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Abstract

:

Cancer is a malignant tumor that threatens the health of human beings, and has become the leading cause of death in urban and rural residents in China. The glycocalyx is a layer of multifunctional glycans that covers the surfaces of a variety of cells, including vascular endothelial cells, smooth muscle cells, stem cells, epithelial, osteocytes, as well as cancer cells. The glycosylation and syndecan of cancer cell glycocalyx are unique. However, heparan sulfate (HS), hyaluronic acid (HA), and syndecan are all closely associated with the processes of cancer progression, including cell migration and metastasis, tumor cell adhesion, tumorigenesis, and tumor growth. The possible underlying mechanisms may be the interruption of its barrier function, its radical role in growth factor storage, signaling, and mechanotransduction. In the later sections, we discuss glycocalyx targeting therapeutic approaches reported in animal and clinical experiments. The study concludes that cancer cells’ glycocalyx and its role in cancer progression are beginning to be known by more groups, and future studies should pay more attention to its mechanotransduction of interstitial flow-induced shear stress, seeking promising therapeutic targets with less toxicity but more specificity.
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1. Introduction and overview


The glycocalyx is a surface layer that covers multiple cells (i.e., endothelial cells, smooth muscle cells, stem cells, and cancer cells, among others) and is mainly composed of proteoglycans and glycoproteins. The composition, physiology, and pathology of vascular cell glycocalyx have been sophisticatedly reviewed in several published papers. In the present review, we attempt to elucidate knowledge about cancer cell-specific glycocalyx: Its altered glycosylation and syndecan expression. Principle emphasis is on the effects of different components of the glycocalyx (heparan sulfate, hyaluronic acid, syndecans) on the progression of cancer, including the convenience of cancer cell migration and metastasis, cancer cell adhesion, tumorigenesis and tumor growth. We also discuss the possible mechanisms of glycocalyx involved in cancer progression and collate glycocalyx-specific targeting therapeutic approaches that have been reported up to now.




2. The Glycocalyx


2.1. Glycocalyx in General


The glycocalyx (GCX) is a multifunctional layer of glycans that presents on the surface of cardiovascular cells, cancer cells, red blood cells, gut cells and ocular surface. A toolkit of genetically encoded glycoproteins and expression systems to manipulate the structure and composition of the cellular glycocalyx was recently developed by Shurer [1] and his team.



Glycocalyx is mainly composed of proteoglycans and glycoproteins (Figure 1). Proteoglycans are formed by the covalent attachment of a core protein with one or more glycosaminoglycan (GAG) chains through serine residues [2]. GAGs are long linear, acidic carbohydrates polymers with repeating disaccharide units, which are strong negatively charged and hydrophilic. GAGs can be divided into the following four major categories: Heparan sulfate/heparin (HS/HP), chondroitin sulfate/dermatan sulfate (CS/DS), keratan sulfate (KS), and hyaluronic acid or hyaluronan (HA) [3,4].



HS is the most abundant one among them, accounting for 50–90% of the total GAGs [5]. HS is a member of glycosaminoglycan, which is composed of unbranched negatively charged disaccharide units and facilitates several important biological processes in health and disease [6,7,8]. Heparan sulfate proteoglycans (HSPGs) are linear macromolecular substances consisting of a core protein and one or more HS glycosaminoglycan chains, located at the cell surface and within the extracellular matrix (ECM). There are three key enzymes, including sulfatase1 (Sulf1), sulfatase2 (Sulf2) and heparanase that can cleave the HS polymers, releasing smaller fragments from HSPG complexes.



Three main basement membrane (BM) HSPGs have been well characterized: Perlecan, Agrin and collagen XVIII. Perlecan is a modular proteoglycan with homology to growth factors, Collagen XVIII is a hybrid collagen-proteoglycan with multiple regions and Agrin is a large glycoprotein that is released from motor neurons [9,10].



HA is an unbranched, nonsuflated glycosaminoglycan that consists of repeating disaccharide units of N-acetyl glucosamine and D-glucuronic acid [11]. Three types of eukaryotic hyaluronan synthase (HAS) have been identified, namely HAS1, HAS2 and HAS3. Among them, HAS1 and HAS2 can promote the synthesis of high molecular weight (Mr) HA. CD44 is a transmembrane glycoprotein that acts as a HA receptor and is one a well-accepted cancer stem cell (CSC) surface markers.



Syndecans and glypicans are major core proteins. Syndecans [9] are single transmembrane domain proteins capable of carrying three to five heparan sulfate and chondroitin sulfate chains. It interacts with a large variety of ligands, including fibroblast growth factors (FGF), vascular endothelial growth factor (VEGF), transforming growth factor-beta (TGF-β), fibronectin and antithrombin-1. There are four types of syndecans in human beings, namely syndecan-1 to syndecan-4; syndecan-1 has been measured in studies [10].



Glycoproteins are glycoconjugates formed by the covalent attachment of branched oligosaccharide chains to polypeptide chains. In addition, the extracellular matrix also contains abundant adhesive glycoproteins and proteoglycans. These components contribute to the barrier function to control cell migration and metastasis.




2.2. Glycocalyx On Cancer Cell Surface


2.2.1. Altered Glycosylation


The glycocalyx of cancer cell surface is unique with abundant glycosylation, including sialylation, fucosylation, O-glycan truncation, and N- and O-linked glycan branching [12].



Sialylation owing to altered glycosyltransferases in cancer cells is critical for cell recognition, cell adhesion, and cell signaling [6]. In colon, stomach, and ovarian cancer, the lactosaminic chains are usually terminated by a sialic acid [7]. SLex is another sialylated product, which can bind to selectin and regulate the metastatic cascade by facilitating cancer cells and platelets to arrest in the endothelium [8]. SLea is another sialylated antigen and it is now widely used in clinical diagnosis of pancreatic, colorectal, gastric, and biliary cancer [13]. Cancer cell sialylation also results in polysialic acid expression, which is associated with high-grade tumors [14].



Fucosylation is catalyzed by a wide range of fucosyltransferases and can be divided into two subtypes: Terminal fucosylation and core fucosylation [15]. Core fucosylation means addition of α1,6-fucose to the innermost GlcNAc residue of N-glycans. It has been reported that increased core fucosylation is associated with lung cancer and breast cancer and can be detected in the serum in the process of hepatocarcinogenesis [16,17]. In clinic, core fucosylation of α-fetoprotein has been considered as an early biomarker for hepatocellular carcinoma diagnosis [18].



The overexpression of truncated O-glycans is another feature of cancer cell glycocalyx. These aberrant glycocalyx result from the incomplete synthesis of O-glycans that show abnormal expression of shortened glycans, including disaccharide T antigen, monosaccharide GalNAc (Tn) and their sialylated forms STn [19]. STn, in particular, could be detected in most cancer cells, e.g. stomach, breast, bladder, ovary and pancreas, and is hidden in healthy tissues [12]. Moreover, increased level of STn has been reported to be correlated with increased cancer cell proliferation, migration, invasion, and decreased cell adhesion. Therefore, it has been designated as the key prognostic marker and a target for the design of anticancer vaccines [20]. The key enzyme that catalyzes the reaction of abnormal O-glycosylation is GalNAc transferases (ppGalNAcTs), the enzyme initiating the reaction and controlling the density and sites of O-glycan addition [21]. This enzyme can be often observed in cancer.



In addition, branching N-glycans resulting from the overexpression of complex β 1,6-branched N-linked glycans is also observed in cancer cells. This is due to the increased activity of N-acetylglucosamine (GlcNAc) transferases (GnT-V), encoded by the mannoside acetyl-glucosaminyltransferase 5 (MGAT5) [22]. It has been demonstrated that the upregulation of MGAT5 in a lung epithelial cell line led to loss of contact inhibition, increased cell motility and tumor formation in athymic mice [23]. Interestingly, these branched N-glycans can be further modified, elongated, and are always terminated with sialic acid or fucose, until it encounters the enzyme GnT-III. GnT-III is encoded by MGAT3 and catalyses the addition of bisecting GlcNAc N-glycans in a β1,4-linkage, resulting in elongation of N-glycans stop. Therefore, GnT-III has been reported to be involved in the suppression of cancer metastasis [24].



Except for glycosylation, gene expressions of syndecans in cancer cells are also different from normal cells.




2.2.2. Altered Syndecan Expression in Cancer


Altered syndecan-1 expression has been observed in several cancer cells, including colon carcinoma, glioblastoma, breast cancer and ovarian cancer. Badiola et al. [25] reported that fibrillar collagen receptor discoidin domain receptor 2 deficiencies in hepatic stellate cells resulted in syndecan-1 expression upregulation and colon carcinoma metastasis. In breast cancer, syndecan-1 played dual roles. On one hand, as a receptor for collagen, syndecan-1 can be regulated by tumor-associated collagen signature-3, which leads to decreased collagen alignment and increased death in breast cancer patients [26]. On the other hand, syndecan-1 stimulated by peroxisome proliferator receptor activator gamma acts as a tumor suppressor, triggering the apoptosis of breast cancer cells [27]. In glioblastoma patients, overexpression of syndecan-1 is induced by a secreted glycoprotein, YKL-40 [28]. Finally, in ovarian cancer, enhanced expression of syndecan-1 promotes metastasis by activating mitogen-activated protein kinase, ERK, and phosphatidylinositol (PI)-3 kinase/AKT signaling [29].



During cancer progression, syndecan-2 expression is also altered. For example, the expression of syndecan-2 can be upregulated by fibroblast growth factor (FGF)-2, and inhibited by a-melanocyte-stimulating hormone, which are associated with melanoma cells migration [30]. Moreover, the translocation of syndecan-2 to lipid rafts induced by tubulin polymerization can also regulate cancer cell migration [31]. In osteosarcoma cells, the expression of syndecan-2 is repressed by the high activity of the canonical Wnt/RhoA pathway [32]. Decreased syndecan-4 expression has been shown to be associated with enhanced M5 melanoma cell migration and weakened attachment of these cells to fibronectin [33].






3. Associations between the GCX and Cancer


3.1. Cell Migration and Metastasis


Tumor cells can migrate from one place to another. As the tumor grows, some cancer cells can fall off from the original tumor and spread to other sites through the blood or lymph system to form new tumors. This process is also known as metastasis, which is the main cause of death from cancer.



3.1.1. HA


Substantial evidence that HA plays an important role in cancer cell metastasis and invasion has been provided over the past decade [11,34,35]. High molecular weight HA is thought to provide a hydrated matrix that forces gaps in the extracellular matrix (ECM), enabling tumor cells to migrate and metastasize to other tissues within the tumor environment [36,37]. Rudrabhatla et al. [38] compared the patterns of HA expression between B16-F1 and B16-F10 melanoma cells in vitro and in situ. They proposed that components of the tumor microenvironment (e.g., lactate) can induce melanoma cells to express HA and therefore acquire an aggressive phenotype based on the experimental results. Zhang et al. [39] isolated subsets of the B16-F1 mouse melanoma cell line which expressed either high (HA-H) or low (HA-L) amounts of hyaluronan on their surfaces by using flow cytometry. The result showed that the HA-H cells formed larger and more numerous lung metastases than an equivalent number of HA-L cells after tail vein injection, which suggests that cell surface HA may play a critical role in the process of tumor metastasis.



Fieber et al. [40] showed the expression of metalloproteases MMP-9 and MMP-13 in Lewis Lung Carcinoma (3LL) cells and primary embryonic fibroblasts were strongly induced when the cells were exposed to HA oligosaccharides. This result suggested that HA degradation in tumors might promote invasion. We thus speculate that different types of tumor cell produce different responses.



Moreover, Udabage et al. [36] studied endogenous levels of mRNA for the various HA synthase and degradation isoforms that were quantitated in 10 different human breast cancer cell lines by using real-time and comparative reverse transcriptase-polymerase chain reaction (RT-PCR).The results determined that highly invasive cell lines preferentially expressed the HAS2 and hyaluronidase-2 (Hyal-2) isoforms, while less invasive cells expressed HAS3 and hyaluronidase-3 (Hyal-3). In addition, they proved that there is a correlation between elevated levels of HA synthesis, CD44 expression and cancer cell migration, consequently highlighting that HA metabolism plays a pivotal role in the aggressive breast cancer phenotype. Interestingly, overexpression of CD44, the receptor of HA in mammary carcinoma or melanoma cells, inhibits tumor growth and metastasis [35,41].



Naor et al. [42] investigated CD44 and tumor metastasis using the mouse malignant LB lymphoma cell line, showing that CD44 promotes metastasis. Such promotion has also been proved for breast cancer [43]. However, in a previous study, Lopez et al. [44] demonstrated that CD44 can inhibit metastasis in breast cancer. The reason is possibly because different investigators used different techniques and approaches.




3.1.2. HSPG


HSPGs have also been shown to play important roles in cell migration and metastasis [45,46]. Gastric cancer cell lines MKN28 lack endogenous human sulfatase1 (HSulf-1). Li et al. [47] restored HSulf-1 expression in MKN28 and suppressed canonical Wnt signaling. They found that Sulf-1 expression inhibits cell proliferation and invasion. Later, Peterson et al. [48] reported that the overexpression of Sulf2 in MDA-MB-231 cells inhibited breast cancer cell invasion and metastasis in vitro as well as in vivo. These may be attributed to the enhancement of the synthesis of HS. However, the amount of HS can also be affected by heparanase, an enzyme that catalyzes the cleavage of HS into some smaller pieces. It has been demonstrated that heparanase may play an important role in promoting many cancer cells’ metastasis [49,50,51,52,53]. There are a certain amount of sites within HS chains where heparanase cleavage of HS to large degradation fragments takes place (5-10 kDa or 10-20 sugar units) [49]. This cleavage of HS may increase the solubility of a variety of signaling molecules, as a result increasing their access to receptors and facilitating signal transduction [54]. Using real-time quantitative PCR, Koliopanos et al. [55] suggested that the overexpression of heparanase in human pancreatic cancers facilitates cancer cell invasion, and consequently enhances the metastatic potential of the tumors. Meanwhile, Elassal et al. [56] suggested that heparanase enhances hepatocellular carcinoma cell growth and invasion. There are also a large number of experiments showing that heparanse is related to cells metastasis of the bladder [53], cervix [57], colon [56], endometrium [58] and multiple myeloma [59].



Agrin is well expressed in a HCC cell line, MHCC-LM3. Moreover, Chakraborty et al. [60] showed that in a wound-healing assay, Agrin depletion severely reduced the migration of MHCC-LM3 cells. It has also been revealed that Agrin has high expression in Oral squamous cell carcinoma (OSCC), and Agrin siRNA knockdown promoted a decrease in OSCC cell migration [61]. In other words, Agrin may promote cell migration.




3.1.3. Syndecans


Syndecan is involved in the regulation of cell migration. Afratis et al. [62] demonstrated that syndecans and glypicans (cell-surface proteoglycans associated with heparan sulfate) can accelerate cell signaling, focal adhesion kinase phosphorylation, tumor growth and migration. Lebakken et al. [63] transfected mouse syndecan-1 cDNA into human Raji cells and suggested that cell spreading is mediated by the syndecan-1 core protein. Mikami et al. [64] showed that loss of syndecan-1 in esophageal squamous cell carcinomas may play an important role in cell invasion and metastasis, being closely associated with its malignant potential. The same conclusion that loss of syndecan-1 expression is a characteristic feature of high metastatic potential has also been proven to be applicable to human hepatocellular carcinoma (HCC) [65].





3.2. Tumor Cell Adhesion


There is evidence that HA can promote cell adhesion [11,66]. However, recently, Ween et al. [67] indicated that small HA oligomers can block human ovarian cancer cell lines adhesion to peritoneal cells. The reason is that HA oligomers compete with large HA polymers for CD44 binding, and as a result they can block HA binding to CD44 on the peritoneal cells. A similar phenomenon was observed by Takabe et al [68], who showed that overexpression of HAS3 increased the production of HA and decreased MV3 melanoma cell adhesion.



It has been demonstrated that HS participates in cancer cell adhesion as well. Recently, Takemoto et al. [69] suggested that the clustering of heparan sulfate induced by adhesamine promoted cell adhesion. Interestingly, Goldshmidt et al. [70] indicated that expression of surface-associated heparanase in nonadherent lymphoma cells induces early stages of cell adhesion and this adhesion is independent of its enzymatic activity. Levy-Adam et al. [71] demonstrated that heparanase facilitates cell adhesion and spreading by clustering of cell surface heparan sulfate proteoglycans, which is consistent with the observation by Takemoto et al. There also exist examples that show that Agrin is an important factor activating and coordinating cellular adhesion of HCC cancer cells and OSCC cells [60,61].



It is well known that Syndecans contribute unique functional activities to the process of cell-matrix adhesion and cell-cell adhesion [63,72,73]. Syndecan-1 in lymphoblastoid B cells or Multiple myeloma (MM) cells was reported to promote cell adhesion [63,74]. Lamorte et al. [75] came to the conclusion that by mediating cell-to-matrix interactions, syndecan-1 promoted cell adhesion and invasion into the extracellular matrix. This is due to the fact that the reduced adherence of syndecan-1 knocks multiple myeloma endothelial cells (MMECs) to Matrigel. In another study, Park et al. [76] investigated mRNA expression of each syndecan family member in several colon cancer cell lines, and found that the expression of syndecan-2 was increased, facilitating the adhesion of carcinoma cells to the ECM. This phenomenon was also observed in breast carcinoma [77,78].



Recently, Zhang et al. [79] investigated the adhesion of MDA-MB-231 tumor cells to microvessels with or without the presence of 1 μM Sphingosine-1-phosphate (S1P). The results showed that S1P protected the endothelial glycocalyx layer by increasing its thickness and inhibited MDA-MB-231 tumor cell adhesion to the microvessel wall. This study provided evidence of the protective role of the whole glycocalyx layer in tumor cell adhesion.




3.3. Tumorigenesis


Tumor growth is a blood-dependent process and cancer cells begin to promote angiogenesis early in tumorigenesis. The formation of new irregular blood vessels from a preexisting vascular network is a feature of tumor angiogenesis. This abnormal angiogenesis plays an important role in tumor growth, survival and metastasis of most solid tumors [80,81]. There are many factors that can regulate angiogenesis, including VEGF, platelet-derived growth factor (PDGF), and basic fibroblast growth factor [82].



3.3.1. HSPG


Fuster et al. [83] showed that deleting N-acetyl glucosamine N-deacetylase/sulfotransferase1 (Ndst1), a key enzyme in the process of heparan sulfate synthesis, results in decreased tumor angiogenesis. Therefore, they concluded that heparan sulfate is necessary for tumor angiogenesis.



Narita et al. [84] showed that Sulf1 inhibits angiogenesis and tumorigenesis in vivo by injecting a poorly differentiated breast cancer cell line, MDA468, as well as an ovarian cancer cell line into mice for tumor xenograft experiments. On the contrary, Morimoto et al. [85] implicated that Sulf2 can promote angiogenesis in breast cancer. These angiogenesis effects were also observed by Zhu et al. [86] in two human breast cancer cell lines, MCF-7 and MDA-MB-231, and other studies in human hepatocellular [82,87], pancreatic [88] and non-small cell lung carcinoma [89]. The underlying mechanism is unclear. However, Chen et al. [82] demonstrated in a Sulf2 knockout mouse model that the expression of Sulf2 in tumor cells can enhance the angiogenic potency of endothelial cells and periostin (POSTN) is the an effector protein in SULF2-induced angiogenesis.



With the exception of Ndst1, Sulf1, and Sulf2, heparanase is another heparan sulfate associated enzyme that can promote angiogenesis [50,70,90]. Elassal et al. [56] suggested that heparanase enhances angiogenesis in hepatocellular carcinoma cell (HCC), and Gohji et al. [53] demonstrated that the expression of heparanase is positively correlated with angiogenesis of bladder cancer. Moreover, Barash et al. [91] showed that heparanase in myeloma enhances myeloma progression via CXCL10 downregulation; they concluded that heparanase has pro-tumorigenic effects.



Moreover, Zhou et al. [92] found that perlecan HS promoted angiogenesis in vivo for the removal of perlecan HS side chains, and led to impaired FGF-2-mediated angiogenesis. In an immortalized cell line derived from Kaposi’s sarcoma, suppression of perlecan expression promoted angiogenesis in vivo through increased angiogenic growth factor diffusion [93]. However, Mongiat et al. [94] discovered that the C terminus of perlecan potently inhibited angiogenesis, which indicate that different fragments have different effects.



In a recent study, Chakraborty et al. [60] discovered that Agrin is overexpressed in HCC, and Agrin promotes liver carcinogenesis, both in vitro and in vivo.




3.3.2. HA


It has been reported that native HA inhibits angiogenesis in vivo and partial degradation of HA molecules promotes angiogenesis [34,95]. Therefore, in clinic, an increased level of hyaluronidase, especially hyaluronidase-1 (HYAL1), would be a reliable marker for several types of malignant tumor. Kosaki et al. [96] transfected a mammalian HA synthase (HSA2) into human HT1080 cells to control the production of HA at the genetic level. They found that increased production of HA facilitates anchorage-independent growth and tumorigenicity of the cells. However, excess HA limited angiogenesis and diminished apparent cellular growth, resulting in tumorigenesis suppression [97].



Du et al. [98] injected a variable number of human cells into nude mice to test their xenotumor abilities. They proved that CD44 is a robust marker for colorectal CSC and plays an important role in tumorigenesis. In addition, Yu et al. [99] suggested that CD44 promotes angiogenesis in mammary tumor; the mechanism is CD44-associated MMP-9 can activate latent TGF-β by cleaving its TGF-β latency-associated protein, thereby inducing angiogenesis.




3.3.3. Syndecan


There is evidence that syndecan-1 can modulate angiogenesis in vivo. Caroline et al. [100] showed that the absence of syndecan-1 resisted Wnt-1-induced tumorigenesis of mice mammary gland. In a later study, Maeda et al. [101] found that the expression of syndecan-1 by stromal fibroblasts could stimulate angiogenesis in human breast carcinoma in vivo. In addition, Lamorte et al. [75] compared the ability of human umbilical vein endothelial cells (HUVECs), bone marrow endothelial cells (BMECs), multiple myeloma endothelial cells (MMECs), and MMEC with syndecan-1 silence to form in vitro capillary-like structures and proved that the expression of syndecan-1 promotes in vitro angiogenesis. These suggest that different species have a different reaction to syndecan-1.





3.4. Tumor Growth


3.4.1. HA


Studies have revealed that the overproduction of HA molecules promotes tumor growth in fibrosarcoma, prostate and mammary carcinoma [11,102]. On the other hand, HA oligomers with low-molecular weight (LMW) inhibit tumor growth [103]. This concludes that the effect of HA on tumor growth is size dependent. Kosaki et al. [96] found that the increased production of HA by cancer cells may play a pivotal role in enhancing tumor growth in vivo. However, Xu et al. [104] examined the biological activity of a 42-amino acid peptide (designated as BH-P), which includes three HA binding motifs from human brain HA binding protein. They demonstrated that BH-P inhibits the proliferation of tumor cells and tumor growth in vivo, and provided evidence of the size-dependent effect of HA on tumor growth.




3.4.2. HSPG


A number of studies have substantiated that HS plays an important role in the process of tumor growth [83,105,106]. However, the roles of Sulf1 and Sulf2 in different types of tumor growth under different microenvironments are ambiguous.



Nawroth et al. 88 showed that both Sulf1 and Sulf2 are negative regulators of tumorigenesis in human pancreatic adenocarcinoma tumors, and Dai et al. [107] provided the first direct evidence that Sulf-1 and Sluf-2 can suppress myeloma tumor growth in vivo. In a later study, He et al. [108] showed that the absence of Sulf1 in ovarian cancer cells promotes tumor growth by decreasing the expression of pro-apoptotic proteins, such as Bim, suggesting that Sulf1 has anti-tumor effects [84,108]. This was also observed by Li et al. [108] for gastric cancer.



However, interestingly, Lai et al. [109] demonstrated that in hepatocellular carcinomas (HCC) cells, Sulf2 up-regulates the expression of cell surface Glypican-3, which in turn mediates Sulf2 oncogenic function. This suggests that Sulf2 may play a tumor-promoting role. Capurro et al. [110] showed that glypican 3 promotes the in vivo and in vitro growth of HCC by stimulating canonical Wnt signaling.



Perlecan is another component that plays an important role in tumor growth [9,92,111]. Similarly, there are examples that the same HSPGs can have either tumor-suppressing or tumor-promoting effects. Mathiak et al. [112] provided the first evidence that perlecan may inhibit the growth and invasiveness of fibrosarcoma cells by using HT-1080, a human fibrosarcoma cell line. While in a later study, Sharma et al. [113] showed that perlecan can promote the growth of colon carcinoma cells.



Collagen XVIII, as well as perlecan, is another HSPG from basement membranes that also has bipolar activity. Its C-terminal fragment endostatin inhibits angiogenesis and tumor growth by restricting endothelial proliferation and migration and inducing apoptosis of endothelial cells, while it has the opposite effect with HS chains [9].



In a recent study, Rivera et al. [114] suggested that silencing Agrin in oral cancer cells results in an impairment of in vitro proliferative and invasive growth programs, which means that Agrin promotes tumor growth.



Being consistent with the promotive effect of heparinase on angiogenesis, Cohen et al. [90] overexpressed the human heparanase gene (H-hpa) in MCF-7 human breast cancer cells and used MRI to monitor the progression of tumor growth. They found that heparanase promotes tumor growth.




3.4.3. Syndecans


Syndecan-1 has been reported to play important roles in tumor growth [63,74]. Evidence suggests that syndecan-1 induced tumor growth may be attributed to its promotion of cancer cell proliferation [46,74].



It has been revealed in vitro that purified syndecan-1 ectodomain inhibits the growth of S115 tumor cells [72], an epithelial-derived tumor-cell line. In addition, Szarvas et al. [115] used immunohistochemistry and enzyme-linked immunosorbent assay (ELISA) to analyze the tissue expression level and serum concentrations of syndecan-1 (SDC1) in bladder cancer (BC) patients. It turned out that the highest SDC1 serum levels exist in metastatic BCs, which supported the hypothesis that the circulating SDC1 ectodomain exerts tumor-promoting effects on distant metastatic sites.



Microenvironments may be a key factor impacting the growth-promoting effect of soluble syndecan-1. For example, several studies found that syndecan-1 may promote myeloma tumor growth in vivo, but inhibit growth of both carcinoma and myeloma cells in vitro [51,74,116,117]. However, in another study, Maeda et al. [101] demonstrated that syndecan-1 expressed by stromal fibroblasts promotes carcinoma cell growth, both in vivo and in vitro.



The relationships between different components of glycocalyx and progression of cancer have been summarized in Table 1.






4. Possible Mechanisms


4.1. As a Protective Barrier


Endothelial glycocalyx acts as a protective barrier [118], repelling negatively charged molecules, white and red blood cells, platelets, and macromolecules like low-density lipoprotein (LDL) [119]. On the other hand, glycocalyx in the extracellular matrix forms a 3-dimensional barrier structure (designated as basement membranes) that limits cell migration and metastasis [3]. Therefore, modification of the glycocalyx (HSPG in particular) in the tumor microenvironment by Sulf1, Sulf2, or heparanase affects cancer cell proliferation, signaling, invasion, and metastasis [54].




4.2. Growth Factor Storage and Signaling


Syndecans, the core protein backbone of the glycocalyx, has been shown to play an important role in growth factor presentation and receptor activation [120], which can affect cell proliferation. Recently, Paszek et al. [121] developed a spatial-temporal simulation that integrated the micro-mechanics of the cell, glycocalyx, and extracellular matrix with a simple chemical model of integrin activation and ligand interaction. They predicted that the glycocalyx mediates integrin-ligand interaction and may be a key regulator of integrin clustering. Previous studies has demonstrated that integrin clustering is necessary for adhesion complex formation, which can influence growth factor mediated regulation of cell cycle progression [122]. For example, the interaction among integrin linked kinase, and its binding partners PINCH and ILKBP is critical for their localizing to adhesion structures and growth factor-mediated S phase entry [123]. Very recently, Woods et al. [124] coated tumor cells with synthetic mucin-mimetic glycopolymers to make them display glycocalyx of various thickness; they found that a bulky glycocalyx fosters metastasis by promoting G1 cell cycle progression. These effects were associated with enhanced integrin adhesion assembly, integrin-FAK mechanosensing and Akt signaling. According to these reports, glycocalyx mainly affects integrin clustering and mature adhesion complex formation, which in turn enhances growth factor signaling, a phenotype that is associated with cancer. This theory has been tested by Paszek et al. [125] in their later study. The results reveal that glycocalyx facilitates integrin clustering by funnelling active integrins into adhesions and altering integrin state by applying tension to matrix-bond integrins. This process is independent of actomyosin contractility. Moreover, high expression of glycocalyx promotes non-transformed mammary cells focal adhesion assembly and enhances integrin-dependent growth factor signaling to keep cell growth and survival. In glioblastoma, overexpression of syndecan-1 leads to increased vascular growth factor (VEGF) signaling and enhanced angiogenesis via focal adhesion kinase (FAK) phosphorylation at tyrosine 397, extracellular signal-related kinase (ERK) pathway [28].




4.3. Mechanotransduction


Cancer cells are exposed to interstitial flow-induced shear stress due to the high leaky properties of the capillaries surrounding a tumor, and the shear force is critical for cancer cell progress (Figure 1). Hompland et al. [126] demonstrated that the outward interstitial fluid flow velocity at the tumor surface, which can be measured by dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) with gadolinium diethylene-thiamine penta-acetic acid (Gd-DTPA), negatively correlated with survival in human cervical carcinoma. In an animal model, Bockhorn et al. [127] found that interstitial flow was present and it is essential to identify the metastatic potential of renal cancer cell lines.



Glycocalyx plays an important role in mechanotransduction of shear stress regulated endothelial cell motility and proliferation [128], nitric oxide (NO) production [129], and water flux through endothelial cell monolayer [130]. Recently, Liu et al. [131] investigated hemodynamic environmental alteration induced vascular remodeling in vitro by using a home-made apparatus to expose rat abdominal aorta to a sterile, flow, high pressure condition for 4 days. The results showed that after the integrity of glycocalyx was diminished by hyaluronidase, flow and high-pressure loading induced vascular structural and functional remodeling was eliminated. This study provided evidence of the mechanotransduction role of the endothelial glycocalyx at the tissue level.



In addition, Tarbell et al. [132] proved that glycocalyx can sense interstitial flow by using a mathematical model, which was consistent with the experimental studies obtained by Shi et al [133]. They embedded smooth muscle cells in 3D collagen and revealed that heparan sulfate proteoglycans act as a mechanosensor in interstitial flow induced cell migration to activate the FAK-ERK pathway and upregulate matrix metalloproteinase (MMP) expression. By using the same cell/collagen suspension model to mimic the 3D interstitial flow microenvironment, Qazi H et al. [134] observed that cancer cell glycocalyx mediates mechanotransduction in interstitial flow induced cell motility and metastasis by regulating MMP-1, MMP-2, CD44, and α3 integrin expression. This is the first study attempting to explain the involvement of glycocalyx in cancer invasion from a mechanotransduction point. Later, Qazi et al. [135] extended their study by knockdown HS synthetic enzyme NDST1 of the highly metastatic renal carcinoma cells (SN12L1) and comparing the invasion ability of parental and knockdown cells. The results show that flow enhanced invasion was suppressed in HS depletion cells. Furthermore, they injected parental or knockdown cells into kidney capsules in mice and observed a 95% reduction in metastasis from the NDST1 knockdown cells injected site to distant organs, compared to controls cells. These findings support the key role of the cancer cell glycocalyx in interstitial flow-induced metastasis.



Integrin-FAK signaling directs proliferation of metastatic cancer cells [136]. In another study, Chakraborty et al. [60] showed that Agrin may serve as a mechanotransduction signal, as it can activate the integrin-FAK pathway. In a later study, Chakraborty et al. [137] suggested that Agrin is a mechanotransducing signal activating Yes-associated protein (YAP) through the integrin-focal adhesion-Lrp4/MuSK receptor pathway and that it promotes oncogenesis through YAP-dependent transcription. These findings have been discussed elsewhere as well, highlighting that Agrin serves as a mechanotransduction signal to activate YAP by suppressing the Hippo pathway and stimulating integrin-focal adhesion (FA), thus promoting liver cancer development [138].





5. Glycocalyx-targeting Therapeutic Approaches


Knowledge of the roles of glycocalyx in cancer is helpful in discovering promising biomarkers for early diagnosis, prediction, and treatment of clinical cancer.



It has been verified by Terkelsen T et al. [139] that N-glycans secreted by breast cancer could be associated with their patterns in serum. They suggested that profiling of N-glycans may serve as novel biomarkers to improve the diagnosis and prognosis of breast cancer.



Very recently, by integrating glycoproteomics with a novel reverse phase glycoprotein array, Chen et al. [140] verified 20 new potential biomarkers in extracellular vesicles from breast cancer patients. The association between ABO blood groups and risk of occurrence of ovarian and vulvar cancer has been widely studied [141]. Detailed serological cancer markers with clinical applications can be found in another review by Pinho et al [12]. Herein, we mainly focus on the strategies of cancer therapy targeting HS, HA, and syndecan, as described in this paper.



5.1. HS Targeting Therapy


The main HS targeting strategies in clinic are based on its key role in angiogenesis, a complicated process that involves endothelial cell proliferation, migration, and differentiation into a new vessel within the tumor microenvironment. Research has shown that HSPG serves as a co-receptor of angiogenic factors, presenting them to their specific tyrosine kinase signaling receptors and triggering downstream cascades to initiate angiogenesis [142].



HS mimic heparin was previously explored for its antitumor properties [143]. However, its serious side-effects related to anticoagulation properties cause bleeding. Another strategy of cancer therapy was proposed by Jayson et al. [144], who demonstrated the effectiveness of synthetic HS fragments of a defined structure in blocking angiogenesis, thus killing the tumor by stopping nutrient and oxygen supply. This therapy is based on the theory that the activation of angiogenic cytokines, including fibroblast growth factor 2 (FGF2), interleukin 8 (IL-8) and stromal-cell-derived factor 1α (SDF-1α), are all HS dependent. Therefore, the exogenous HS fragments act as a substitute of the endogenous HS, competing with the binding sites of angiogenic cytokines and making them invalid.



In according with the same theory, the PG500 series, PG545 in particular, have been developed to target the inhibition of both angiogenesis and heparanase activity; it is undergoing formal preclinical development [145].



However, unspecific modes of targeting still exists in both heparin and other HS mimetic therapies. Antibody-based therapy is one of the fastest growing areas in medical oncology. In clinic, antibodies targeting epidermal growth factor receptor 2 (HER-2), EGF receptor, VEGF, and CD20 have been approved for the treatment of breast, colorectal cancer and aggressive B-cell lymphomas [146]. Smaller antibodies like single-chain variable fragment (scFv) antibodies are also being applied more due to their pharmacokinetic properties [147]. Van Kuppevelt et al. established the development and characterization of αHS, a epitope-specific HS antibody, to probe the structural diversity of HS in different tissues [148]. However, Christianson et al. [149] demonstrated that binding of αHS to HS of ECs as well as glioblastoma cells may unexpectedly activate p38 MAPK-dependent signaling, eliciting a pro-angiogenic response. More recently, Gao et al. [150] reported that HS20, a human monoclonal antibody against glypican-3, could inhibit hepatocellular carcinoma proliferation both in vitro and in nude mice by disrupting the interaction of Wnt3a and glypican-3 and blocking Wnt3a/β-catenin signaling.




5.2. Glypican-3 Targeting Therapy


Glypican-3 (GPC3) is overexpressed in HCC, and is a useful tumor marker for cancer diagnosis [109,110]. As a result, novel therapeutic approaches for HCC could be generated by targeting glypican-3. Studies have shown that humanized GC33 (hGC33), a humanized anti-GPC3 monoclonal antibody significantly inhibits the growth of GPC3-positive human HCC xenografts in SCID mice; the mechanism induces antibody-dependent cellular cytotoxicity (ADCC) [151]. Komor et al. [152] identified a GPC3 peptide vaccine, which induces peptide-reactive cytotoxic T lymphocytes (CTLs), and showed that CTLs significantly inhibit the growth of human HCC xenografts in NOD/SCID mice.



In addition, Nakatsura et al. [153] reported that GPC3 is a novel tumor marker for human melanoma diagnosis, especially in early stages of the disorder. Another research has proved that the antitumor effect of therapy with embryonic stem cell–derived dendritic cells (ES-DC) genetically modified to express murine GPC3 [154]. The mechanism is that in vivo transfer of glypican-3-transfectant ES-DC (ES-DC-GPC3) elicit specific CTLs, a protective effect against ovalbumin-expressing tumor cells.



With the exception of HCC and melanoma, GPC3 was also expressed in other human malignancies, and has been reviewed in another article [155].




5.3. HA Targeting Therapy


HA has been reviewed in the previous section; HA and its receptors (i.e., CD44), HA synthases (i.e., HAS1 and HAS2), and hyaluronidase (HYAL1, 2, 3) are all associated with tumor growth and progression. Therefore, several targeted approaches have been developed to target the HA family. The most famous may be 4-Methylumbelliferone (4-MU), an orally bioavailable dietary supplement and a well-studied inhibitor of HA synthesis [156]. Cells treated with 4-MU show halting of HA synthesis. This may be a result of the following four effects: First, a major source of HA synthesis UDP-glucuronic acid (UGA) was deprived. This process is catalyzed by an enzyme known as UDP-glucuronosyltransferases, which transfers UGA to 4-MU instead. Second, 4-MU was reported to downregulate HAS2 and HAS3 expression by 60-80% in some cancer cells [157]. Third, it showed an inhibitory effect on HA receptors CD44 and RHAMM [158], suggesting a feedback loop between HA synthesis and HA receptor expression. Last, 4-MU treatment may cause HA signaling pathways disruption, including downregulation of the phosphorylation of ErbB2, Akt and their downstream effectors MMP-2/MMP-9 and IL-8 [159]. Based on these effects, 4-MU has been widely investigated in a number of cultured tumor cells. Promising effects have been observed; they include tumor cell proliferation, motility and invasion suppression, focal adhesion loss, and tumor growth inhibition [160], which suggests that 4-MU has a huge potential for clinical translation.



Interestingly, HA oligosaccharides (oHA) with length smaller than 10 disaccharide units have shown promise in inhibiting tumor growth in both the subcutaneous B 16-F10 murine melanoma model [161] and the malignant peripheral nerve sheath tumor model [162]. This effect may be attributed to a direct blocking of HA signaling through CD44 and its related receptor tyrosine kinase [161]. Before oHA is translated into clinic, pre-clinic tests must pay attention to developing a more reliable method to synthesize its defined length on an industrial scale, since oHA beyond 10 disaccharide units shows angiogenic and tumor-promoting activity.



In contrast to targeting HA synthesis, CD44 as the primary HA receptor is another target for cancer therapy. Several approaches, including DNA vaccine injection [163], CD44 siRNA delivery [164], and anti-CD44 monoclonal antibody administration [165] have been tested in clinic trials; the high toxicity reported as a main adverse reaction, however, needs to be overcome.



Considering the fact that Haase, HYAL-1 in particular, could be a prognostic indicator for cancer progression, a variety of Haase inhibitors have been developed. In a study of 21 inhibitors, O-sulfated HA (Sha) was found to be the most effective in HYAL-1 inhibition, and the inhibitory effect was determined by the presence of sulfate per se, not the degree of sulfation [166]. Moreover, the PI3 kinase/Akt pathway may be the major signaling target that Sha interrupted [166]. Its potential in controlling tumor growth and progression is appealing for clinical cancer research.




5.4. Syndecan-1 Targeting Therapy


The role of syndecan-1 in cancer cell migration and tumor growth has been described in the previous section. Several syndecan-1 targeting approaches have been discussed. One strategy is to down-regulate the expression of syndecan-1 by zoledronate [167], a third generation bisphosphonate, and nimesulide, which is usually used as a COX-2 specific anti-inflammatory drug [168]. Moreover, blocking the pro-tumorigenic activity of syndecan-1 by its specific antibody, i.e., Nbt062 [169] and B-B4 mAb [170], is another good option in treating several cancers. It has been demonstrated that co-localization of syndecan-1 and integrin as well as their interactions is crucial to triggering downstream signal cascades regulating angiogenesis and tumor metastasis. Therefore, drugs that can interrupt syndecan-integrin interaction and downstream signaling inhibitors will be ideal for cancer therapy. These drugs includes synstatin [171], the recombinant cell binding domain-heparin bind domain polypeptide of fibronectin (CBD-HepII) [172], and AZD7762 (Chk1 and MEK1/2 inhibitors) [173]. Interestingly, shedding of syndecan-1 was reported to be positively correlated with cancer development in mice [174]. Thus, reduction of shedding syndecan-1 may be a novel therapeutic approach to treat cancer [175].



The targeting therapies described above are summarized in Table 2.





6. Summary and Future Directions


Glycocalyx is a layer of multifunctional glycans located on the surfaces of a variety of cells, including vascular endothelial cells, smooth muscle cells, stem cells, epithelial, osteocytes, as well as cancer cells. It has been proved that glycocalyx on cancer cell surfaces showed different glycosylation and syndecan expressions, compared to vascular cells. However, it definitely plays important roles in cancer progression, including cell migration and metastasis, tumor cell adhesion, tumorigenesis, and tumor growth (Figure 2). The underlying mechanisms are unclear, but they could be associated with glycocalyx’s pivotal physiological role in growth factor storage and signaling; mechanotransduction; and as a protective barrier. Multiple approaches have been developed to target cancer cells’ glycocalyx. However, toxicity and specificity of these approaches require further optimization. In fact, cancer cells are exposed to interstitial flow-induced shear stress and this kind of shear force directly regulates the behavior of cancer cells (apoptosis vs. proliferation and migration). Investigating cancer cell glycocalyx, especially paying more attention to its mechanotransduction of interstitial flow induced shear stress, will be helpful in seeking promising therapeutic targets to kill tumors.
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Figure 1. (a) Cancer cells are exposed to interstitial flow and glycocalyx can sense interstitial flow induced shear stress. (b) Glycocalyx is composed of proteoglycans and glycoproteins, like HS, HA, CS and KS. Syndecans and glypicans are the major core proteins. 
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Figure 2. The involvement of cancer cell glycocalyx in tumor progression. (a) Glycocalyx enhances growth factor storage and signaling to regulate cancer cell adhesion, angiogenesis, metastasis, growth and survival. (b) Glycocalyx acts as a mechanotransducer of interstitial flow-induced shear stress to regulate cancer cell motility and metastasis. 






Figure 2. The involvement of cancer cell glycocalyx in tumor progression. (a) Glycocalyx enhances growth factor storage and signaling to regulate cancer cell adhesion, angiogenesis, metastasis, growth and survival. (b) Glycocalyx acts as a mechanotransducer of interstitial flow-induced shear stress to regulate cancer cell motility and metastasis.
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Table 1. Relationship between components of glycocalyx and progression of cancer.
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	Component
	Characteristics
	Mechanisms in Cancer
	References





	HA
	Unbranched, nonsuflated, repeating disaccharide units
	Play dual roles in cell metastasis, adhesion, angiogenesis and tumor growth
	[11,34,36,37,38,39,40,66,67,68,95,96,97,102,104]



	Perlecan
	Modular proteoglycan
	Play dual roles in angiogenesis, tumor growth
	[9,92,93,94,112,113]



	Agrin
	Released from motor neurons
	Promote cell migration, tumorigenesis, tumor growth
	[60,61,114]



	Collagen XVIII
	Hybrid collagen-proteoglycan
	Play dual roles in angiogenesis, tumor growth
	[9]



	HS
	Unbranched negatively charged disaccharide units
	Promote cell metastasis, play dual roles in cell adhesion and tumor growth
	[6,7,8,49,50,53,54,55,56,57,58,59,60,61,69,70,71,82,84,85,86,87,88,89,107,108,109,110]



	Syndecans
	Single transmembrane domain proteins
	Play dual roles in metastasis, angiogenesis, tumor growth, promote cell adhesion
	[9,25,26,27,28,29,51,62,63,64,65,72,73,74,75,76,77,78,100,101,115,116,117]







Abbreviations: HS: heparan sulfate; HA: hyaluronan.
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Table 2. Glycocalyx-targeting therapeutic approaches.
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Targeting Therapy

	
Possible Mechanisms

	
Reference






	
HS

	
Synthetic HS fragments/PG500 series

	
Compete binding sites with endogenous HS and block angiogenesis

	
[144,145]




	
Ahs

	
Antibodies specific for HS epitopes

	
[148]




	
HS20

	
Disrupt the interaction of Wnt3a and glypican-3 and block Wnt3a/β-catenin signaling.

	
[150]




	
GPC3

	
hGC33

	
Induced ADCC

	
[151]




	
GPC3 peptide vaccine

	
Induces peptide-reactive CTLs to inhibit growth of human HCC xenografts

	
[152]




	
ES-DC

	
ES-DC-GPC3 elicit specific CTLs a protective effect against ovalbumin-expressing tumor cells

	
[154]




	
HA

	
4-MU

	
Compete UGA with HA

	
[156]




	
Down-regulate HAS2 and HAS3 expression

	
[157]




	
Inhibit HA receptor CD44 and RHAMM

	
[158]




	
Disrupt HA signaling pathways

	
[159]




	
oHA(smaller than 10 disaccharide units)

	
Block HA signaling

	
[161]




	
sHA

	
Interrupt PI3 kinase/Akt pathway

	
[166]




	
Sdc1

	
Zoledronate

	
Disturb syndecan-1/integrins cross-talk

	
[167]




	
Nimesulide

	
Down-regulate the expression of syndecan-1

	
[168]




	
nBT062/ B-B4 mAb

	
Bind to similar or closely-related epitopes

	
[169,170]




	
synstatin/ CBD-HepII

	
Interrupt syndecan-integrin interaction

	
[171,172]




	
AZD7762

	
Interrupt downstream signaling inhibitors

	
[173]








Abbreviations: HS: heparan sulfate; HA: hyaluronan; 4-MU: 4-Methylumbelliferone; UGA: UDP-glucuronic acid; HAS2: hyaluronan synthase 2; HAS3: hyaluronan synthase 3; RHAMM: the Receptor for Hyaluronan-Mediated Motility; oHA: GPC3 glypican-3; hGC33 humanized GC33; ADCC antibody-dependent cellular cytotoxicity; CTLs cytotoxic T lymphocytes; HCC human hepatocellular carcinoma; ES-DC embryonic stem cell–derived dendritic cells; ES-DC-GPC3 glypican-3-transfectant ES-DC; HA oligosaccharides; sHA: O-sulfated HA; PI3: Phosphoinositide 3; Sdc1: syndecan-1; CBD-HepII: cell binding domain-heparin bind domain polypeptide of fibronectin.
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