidly progressing, there is no doubt that new opportunities for clinical application will open [205]. For example, influenza treatments, neuraminidase inhibitors, and other drugs are developed based on the knowledge and technology of glycoscience. The various cell surface sugar chain molecules involved in viral and microbial infections and the mechanisms involved in these infections have been elucidated, which is expected to further accelerate the development of infection prevention and treatment agents. Elucidation of the changes in sugar chains on the cell surface associated with cancerization and their mechanisms have become increasingly useful as an indicator for cancer diagnosis and treatment [206,207]. Furthermore, progress has been made in elucidating the involvement of HS and HA in cancer metastasis, implantation, and proliferation.




7.4. Molecular Mechanism of CD44 and Tumor Invasion and Metastasis


In metastatic breast cancer cell lines, CD44v3m v8 to V10 and MMP-9 combine and localize on the cell surface, contributing to invadopodia formation and cell migration [208]. In mouse breast cancer cell lines and human melanoma cell lines, CD44 binds to active MMP-9, localizes on the cell membrane, and contributes to tumor invasion by promoting the degradation of ECM collagen IV. This binding between CD44 and MMP-9 is due to the ability of CD44 to bind to HA. The migration ability of cancer cells via HA, a ligand for CD44, is related to the cleavage of CD44 by membrane-type metalloproteases [209]. In lung cancer cell lines, CD44 expression induces and enhances the expression of membrane type 2-matrix metalloproteinase (MT2-MMP) is induced and enhanced, promoting the activation of proMMP-2, contributing to the decomposition of the surrounding ECM, and being involved in tumor invasion [210,211]. Thus, in elucidating the molecular mechanism of cancer invasion and metastasis involving CD44, an adhesion molecule, not only its ligand binding ability but also MMPs, which are ECM degrading enzymes, are involved [191].




7.5. CD44 and Angiogenesis


The growth of tumors larger than one to two mm requires blood vessel induction and maintenance, and tumor metastasis is dependent on angiogenesis. Angiogenesis is controlled by the balance between promoting and suppressing factors secreted by tumors. Inside a tumor, microvessels supply the oxygen and nutrients necessary for tumor cell growth and maintenance and serve as passageways for tumor cells to migrate away from their primary tumor [212]. Factors that promote this include bFGF, VEGF, and IL-8, and some of these growth factors can bind to the HS chain of CD44, and cytokines have an affinity for heparin and can bind to HS. Vascular endothelial cells displaying growth factors on the CD44 molecule promote the survival, proliferation, and migration of tumor cells out of the blood vessels. The expression of CD44 is enhanced in vascular endothelial cells in tumors compared to endothelial cells in normal tissues, in which enhanced expression of CD44 in endothelial cells is induced by stimulation with bFGF or VEGF [213]. In addition, by blocking CD44 expressed on endothelial cells with an anti-CD44 monoclonal antibody, proliferation, migration, and lumen formation of endothelial cells are inhibited. In fibroblasts and alveolar macrophages, CD44 binds to HA, takes it into the cells, and is degraded by hyaluronidase. These degraded products of HA act on tyrosine phosphorylation in endothelial cells, promoting endothelial cell proliferation. On the other hand, when CD44 isotopes containing v10 were introduced into human mammary gland epithelial cells expressing CD44s, the expression of bFGF and IL-8 was enhanced. In addition, introducing CD44E into CD44-negative human lung cancer cells enhances VEGF production and induces angiogenesis in vitro and in vivo.




7.6. CD44 and Cell Motility via Cell Skeletal Protein


Ezrin/radixin/moesin (ERM) protein family are localized directly beneath protoplasmic membranes such as microvilli, ruffling membranes, cleavage furrows, and adherens junctions, and are involved in their formation and function. These regions are where the actin filament is tightly bound to the membrane, and the ERM family is directly involved in the molecular mechanisms that control the interaction of the actin filament with the plasma membrane. One of the major membrane proteins that this ERM protein binds to is CD44. In addition, CD44 and ERM proteins show strong affinity and form a complex in the presence of phosphoinositides. When the CD44/ERM complex was immunoprecipitated, this complex contained a Rho-GDP dissociation inhibitor (GDI). Furthermore, C3 toxin, a specific inhibitor of Rho, inhibits the binding of recombinant ERM proteins to CD44, reducing motor performance. Therefore, Rho and phosphorylation play a critical role in the formation of the CD44/ERM complex and are also involved in the regulation of locomotor performance.




7.7. Soluble CD44


CD44 can be rapidly downregulated in response to signals inside and outside the cell, but this is mainly due to the dissociation of soluble CD44 from the extracellular region. The CD44 released in this way can be found in the serum, and soluble CD44 is elevated in the serum of patients with malignant tumors. Serum CD44 and CD44v6 levels in patients with malignant lymphoma are both increased compared to healthy individuals and, as these values decreased in response to treatment, they can be used to monitor the effectiveness of treatment. Furthermore, soluble CD44s-Ig fusion protein suppresses the metastasis of lymphoid malignant tumors that highly express CD44s and can be applied to therapy.





8. Conclusions


HSPGs have been involved in developmental and homeostatic processes, as well as in many pathological conditions. Therefore, it can be applied to a wide range of fields for therapeutic strategies, including Alzheimer’s disease, heart failure, cancer, organ transplants, diabetes, chronic inflammation, aging, and autoimmune diseases. HSPGs, a major component of the glycocalyx, enable the binding of various plasma-derived molecules due to their diversity, epimerization of sugar chains, long chains, and sulfation. The glycocalyx has a variety of functions, including maintaining blood flow, protecting the endothelium, antithrombotic effects, binding and signal transmission of hormones and growth factors, and serving as a nutritional source consisting of sugar chains. The various structural diversity of HS determines the infection tropism of viruses and the infection susceptibility of cells.
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