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O papel da glicosilação aberrante da CD44 
em carcinoma gastrointestinal e sua aplicação 
para fins como biomarcador para cancro 
Cancro gástrico e colorretal estão entre as formas mais mortais de cancro mundialmente. Uma alteração 

frequente observada numa grande maioria de células cancerígenas gástricas e colorretais é a formação 

de glicanos aberrantes. Estes glicanos aberrantes podem conferir fenótipos agressivos às células 

cancerígenas, como aumento de invasão e metástase, afetando glicoproteínas e as suas funções. Uma 

proteína altamente glicosilada e com um papel importante na progressão do cancro gástrico e colorretal 

é a CD44. CD44 é descrita como sendo o recetor principal do ácido hialurónico e atuando como 

coreceptor de diferentes recetores de tirosina quinase, como por exemplo MET e “Receptour d’origine 

Nantais” (RON). Já tem sido descrito que o perfil de glicosilação da CD44 está afetado no cancro 

gastrointestinal, mas o seu impacto funcional está ainda por apurar. Nesta tese de mestrado, tentamos 

desvendar os efeitos dos O-glicanos truncados da CD44 nas suas características moleculares e funções, 

usando um painel de modelos celulares de cancro modificados geneticamente e amostras clínicas. Os 

nossos resultados mostram que a CD44 é altamente O-glicosilada e o encurtamento dos O-glicanos afeta 

significativamente o seu peso molecular. Além do mais, encurtamento dos O-glicanos leva a um aumento 

na afinidade de ligação das células cancerígenas para o ácido hialurónico e a um aumento da ativação 

do recetor RON. Estes resultados foram validados em tecidos de cancro gástrico de pacientes usando 

uma abordagem inovadora de diferentes técnicas de imunofluorescência. Este trabalho fornece uma 

visão no impacto dos glicanos como moduladores da CD44 no cenário de cancro, além de dar novas 

perspetivas nos mecanismos de malignidade do cancro. 

Palavras-chave: Glicosilação; Cancro gastrointestinal; CD44; ácido hialurónico; RON  



vi 
 

The role of aberrant glycosylation of CD44 in 
gastrointestinal carcinoma and its application 
for cancer biomarker purposes 
Gastric cancer and colorectal cancer are among the deadliest cancers worldwide. A frequent alteration observed in 

vast majority of gastric and colorectal cancer cells is the formation of aberrant glycan structures. These aberrant glycans 

may confer aggressive phenotypes to cancer cells, such as invasiveness and metastasis, by affecting specific 

glycoproteins and its functions. One highly glycosylated protein and key player in gastric and colorectal cancer 

progression is CD44. CD44 is described to be the main receptor for hyaluronic acid (HA) and acting as a co-receptor 

for different receptor tyrosine kinases (RTKs), such as MET and “Receptour d’origine Nantais” (RON). CD44 has 

already been observed to have its glycosylation profile affected in gastrointestinal cancer, but the functional impact is 

yet to be addressed. In this master thesis, we try to uncover the effects of O-glycan truncation of CD44 in its molecular 

features and functions, using an array of glycoengineered cancer cell line models and clinical samples. Our results 

show that CD44 is heavily O-glycosylated and that truncation of O-glycans affect significantly its molecular weight. In 

addition, truncation of O-glycans leads to an increase of binding affinity of cancer cells towards hyaluronic acid while 

also leading to an increase in activation of RON. These results were validated using gastric tumor tissue samples using 

an innovative approach of different immunofluorescence techniques. This work provides new insights on the 

impact of glycans as key modulators of CD44 in the cancer setting, in addition to giving new perspectives 

on cancer malignancy mechanisms.  

Keywords: Glycosylation; Gastrointestinal cancer; CD44; hyaluronic acid; RON  
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1. Introduction 
1.1 Glycosylation 

In the beginning of the 20th century, carbohydrates were a main target of study in the metabolism and 

from a structural perspective (1). However, at the time other significant biological functions were not 

identified. It was not until the late 20th century that carbohydrates have also been getting attention as 

modulators of various cellular and biological processes, giving rise to a new rapidly growing field in 

molecular biology known as “Glycobiology” (2). All cells known in nature are surrounded by a layer of 

carbohydrate structures, referred to as the glycocalyx. The biosynthesis of carbohydrate structures of the 

glycocalyx occurs in an endoplasmic reticulum to Golgi complex directional axis using monosaccharides 

as building blocks that are added onto lipids and proteins affecting their biochemical properties both 

structurally and functionally. Additionally, glycans can also be secreted in the lipids of vesicles or in the 

form of secreted proteins. In recent years, the glycobiology field has made major advances thanks to the 

development of analytical methods, new antibodies and lectin-based assays, which are proteins that bind 

to specific carbohydrate structures (3). 

 

Figure 1: a) Schematic representation of the glycocalyx surrounding a eukaryotic cell; b) Transmission electron micrograph 

of a leukocyte glycocalyx, seen as a black layer surrounding the cell (taken from Alberts, Bray et al. 1994). 

Protein glycosylation is one of the most common post-translational modification and arguably the most 

complex. It is characterized by the stepwise addition of monosaccharides to the protein backbone, giving 

rise to long carbohydrate structures termed glycans. Glycan structures play key roles in many cellular 

mechanisms, such as cellular adhesion, migration, cell signaling and immunomodulation, and are 

classified depending on their structure and synthesis pathway in N-glycans, O-glycans and 

glycosaminoglycans (4-6). Unlike DNA, RNA or proteins, the biosynthesis of glycans is not a template-

based process (7, 8). Instead, it is a multistep process highly regulated by various enzymes named 
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glycosyltransferases. The biosynthesis pathway of the major glycan classes occurs mainly in the 

endoplasmic reticulum (ER) and the Golgi complex, which is catalyzed by different glycosyltransferases 

that add sugar residues provided by various nucleotide sugar transporters to the protein or glycan 

structure. Glycosyltransferases and nucleotide sugar transporters are the main key players in the 

glycosylation machinery and are responsible for its complex regulation. 

1.2 O-GalNAc glycosylation 

O-glycosylation is characterized by a glycan structure linked to the protein backbone through an oxygen 

atom. There are various types of O-glycans, but the most abundant form in humans is the O-GalNAc 

glycans or mucin-type O-glycans (henceforward referred to as O-glycans) (9).  

The O-glycan biosynthesis pathway starts with the addition of an N-acetylgalactosamine (GalNAc) residue 

to a serine (Ser) or a threonine (Thr) of the protein backbone through an O-linkage. This reaction is 

catalyzed by a GalNAc-transferase (GALNT) (5, 10). More sugar residues are added to the GalNAc giving 

rise to different core structures that can be further elongated. The addition of a galactose (Gal) residue to 

the β1-3 position of the GalNAc, generates a core 1 structure, catalyzed by the Core 1 Synthase, 

Glycoprotein-N-Acetylgalactosamine 3-β-Galactosyltransferase 1 (C1GALT1) glycosyltransferase. Further 

addition of a N-acetylglucosamine (GlcNAc) residue to the β1-6 position of the GalNAc generates a core 

2 structure, catalyzed by the β-1,3-Galactosyl-O-Glycosyl-Glycoprotein β-1,6-N-

acetylglucosaminyltransferase (C2GNT) glycosyltransferase. Aside from core 1 and core 2 structures, 

there is also core 3 and core 4. These are generated by the addition of GlcNAc residues to the GalNAc in 

a β1-3 position only (Core 3) or in both β1-3 and β1-6 position (Core 4).  

Normally, core structures do not occur without extensions or modification. For example, a GlcNAc can be 

added to the terminal Gal residue in a β1-4 position of the Core 2 structure, to which subsequently 

another Gal is added. This disaccharide [Galβ1-4GlcNAc] is named N-acetyllactosamine (LacNAc) and is 
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usually repeated, generating a long carbohydrate chain. These structures are not exclusive to O-glycans, 

as they can also occur in N-glycans and glycosphingolipids. 

 

Figure 2: (a) First steps of O-glycosylation pathway and core structures. All glycotransferases responsible for each reaction 

are represented inside orange boxes. It is important to note that the synthesis of core 3 and core 4 structures are catalyzed 

by different N-acetylglucoseamine transferases (GNT); (b) Example of an extended core 2 structure with LacNAc repeats. 
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Sialic acidlylation is another common modification of glycans. It consists in the addition of a sialic acidlic 

acid residue to the glycan chains which is catalyzed by different sialic acidlyltransferases. Usually Sialic 

acidresidues are found in the terminal part of the glycan, acting as a capping molecule and preventing 

further chain elongation (11). There are various families of sialic acidlyltransferases that have different 

specific substrates and catalyze the addition in different positions. For instance, in humans, β-galactoside 

α-2,3-sialic acidlyltransferase (ST3GAL) is a type of sialic acidlyltransferases that catalyzes the addition 

of the Sialic acidresidue to a Gal residue in a α2-3 position, whilst α-N-acetylgalactosaminide α-2,6-sialic 

acidlyltransferase (ST6GALNAC), another family of sialic acidlyltransferases, catalyzes the addition of a 

Sialic acidresidue to a GalNAc residue in a α2-6 position (12). Overexpression of specific sialic 

acidlyltransferases can cause earlier sialic acidlylation and thus truncation of O-glycan chains. This early 

sialic acidlylation has been observed in many pathologies, especially in cancer, and will be discussed in 

more detail ahead (13-17).  

O-glycans can also be fucosylated, process that is catalyzed by different fucosyltransferases, for example 

α1-3 and α1-4 fucosyltransferases that are required for the synthesis of Lewis type structures (18, 19). 

These are antigenic sugar structures which include Lewis A (Lea) [Galβ1-3(Fucα1-4)GlcNAc-], Lewis X 

(Lex) [Galβ1-4(Fucα1-3)GlcNAc-] and their sialic acidlylated counterparts, sialic acidlyl-Lewis A (SLea) 

[Sialic acidα2-3Galβ1-3(Fucα1-4)GlcNAc-] and sialic acidlyl-Lewis X (SLex) [Sialic acidα2-3Galβ1-

4(Fucα1-3)GlcNAc-]. Both SLex and SLea are major ligands for selectins, which are lectins important in 

the leukocyte adhesion to the endothelium and extravasation during inflammation processes (20). In 

cancer, the expression of SLex and SLea modulate metastatic behavior of cancer cells (21-23). 



14 
 

 

Figure 3: Lewis type antigens Lea, Lex and their sialic acidlylated counterparts SLea and SLex. The type of linkage between 

sugars is represented close to its respective bond. 

Considering that O-glycans are built in a stepwise manner, enzymatic localization is important for 

regulation of the biosynthesis pathway. Enzymes involved in the biosynthesis of O-glycans are separated 

in the Golgi apparatus, more specifically enzymes necessary for the first steps in the biosynthesis, for 

example C1GALT1, are enriched in the cis- and medial-Golgi, while enzymes required in the last steps, 

for example ST6GALNAC1, are mainly located in the trans-Golgi (24-27). 

1.3 Truncation of O-glycans 

One of the most prevalent alterations in protein O-glycosylation observed in cancer cells is the truncation 

of O-glycans (14, 15), and usually it is associated with the expression of specific tumor associated glycans, 

namely T, Tn, Sialic acidlyl-T (ST) and Sialic acidlyl-Tn (STn) antigens. The aberrant expression of these 

antigens was identified in many different types of carcinomas, for example in cancers of the stomach, 

pancreas and colorectum (28-30). The Tn antigen, being the simplest antigen among these, consist of a 

GalNAc residue α1 linked to the Ser or Thr of the protein backbone. T antigen, also referred to as 

Thomsen–Friedenreich antigen, results in an extension of the Tn antigen by one Gal residue. These two 

antigens can also be sialic acidlylated originating ST and STn antigens. It is described that sialic 

acidlylation blocks further elongation and results in termination of the carbohydrate chain (15). One 

mechanism underlying these modifications is originated by upregulation or downregulation of important 

glycosyltransferases present in the biosynthetic pathway of O-linked glycans. For example, the 

overexpression of ST6GALNAC1 can cause premature sialic acidlylation of glycans, blocking further 

elongation of the core 1 structure originating STn antigen (16, 17, 30). Another mechanism associated 
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with truncated O-glycans is the downregulation of C1GALT1, a galactosyltransferase responsible for the 

synthesis of core-1 structures from Tn antigen (31-33). Interestingly, the downregulation could be a result 

of mutations or hypermethylation on the COSMC gene, which encodes a C1GALT1 dedicated chaperone, 

thus the lack of a functional COSMC chaperone results in an improper folding of the C1GALT1 enzyme 

and consequently loss of its catalytic activity, resulting in an accumulation of STn and Tn structures (34). 

Yet another mechanism of expression of truncated O-glycans is through overexpression of ST3GAL4. This 

sialic acidlyltransferase adds sialic acidlic acids in a α2,3-position to a Gal residue, and when 

overexpressed it results in an increase of another truncated O-glycan structure, the sialic acidlylated core 

2 structure. In addition, overexpression of ST3GAL4 also the general sialic acidlylation profile, shifting the 

a2,6 sialic acidlylation to a2,3 and leading to overexpression of SLex epitopes in both N-glycans and O-

glycans (35, 36).  
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Figure 4: Schematic representation of the different truncated O-glycan structures (Tn, STn, T, ST and disialic acidlylated core 

2 structure) and their aberrant expression mechanisms. Abrogation of COSMC expression prevents O-glycan elongation 

leading to an accumulation of Tn and STn structures. Overexpression of ST6GALNAC1 causes upregulation of STn 

structures. This enzyme will compete with C1GALT1 for the substrate. ST3GAL4 adds sialic acidlic acids in a α2,3 position. 

Its overexpression leads to the upregulation of the disialic acidlylated core 2 structure and a shift from α2,6 to α2,3 sialic 

acidlylation (36). 

1.4 Hyaluronic acid 

Another type of glycans are glycosaminoglycans (GAGs). GAGs are non-ramified long carbohydrate chains 

consisting of repeating disaccharide sugar units and play a variety of important roles in different cellular 

processes, for example providing a scaffold for epithelial cell proliferation, differentiation and migration 

(37). One of which is hyaluronic acid (HA), an extracellular matrix (ECM) component and consists of 

repeating disaccharide units of GlcNAc and glucuronic acid (GlcA).  
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Among all GAGs, HA is unique in the regard that it does not have sulfated groups and it is not synthesized 

in the Golgi complex, instead it is synthesized at the plasma membrane level by different hyaluronic acid 

synthases, being polymerized in the cytoplasmic surface and then extruded to the extracellular 

environment (38). HA is found conserved in different species, and in humans it is present in various 

connective and soft tissues, such as the skin, cartilage, blood vessels, vitreous humor of the eye and 

umbilical cord (39, 40). Due to its anionic nature and high hydrophilicity, HA is able to retain water 

molecules, maintaining tissue hydration, elasticity and permeation to different sized molecules (39). 

These biochemical properties are important in reducing tissue friction and compression resistance in the 

joints and in giving elasticity and youthful appearance to the skin (41). In addition, HA is able to bind 

specifically to several proteins called hyaladherins, for example LYVE-1, RHAMM, TSG-6, ICAM-1 and 

CD44 (42). In the majority of proteins of this superfamily it is present common sequence of 100 amino 

acids responsible for this binding activity often referred as “link module”. The ability of HA to bind to 

various proteins makes it not only a structural scaffold but also serves to modulate several biological 

processes such as cellular signaling and cell motility depending on which proteins are bound (43, 44). In 

cancer, HA has been observed to mediate several malignant phenotypes such as invasiveness, migration, 

tumor growth and serving as a barrier for compounds reducing the effectiveness of therapies (45-47). 

Furthermore, it is reported HA is strongly expressed in gastric cancer and that it correlated with tumor 

spread and short survival (48). It is hypothesized that the invasion phenotype of these cancer cells is due 

to increased production of type I collagenase, which digests collagen fibrils, and capability of stimulating 

HA synthesis in host fibroblasts promoting cell motility and invasion through the host tissues (48, 49). 

 

Figure 5: Molecular structure of hyaluronic acid with monosaccharides represented as (a) chair conformation and in (b) in its 

respective symbol nomenclature for glycans (48).  
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1.5 Gastrointestinal Carcinoma 

Gastrointestinal cancer is among the most common types of carcinoma worldwide. These cancers include 

gastric, esophageal, pancreatic, liver and colorectal cancer, with gastric cancer being the fifth and 

colorectal cancer being the third most common form of carcinoma worldwide (50). In 2012, it was 

estimated 1.4 million cases of colorectal cancer and around 1 million of gastric cancer cases globally 

(50). That number increased to around 2 million for colorectal cancer and maintained for gastric cancer 

in 2018 (51). In Europe, colorectal cancer represents the second most common cause of cancer related 

death, after lung cancer, while gastric cancer represents the fourth most common (52). Survival rates of 

gastrointestinal cancers depend on a variety of factors such as lymph node metastases, molecular cancer 

subtype, geographic location, but above all, on the stage at which the cancer was diagnosed (53, 54). 

The 5-year-survival rate drastically increases if the cancer is diagnosed at early stages, as well a better 

prognostic for the patient, justifying the necessity to develop new diagnostic procedures with increased 

efficiency (55). 

Factors that may contribute for development of gastric cancer high salt intake, smoking habit, alcohol 

consumption and infections caused by Helicobacter pylori or Epstein-Barr virus (56, 57). It has been 

shown that eradication of H. pylori infections decreases the risk of developing gastric cancers (58). 

According to Correa’s hypothesis, gastric cancer progression occurs in a multistep process (57). High 

salt intake and H. pylori infections can lead to the first stages of gastric tissue inflammation, namely 

superficial gastritis and atrophic gastritis (57). At this stage, a variety of carcinogens may act progressing 

the lesion into intestinal metaplasialic acid, which is characterized by the stomach tissue presenting small 

intestine phenotypes. Intestinal metaplasialic acidcan be subdivided complete and incomplete (59). When 

the stomach epithelium expresses a well-defined brush border, differentiated goblet cells and most of the 

digestive enzymes present in the small intestine it is classified as complete intestinal metaplasialic acid. 

This lesion can progress into incomplete intestinal metaplasialic acid, where a brush border is absent and 

presenting numerous irregular mucin droplets. The last stage before carcinoma is dysplasialic acid, 

defined as benign neoplastic lesions (60). Patients suffering from dysplasialic acidhave a high risk of 

progressing into gastric cancer (60). Because gastric cancer showcases a high degree of heterogeneity it 

is subdivided in different groups depending on the tumor characteristics. One widely used classification 

method is the Laurén classification. The Laurén classification divides gastric cancer in two main groups 

depending on the tumor appearance and behavior: Diffuse-type and intestinal-type (61). Intestinal-type 

gastric cancer exhibits cell adhesion, forming organized structures, whereas diffuse-type seem to lack 



19 
 

cell-cell adhesion and usually these cancer cells infiltrate in the stroma leading to scattered and more 

homogeneous tumor cells (61). However, in a variety of cases, tumor characteristics do not fit in either 

group and are consequently classified as indeterminate type. Some studies suggest that the Laurén 

classification does not correlate with patient prognosis, sparking controversy regarding the clinical 

relevance of the Laurén classification (62). On the other hand, studies have also validated the prognostic 

relevance of this classification even as an independent prognostic factor (63, 64). In addition, presence 

of diffuse-type adenocarcinoma is correlated with worse prognosis for the patient when compared to the 

intestinal type (63, 64). In 2010, the World Health Organization (WHO) issued a more detailed 

classification method that includes not only the most common gastric adenocarcinomas but even rarer 

types. More recently, The Cancer Genome Atlas (TCGA) described four different gastric cancer molecular 

subtypes: Epstein-Barr Virus (EBV), microsatellite instability (MSI), genomically stable (GS) and 

chromosomal instability (CIN) (65). Resorting to this classification it was possible to discriminate patients 

with poor prognosis and predict which group would benefit more from adjuvant chemotherapy, for 

instance, patients with the MSI subtype were likely to have poor prognosis whilst patients with EBV subtype 

had better prognosis compared to other subtypes (65).  

Colorectal cancer is yet another type of gastrointestinal carcinoma that is affecting 2 million people in 

2018 around the world (51). Similar to gastric cancer, risk factors such as diet, sedentarism and alcohol 

consumption are associated with the development of colorectal cancer (66). In addition, hereditary 

diseases such as familial adenomatous polyposis , or inflammatory bowel diseases such as 

Chron’s disease and ulcerative colitis are also included as risk factors (67-69). So far, 3 different 

molecular mechanisms have been identified that can lead to colorectal carcinoma per se or in 

combination. These are chromosomal instability, CpG island methylator phenotype and microsatellite 

instability (70). The colorectal cancer subtyping consortium characterized the existence of four consensus 

molecular subtypes based on transcriptomic data, gene expression, proteomic and other available data 

(71, 72). These are microsatellite instability immune, canonical, metabolic and mesenchymal subtype. 
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Figure 6: Schematic representation of gastric cancer progression stages from normal gastric mucosa twoards gastric 

carcinoma. Risk factor for the development of superficial and atrophic gastritis include high salt intake and H. pylori 

infections.  (adapted from Correa et al 2010 (57)). 

1.5 Shortcomings of current serological assays and CD44 as a potential 

biomarker for gastrointestinal cancer detection 

There is great potential of serological assays for gastrointestinal cancer diagnosis that are based on 

alteration of glycosylation profiles of secreted or transmembrane glycoproteins. Two commonly used 

assays that evaluate the serum quantity of glycoconjugates or glycans in gastrointestinal cancer patients 

are CEA and CA19-9. Even though these assays are not specific enough to serve as a tool for cancer 

diagnosis, they are used to monitor malignant progression and cancer recurrence. Studying the 

glycosylation profile of these biomarkers could prove to be advantageous by increasing their specificity. 

In order to quantify these biomarkers, mass spectrometry techniques and immune-affinity assays are 
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being implemented in the clinical setting as possible options for diagnosis (73). However, with these 

approaches entails the problem of low sensitivity, possibly due to the complexity of biological samples. 

Certainly, high sensitivity and specificity are extremely important in the clinical field for a clear diagnosis 

of the patient. Some studies have been focusing in addressing this problem by developing and discovering 

new techniques providing higher sensitivity for detection of specific cancer biomarkers in biological 

samples. For example, it was demonstrated that solid-phase proximity ligation assay (SP-PLA) is a possible 

option for detection of different post-translational modifications (74). As the name suggests, PLA allows 

proximate recognition of two different target molecules by using pairs of affinity probes, namely antibodies, 

each containing an oligonucleotide strand and if the target molecules are in proximity, these strands will 

hybridize allowing for a signal amplification (75). In conjunction with a solid phase, the SP-PLA could 

provide a high sensitivity detection technique suitable for clinical applications. Recent studies have shown 

the utility of SP-PLA in cancer biomarker detection. Using this technique, it was possible to detect a 

significant increase of CD44 containing STn antigen in the serum of gastric cancer patients (74). Other 

studies also disclose CD44 as a potential gastric cancer biomarker. With the intent to explore O-

glycoproteins as potential gastric cancer biomarkers, previous studies were able to identify multiple 

circulating glycoproteins with truncated O-glycans and containing the STn antigen through 

characterization of the O-glycoproteome in different gastric cancer cell lines (76). One of the identified 

proteins was CD44, suggesting the importance of studying this protein as a potential biomarker for 

gastrointestinal carcinoma.  
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1.6 CD44: a signaling scaffold 

CD44 is a highly heterogenous transmembrane glycoprotein which size ranges from 80 kDa to 200 kDa 

(77). CD44 consists of 3 major domains: A N-terminal globular domain and a stem structure in the cell 

surface, a transmembrane domain and an intracellular domain (77). All CD44 isoforms are encoded by 

one highly conserved gene, present on chromosome 11 in humans. It is responsible for modulating 

various cell mechanisms such as cell-cell and cell-matrix interaction, cell migration, proliferation and 

signaling, more specifically CD44 is the main receptor for HA and a co-receptor for many different receptor 

tyrosine kinases (RTKs). The heterogeneity of CD44 is due to three major factors: (i) high alternative 

splicing, (ii) its high number of glycosylation sites (iii) and as a target for proteolytic cleavage (78-80). It 

has also been discovered that some CD44 isoforms are overexpressed in cancer and play a key role in 

different cancer cell mechanisms, for example tumor growth and metastasis (81). 

1.7 The different CD44 isoforms  

The human gene encoding CD44 (NG_008937) located in the chromosome 11, has a total of around 

100 kb of genetic information and is composed of 19 exons. It possesses a complex alternative splicing 

pattern. The first five and the last five exons are ubiquitously expressed, except for the second last exon 

in which contains an early 3’UTR site. The standard CD44 isoform, named CD44s, is the smallest isoform 

since it only expresses the 9 standard exons (82). The 9 other exons are called variant and are alternatively 

spliced giving rise to a variety of CD44 isoforms, designated CD44v(X), wherein “X” is referred to the 

number of the variant exon it includes (82). The stem structure of the CD44s isoform, has only 46 amino 

acids, but it is elongated when variant exons are expressed. The variant isoforms of CD44 are expressed 

mainly in high proliferating epithelial cells, however cancer cells also express large CD44 variants. For 

example, CD44v8-v10, often referred to as CD44E due to its expression in epithelial cells, has been 

observed to be overexpressed in gastric cancer (83). Another example is the variant isoform CD44v6, 

which has been observed overexpressed in gastric cancer cells, promoting metastatic behavior and growth 

stimuli (84, 85). Also, it is described as a potential biomarker to distinguish intestinal- and diffuse-type 

stomach carcinoma (86). Not only CD44v6, but also CD44s plays its role in cancer context. In previous 

studies, it has been demonstrated that CD44s is important for tumor initiation, conferring stem-like 

phenotypes, for example tumorsphere formation, and its downregulation decreases tumor initiation in 

vitro and in vivo (87). 
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Figure 7: a) Schematic representation of the general structure of the largest isoform (CD44v2-v10) and the smallest isoform 

(CD44s). Red represents the ubiquitously expressed regions blue represents the variant region. Disulfide bonds are 

represented in dotted lines. 

1.8 CD44 as a receptor for hyaluronic acid  

CD44 is an important hyaladherin. The amino terminal globular domain is encoded by the first 5 exons 

of the gene, and it contains motifs that play a key role in the HA-binding mechanism. In this domain there 

is a region of around 100 amino acids, named “link module”(88), that is conserved in the hyaladherin 

superfamily (42). This family includes proteins such as brevican, aggrecan and the tumor necrosis factor-

a) 

b) 
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simulated gene 6 (TSG-6) and in contrast to these proteins, CD44 binding affinity to HA is not only 

modulated by this “link module” but also by an adjacent region in the amino terminal globular domain 

(42). Structural analysis of CD44 N-globular domain revealed the existence of a disulfide bond between 

two cysteine residues (Cys28-Cys129 in human) responsible for stabilizing the region containing the “link 

module” and it is highly solvent accessible (89). Among this, other disulfide bonds in the N-terminal 

globular domain have been observed to be important for the HA-binding affinity, through structural 

stabilization of the protein and direct contact with the HA. It was also observed that cells expressing CD44 

treated with reducing agents showed a significant decrease in adhesion to HA-coated plates (89).  

There are also studies that report the effects of the cytoplasmic domain on the HA-binding mechanism. 

It has been observed that the cytoplasmic domain is not necessary but may contribute in the binding 

activity (90, 91). For example, a study conducted on cells expressing CD44 with and without truncated 

cytoplasmic domain reported that the cells with normal CD44 were capable of binding to HA in solution 

and immobilized in plastic culture wells while the cells with CD44 truncated in the cytoplasmic domain 

could only bind to immobilized HA (90). It is also known that the cytoplasmic domain of CD44 does 

indirectly interact with the actin cytoskeleton via two adaptors, ezrin/radixin/moesin (ERM) proteins and 

ankyrin (92). However, the role of the cytoplasmic domain for HA-binding mechanism is still 

controversialic acidl, considering there are other studies suggesting that this domain is not particularly 

involved in inducing this mechanism (91).  

The stem structure also plays a part in modulating CD44 binding affinity to HA. This structure contains 

sites subject to proteolytic cleavage by enzymes (80), more specifically matrix metalloproteinases (MMPs), 

for example membrane-type 1 matrix metalloproteinase (MT1-MMP) and matrix metalloproteinase-9 

(MMP-9) (93). It has been reported that CD44 undergoes proteolytic cleavage by MMP-9, producing an 

extracellular portion (CD44ECD) that increases cancer cell migration and invasion, and an intracellular 

portion (CD44ICD) that is translocated to the nucleus where it will initiate processes of transcriptional 

regulation of several genes promoting cancer cell adhesion (93). Alternative splicing has been reported 

to affect CD44-HA binding affinity, meaning that some CD44 isoforms have stronger binding affinities to 

HA than others(94, 95). In a previous study, transfecting rat pancreatic carcinoma cells with CD44v4-v7 

constructs revealed that these transfectants had significantly higher affinity to HA in solution than their 

wild type counterparts expressing only CD44 standard isoform, possibly due to an increased clustering 

effect of CD44 variants compared to the standard isoform (94). Another interesting observation is that 

these CD44 variants do not require the cytoplasmic domain to bind to HA in solution (94). 
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Another factor that seems to heavily affect CD44 binding affinity to HA is post-translational modifications, 

namely glycosylation. For example, it has been described that CD44 N-glycosylation regulates the binding 

affinity to HA (96, 97). Early studies conducted on human cells that constitutively express CD44 reported 

that when these cells were treated with tunicamycin, an inhibitor of the enzyme GlcNAc 

phosphotransferase (GPT) necessary for early steps in the biosynthesis of N-linked glycans, they lose their 

ability to attach to HA-coated surfaces. It has also been hypothesized that tunicamycin treatment prevents 

clustering between CD44 variants (96). On the other hand, other studies showed that N-glycosylation is 

also able to negatively regulate the binding affinity of CD44 to HA (98). However, it is important to note 

that these studies were based on the induction of severe alterations, since tunicamycin has been reported 

to disturb protein folding and causing endoplasmic reticulum stress (99). Using molecular dynamics 

simulations to study N-glycosylation in the extracellular globular domain led to conclude that inhibition of 

the HA-binding mechanism could be due to terminal sialic acidlic acids in the N-linked glycans, and not 

to steric blockage of the binding site (100, 101). The disagreement between these studies suggest that 

biological context is important to understand how glycosylation regulates this function. The binding affinity 

of CD44 to HA also has its implications in the context of cancer. This interaction was studied in chronic 

lymphocytic leukemia cells, and it was concluded that the adhesion of these cells to HA-bearing primary 

mesenchymal stromal cells was potentiated by CD40L in a CD44-dependent manner, and that CD40L 

activation induced the expression of N-glycosylated CD44v6, facilitating the binding to HA by this, and 

possibly others, variant isoform (102). Similar to mucin-type proteins, CD44 shows high levels of O-

glycosylation (103). Not only N-glycosylation but also O-glycosylation seems to modify the binding affinity 

of CD44 to HA and could therefore impact physiologic and pathologic processes(104, 105). Conducted 

research on colon carcinoma cell lines was done to assess the effects of CD44 O-glycosylation in the HA-

binding function. It was found that colorectal cancer cells expressing high molecular weight CD44 

isoforms when treated with phenyl-α-GalNAc, an inhibitor of O-glycosylation, show no significant difference 

in adhesion to HA, however cells expressing CD44s presented an enhancement of this binding 

mechanism when treated in the same conditions, suggesting that CD44 O-glycosylation possibly inhibits 

its binding affinity to HA (104). Furthermore, it was also observed that this enhancement was blocked 

when cells were pre-treated with BRIC 235, an anti-CD44 monoclonal antibody, demonstrating that this 

adhesion was CD44-mediated. Inhibition of O-glycosylation has been demonstrated to not affect CD44 

cell surface expression. Moreover, studies also report that both CD44 O-linked glycans and N-linked 

glycans seem to be involved in the adhesion of endometrial cells to peritoneal mesothelial cells, which 

are known to secrete HA. Treating endometrial cells with tunicamycin and benzyl 2-acetamido-2-deoxy-α-
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D-galactopyranoside (Benzyl-α-GalNAc), another O-glycosylation inhibitor, decreased attachment to 

peritoneal mesothelial cells (105). 

1.9 CD44 as a co-receptor for receptor tyrosine kinases 

RTKs are surface receptor important in many signaling cascades, forming docking sites for a variety of 

different molecules, for example growth factors, cytokines and hormones, by which they are activated 

(106). Activation of these receptors occurs typically through autophosphorylation activity and dimerization 

of two subunits which is induced or stabilized by the receptor ligand (106). It is well known that receptor 

activation is much more complex considering that there are many different proteins that possess co-

receptor function, which are capable of modulating RTK activation or downstream signaling. It has been 

discovered that CD44 can act as a co-receptor for different RTKs such as “Receptour d’origine Nantais” 

(RON), MET, vascular endothelial growth factor receptor (VEGFR), and many more (107).  It is described 

that hepatocyte growth factor (HGF) acts as a ligand for MET receptor, activating it and inducing a 

multitude of cellular processes, for example cell proliferation, motility, survival, scattering, differentiation 

and morphogenesis (108). In cancer, MET receptor is overexpressed and aberrantly activated which 

confers more aggressive, metastatic and invasive phenotypes to those cells (108). Some CD44 variant 

isoforms are required for HGF-mediated of MET receptor activation. For example, studies found out that 

HGF was able to bind to Burkitt's lymphoma cells expressing CD44v3-v10, a heparan-sulfate (HS) 

modified variant isoform, promoting MET phosphorylation, and that treatment with heparinase decreased 

activation of MET, suggesting this signaling cascade is dependent on HS-modified CD44 (109). However, 

other studies have uncovered mechanisms of HGF-induced MET activation independent of HS-modified 

CD44 isoforms. For example, it has been demonstrated that CD44v6, a non-HS-modified isoform, is 

required for the activation of MET receptor in some cell lines and heparinase treatment does not affect 

HGF-induced MET activation (110). It is described that the extracellular domain with the v6 sequence is 

exclusively responsible for forming a ternary complex between MET and its ligand, HGF. Through this 

mechanism, CD44v6 is able to present the HGF to the MET receptor, facilitating its activation (110). 

Moreover, the requirement of CD44 for HGF-mediated MET receptor activation is not transversal and that 

some cell lines which do not express CD44 have their HGF-MET signaling cascade unaffected (111). MET 

and CD44v6 engage in a positive feed-back loop, in that MET can regulate CD44 alternative splicing 

promoting expression of CD44v6, which in turn is capable of interacting with MET and modulating its 

activation (112). Upregulation of CD44 and increased activation of MET receptors has also been observed 

in tumor tissue samples and they seem to be correlated with poor prognosis for the patient, mainly due 
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to more metastatic behavior of the tumor (113). Similar to MET, RON has been reported to be co-activated 

by CD44v6 (114). RON receptor is structurally and functionally related to MET and is activated by the 

HGF homologue macrophage-stimulating protein (MSP) (115). Both RON and MET activation through 

MSP and HGF, respectively, require CD44v6 to be anchored in the membrane in the human colorectal 

carcinoma cell lines (116). Furthermore, site directed mutagenesis studies discovered that a 3 amino 

acid sequence within the v6 region is crucial for this coreceptor function. In humans, this sequence is 

Arginine-Tryptophan-Histidine, and even small soluble peptides of 5 amino acids containing this sequence 

were able to compete and successfully block activation of both MET and RON receptors (116). Although 

it is known that glycosylation can modify CD44 binding affinity to HA, there is still much to be learned 

about the mechanisms of altered CD44 glycosylation on its function as a co-receptor of RTKs. 

 

Figure 8: Representation of CD44v6 co-receptor function. When the v6 exon is expressed, CD44 is able to act as a co-

receptor for MET/RON, possibly by ligand presentation, allowing downstream signaling. However, when the v6 is not 

expressed, CD44 loses this co-receptor function. 
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1.10 CD44 as a cancer stem cell marker 

It is a known that cancer cells exhibit a high level of heterogeneity, even among cells within the same 

tumor mass. For some time, the existence of a subpopulation of cancer cells has been identified that are 

competent of self-renewal, differentiation, tumor-initiation and that exhibit increased resistance to 

therapies. These so called cancer stem cells (CSCs) (117) are believed to be responsible for tumor 

initiation and recurrence (117). Several markers have been identified specific for this subpopulation, for 

example CD24, Aldehyde Dehydrogenase 1-A1/ALDH1A1 and CD133. CD44 has also been identified as 

a cancer stem cell marker (118). Cancer stem cell markers are not expressed in all malignancies equally, 

for example CD44 is expressed in breast, gastric and colon carcinoma but not in skin or liver carcinomas 

(119). Remarkably, different CD44 isoforms are specific cancer stem cell markers for different tissues. 

For instance, CD44v6 is a cancer stem cell marker specific for colorectal carcinoma while CD44v8-10 is 

specific for gastric carcinoma (120, 121). The two major CD44 functions are important in tumor 

progression and metastatic capability, and this quality makes it a compelling therapeutic target (81). 
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2. Objectives 
This master’s thesis aims to test the hypothesis that the altered glycosylation of CD44 is a key process 

in cancer progression and seeks to further our understanding on the role of altered CD44 glycosylation 

in cancer. Various genetically engineered gastric cancer cell line models are used to study the impact of 

altered glycosylation on CD44 related functions, namely as a receptor for hyaluronic acid and as a co-

receptor for RON. Additionally, the discovered functions of altered CD44 glycosylation will be validated in 

colorectal cancer cells likewise.   

This thesis has following specific aims: 

(i) Describe CD44 glycoforms in genetically glycoengineered gastric cancer cell lines  

(ii) Unravel the effect of altered glycosylation on the HA-binding affinity of CD44 

(iii) Disclose the effect of altered glycosylation on the co-receptor function of CD44 

(iv) Corroborate the findings in gastric carcinoma tissue samples and colorectal cancer cell lines. 
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3. Materials and methods 

3.1 Cell culture 

The cell line MKN45, a gastric carcinoma cell line was obtained from the Japanese Cancer research Bank 

(Tsukuba, Japan). The MKN45 SimpleCells (SC) were obtained by targeting the C1GALTC1 (COSMC) 

gene through zinc-finger nucleases. The MKN45 ST3 and ST6 were stably transfected with the full length 

human ST3GAL4 gene and full length human ST6GALNAC1 gene respectively, and each respective Mock 

control (M3 and M6) was transfected with the corresponding empty vector pcDNA3.1 (17, 18). The cell 

line LS174T was obtained from American Type Culture Collection (Virginia, USA), a colorectal cancer cell 

line reported to express STn and Tn antigens (31). All MKN45 cell lines were cultured in RPMI 1640 

GlutaMAX, HEPES supplemented medium (Invitrogen, Waltham, MA) while LS174T was cultured in 

Gibco® DMEM, GlutaMAX, HEPES supplemented medium (Invitrogen, Waltham, MA). All cell lines were 

cultured in supplemented with 10% fetal bovine serum (FBS) at 37°C and in a 5% CO2 atmosphere. Cells 

transfected with expression vectors had their media also supplemented with 0.5mg/ml G418 (Invitrogen, 

Waltham, MA). The cell culture medium was replaced between 2 to 3 days.  

3.2 Flow cytometry 

All cells were washed twice with PBS and detached using Gibco® versene solution (ThermoFisher, 

Waltham, MA). Cells were incubated with the primary antibody for 1 hour at 4°C and then with the 

secondary antibody for 30 minutes at 4°C protected from light. Hyaluronan-fluorescein (Merck Millipore, 

Burlington, MA) was added to the cells and incubated for 15 minutes at 4°C, also protected from light. 

In between each step, cells were washed with PBS. Finally, cells were labelled with propidium iodide and 

measured using BD FACSCantoTM II (BD Biosciences, San Jose, CA, USA). All flow cytometry data 

obtained was assessed through FlowJo v10.0.7. 

3.3 Western Blot 

Cells were washed twice with PBS and treated with lysis buffer 17 (R&D Systems, McKinley Place, MN) 

supplemented with 1 mM sodium orthovanadate, 1 mM phenylmethanesulfonylfluoride (PMSF) and 

protease inhibitor cocktail (Roche, Basel, Switzerland). Protein concentration of each lysate was measured 

using DC protein assay kit (BioRad, Hercules, CA). Western blot (WB) was performed using the Mini-

PROTEAN® Tetra Cell System (BioRad, Hercules, CA) and polyvinylidene difluoride (PVDF) membranes 

(GE Healthcare, Chicago, IL). Images were analysed using Image Lab 6.0.1. 
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3.4 O-glycosylation inhibition 

The inhibitor used for O-glycan elongation inhibition experiments was Benzyl 2-acetamido-2-deoxy-α-D-

galactopyranoside (Benzyl-α-GalNAc) (Sigma-Aldrich). All cells were grown in until reaching a 60% to 70% 

confluency. At that point cells were washed with PBS and treated with the inhibitor in medium without 

FBS. Finally, cell lysates were collected and run in a western blot. The treatment duration was for 1 and 

3 days having obtained similar results. 

3.5 Immunoprecipitation 

For immunoprecipitation, 700 µg of protein lysate were incubated with protein G fast flow sepharose 

beads (GE Healthcare, Little Chalfont, UK) preincubated with the CD44 antibody, overnight at 4°C. Next 

day, beads were washed with 1xPBS, boiled for 5 min and the samples were loaded in 7,5% 

polyacrylamide gel for Western blot. 

3.6 Immunofluorescence (IF) 

Cells were seeded in µ-Chamber 12 well glass slides (IBIDI, Martinsried, Germany) and fixed with 4% 

paraformaldehyde for 15 minutes for later use. Cells were permeabilized using 0.5% Triton in PBS for 10 

minutes at 4°C, followed by blocking with 1:5 goat serum/10% bovine serum albumin in PBS for 30 

minutes at room temperature and incubation with the primary antibody overnight at 4°C. Cells were 

incubated with a secondary antibody conjugated with a fluorophore and DAPI for 1 hour and for 5 minutes 

respectively, at room temperature. Finally, slides were mounted with vectashield mounting medium 

(Vector Laboratories, Burlingame, CA). 

3.7 in situ Proximity ligation assay (PLA) 

The in situ Proximity Ligation Assay (PLA) was performed using Duolink® PLA Technology (Sigma Aldrich, 

St.Louis, MO) according to the manufacture instructions. Cell slides were first washed with PBS and 

blocked according to Duolink® PLA Technology kit. To assess the PLA signal in gastric carcinoma 

samples, formalin-fixed paraffin embedded gastric carcinoma tissue slides were dewaxed and rehydrated 

prior to the blocking step. Samples were incubated overnight at 4°C with antibodies for CD44v6 and 

RON, each conjugated with positive or negative strand oligonucleotides for PLA by Duolink® In Situ 

Probemaker (Sigma Aldrich, St.Louis, MO). Ligation and amplification were performed according to the 

Duolink® PLA Technology kit. Finally, slides were incubated with DAPI for 5 minutes at room temperature 

and mounted with vectashield mounting medium (Vector Laboratories, Burlingame, CA). 
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3.8 Combined immunofluorescence proximity ligation assay (co-IF-PLA) 

The combined immunofluorescence proximity ligation assay (co-IF-PLA) was established and optimized 

within the work of this thesis (results section). Cell slides washed with PBS and formalin-fixed paraffin 

embedded gastric carcinoma tissue slides were dewaxed and rehydrated prior to the blocking. Samples 

were incubated overnight at 4°C with antibodies for CD44v6 and RON, each conjugated with positive or 

negative strand oligonucleotides for PLA by Duolink® In Situ Probemaker (Sigma Aldrich, St.Louis, MO), 

and the previously biotinylated B72.3 antibody. Ligation and amplification were performed according to 

the Duolink® PLA Technology kit. For labelling, slides were incubated with Streptavidin-FITC and DAPI 

for 1 hour and for 5 min respectively, and mounted using vectashield mounting medium (Vector 

Laboratories, Burlingame, CA). 

3.9 Antibodies and Lectins 

Primary antibodies used for the aforementioned methods were as follows: CD44 (156/3C11; Cell 

Signaling Technology, Danvers, MA), CD44v6 (MA54; Invitrogen, Waltham, MA), RON (C-20; Santa Cruz 

Biotechnology, Dallas, TX), pRON (Y1238/Y1239; R&D Systems,McKinley Place, MN, USA), sialic 

acidlyl Tn clone B72.3 described in (122), . The two lectins used were Sambucus nigra lectin (SNA) and 

Aleuria aurantia lectin (AAL) (Vector Laboratories). 

3.10 Microscopy and image analysis 

All IF, PLA and co-IF-PLA were visualized under a Zeiss Imager.Z1 Axio fluorescence microscope (Zeiss, 

Welwyn Garden City, UK). Images were acquired using a Zeiss Axio cam MRm and the AxioVision Rel. 4.8 

software. For visualization purposes, PLA signal was enhanced using ImageJ 1.52g through the following 

established workflow: First, brightness and contrast of the red channel (PLA signal) was adjusted and a 

duplicate of the channel was generated. To one of the duplicates it was applied a “gaussialic acidn blur” 

filter and the difference between the two channels was calculated using “image calculator tool”. The 

brightness and contrast of the result channel was adjusted, and for visualization purposes a “maximum” 

filter was applied. Finally, all channels were merged and stacked to RGB. The PLA signal was quantified 

using Duolink® ImageTool (Sigma Aldrich, St.Louis, MO) and ImageJ 1.52g.  

  



33 
 

4. Results 
In this thesis, several glycoengineered gastric cancer cell line models were used to study the impact of 

aberrant glycosylation on the oncogenic functions of CD44. The SC was conceived through a COSMC 

knockout, a C1GALT1 dedicated chaperone. The abrogation of this chaperone leads to the expression of 

a dysfunctional C1GALT1. This in turn results in the expression of Tn and STn structures. This mechanism 

of altered glycosylation as already been observed in various types of human cancer cell lines, either by 

hypermethylation, or deletion of this gene. ST6 also expresses STn structures, though through another 

mechanism. This cell line stably overexpresses the ST6GALNAC1 gene, which leads to an upregulation 

of STn structures. This ST3 model stably overexpresses the sialic acidlyltransferase ST3GAL4. This 

enzyme adds sialic acidlic acids in a a2,3 position giving rise to a different shortened O-glycan structure, 

the disialic acidlylated core 2 structure. The aforementioned mechanisms of expressing truncated O-

glycans are represented in figure 4. 

4.1 Truncated O-glycans as the main aberrant structures in CD44 affects its 

structure in the glycoengineered cell lines 

Western Blot analysis of the cell line models revealed a striking difference in the electrophoretic mobility 

of CD44 in the glycoengineered cells (Figure 9.a). MKN45 WT, M6 and M3 controls showcased CD44 as 

a smear which molecular weight ranged between 150 KDa and 250 KDa. This is supported by CD44 high 

heterogeneity due to glycosylation and alternative splicing (78, 79, 82). However, CD44 in SC, M6 and 

M3 shifted towards lighter molecular weights. This effect is evident in the SC and ST3 were we observe 

CD44 to be below 150 KDa, and an increase in the definition of the band. ST6 showcased a milder, but 

still considerable shift towards lighter molecular weights, specifically slightly below 150 KDa.

 

Figure 9: (a) Western blot analysis of CD44 expression in cell lysates. The glycoengineered cell line models (SC, ST6 and 

M3) express mainly CD44 below 150 KDa, while their respective controls (WT, M6 and ST3) express a smear between 150 

and 250 KDa. (b) Flow cytometry analysis of the glycoenginereed cell lines SC and ST6 compared to their controls WT and 

M6 respectively. The negative controls are represented in dotted lines. 

a) b) 
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Flow cytometry analysis of the SC and ST6 cell lines showed an upregulation of STn structures compared 

to their respective controls (Figure 9.b). In addition, WT, SC, M6 and ST6 cell lines were treated with 

Benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (Benzyl-α-GalNAc), an inhibitor of O-glycan elongation 

(Figure 10.a). WT cells seem to be affected by the inhibitor treatment and increased Benzyl-α-GalNAc 

concenctration caused a shift of the CD44 band towards lighter molecular weights, almost mimicking the 

SC phenotype (Figure 10.b). However, SC cells did not show any shift in the CD44 band when treated 

with the inhibitor. This is according to expectation as Benzyl-α-GalNAc inhibits primarily the action of core 

1 formation, a pathway that is dysfunctional in SC. Both M6 and ST6 presented slight shifts in the CD44 

band when treated with the O-glycosylation inhibitor (Figure 10.c). Similar to WT, M6 does not express 

STn. STn staining was more evident when ST6 cells were treated with the inhibitor with concentration of 

5 nM, demonstrating that this concentration was efficient in blocking core 1 formation, further boosting 

the STn formation. These findings confirm that O-glycosylation is highly prevalent in CD44 and contribute 

significantly to its molecular weight. 

 

Figure 10: (a) Representation of the molecular structure of the Benzyl-α-GalNAc (Top) and Tn antigen when linked to a Ser 

residue (Bottom); (b-c) Western blot analysis of cell lysates from (b) WT and SC, (c) M6 and ST6 treated with benzyl-α-

GalNAc. Concentrations used for the treatment were 1 nM and 5 nM for 3 days. For the negative control, cells were treated 

with dimethyl sulfoxide (DMSO), the solvent used to dissolve the inhibitor. 

Immunoprecipitation of CD44 was performed on WT and SC lysate samples, and its efficiency was 

confirmed by western blot (Figure 11). Additionally, immunoprecipitation samples were stained for STn 

and Tn. As expected, WT does not have STn and Tn expression, seen in both the CD44 IP and the total 

lysate. On the other hand, SC showcased a strong expression of STn in the CD44 IP sample observed by 

the band in below the 150 KDa, which seems to match the band in the same molecular weight in the 

total lysate. The same observations were found when staining for Tn. These findings suggest that not only 

b) c) a) 
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CD44 carries a large quantity of O-glycosylation sites, but also is one of the major carriers of O-glycans in 

these cell line models.  

 

Figure 11: Immunoprecipitation of CD44 in the glycoengineered cell line SC and its control WT. the immunoprecipitated 

CD44 (IP) of each cell line is represented in the left lane and the total lysate used as an input is represented in the right 

lane. All samples were blotted for CD44, STn and Tn. 

In addition, Sambuccus nigra Lectin (SNA) and Aleuria aurantia Lectin (AAL) were used to evaluate other 

possible glycosylation defects in the glycoengineered cell line (Figure 12). Lectins are proteins that have 

relatively high binding specificity towards different carbohydrate structures. SNA preferentially binds to 

α2,6 sialic acidlylation linked to a Gal or GalNAc which often found as a terminal glycan structure (123) 

in both N- and O-glycans, and AAL mainly binds to fucosylation (124). Here, it was observed the SNA 

staining for ST3 cell line model to decrease relatively to its respective control (Figure 12.a), which expected 

since ST3GAL4 catalyzes the addition of sialic acidlic acids in a α2,3 position, leading to a shift from 

α2,6 to α2,3 sialic acidlylation (35, 36). Unexpectedly, the SNA staining also decreased in the SC and 

ST6, even though these cell line models have upregulation of STn structures which have α2,6 sialic 

acidlylation. Additionally, fucosylation seems also to be decreased in the glycoengineered cell line models 

when compared to each respective control (Figure 12.b), which could be due to the truncation of O-

glycans. 
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Figure 12: Western blot analysis of cell lysates from glycoengineered cell line models (SC, ST6 and ST3) and their controls 

(WT, M6 and M3) stained with different lectins. All samples were blotted with (a) Sambuccus nigra lectin (SNA), wich binds 

mainly to α2,6 sialic acidlylation linked to a Gal or GalNAc, and (b) Aleuria aurantia lectin (AAL) which binds preferably to 

fucosylation. 

4.2 O-glycosylation plays a role in the HA-binding affinity of CD44 

To assess if altered glycosylation affects CD44 subcellular localization, an immunofluorescence protocol 

was performed (Figure 13). Both CD44 and CD44v6 seem to be mainly located in the transmembrane 

region on all cell line models, suggesting that the altered glycosylation does not affect its subcellular 

localization. In addition, cell line models were analyzed by Fluorescent-activated cell sorting (FACS). It 

was observed similar levels of CD44 and CD44v6 in the glycoengineered cell lines when compared to its 

respective control (Figure 14. a;b). However, when assessing the HA binding affinity of CD44 using HA-

FITC labeled, it was observed that cell line models with truncated O-glycans showcased a striking increase 

in the HA binding capacity when compared to the WT and mock controls (Figure 14.c). 

b) a) 
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Figure 13: Immunofluorescence images of glycoengineered cells (SC, ST6 and ST3) and their respective controls (WT, M6 

and M3) stained for CD44 and CD44v6. Red represents in (a) CD44 and in (b) CD44v6. Nuclear staining with DAPI is 

represented in blue. Scale bars indicate 15 µm. 

One of the mechanisms that has been reported to modulate HA binding affinity of CD44 is proteolytic 

cleavage (80). CD44 is a common target for various metalloproteinases which can cleave the protein in 

the extracellular portion (80). To assess CD44 shedding, glycoengineered cell line models were grown in 

conditioned media for 72h. The medium was then collected, enriched and analyzed for CD44 in a western 

a) 

b) 
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blot (Figure 14.d). It was observed an effective CD44 shedding in the glycoengineered cell line models, 

especially in ST3. A shift of around 20KDa towards lighter molecular weights can be observed in the 

CD44. This finding is supported by the fact that CD44 is cleaved in the extracellular domain region, 

releasing the ectodomain and thus losing its transmembrane and cytoplasmic domains (80).  

 

Figure 14: (a-b) Flow cytometry analysis of (a) CD44 and (b) CD44v6 in MKN45 glycoengineered cell lines (SC, ST6 and 

ST3) as compared to their control cell lines (WT, M6 and M3 respectively). The negative controls are shown in dotted lines. 

(c) Flow cytometry analysis of HA-Fluorescein (HA-FITC) binding to glycoengineered cell line models (SC, ST6 and ST3) 

compared to their respective controls (WT, M6 and M3). (d) Comparative western blot analysis of CD44 present in the total 

cell lysates and in the secretome of glycoengineered cell line models (SC, ST6 and ST3) and controls (WT, M6 and M3).  

4.3 Truncated O-glycans enhance RON activation in a CD44v6-dependent 

manner 

Several studies have reported that different CD44 isoforms are able to modulate receptor tyrosine kinase 

activation. For example, CD44 isoforms containing the variant 6 region are able to modulate activation of 

RON and MET (110, 116). Here, through immunofluorescence (IF), it was evaluated the phosphorylation 

status of RON in the glycoengineered cell line models and compared to their respective control (Figure 

15). It was revealed that SC, ST6 and ST3 had increased activation of RON when compared to WT, M6 

and M3 respectively. In addition, IF images for the phosphorylated RON showed that the signal is mainly 

d) 

a) b) c) 
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located in the membrane region (Figure 15.a). Interestingly, it was observed that the total RON is 

abundantly present in the cytoplasm suggesting the possible endocytosis and internalization mechanisms 

of the receptor (Figure 15.b). 

 

Figure 15: Immunofluorescence images of glycoengineered cells (SC, ST6 and ST3) and their respective controls (WT, M6 

and M3) stained for RON and phospho RON (pRON). Green represents in (a) RON and in (b) pRON. Nuclear staining with 

DAPI is represented in blue. Scale bars indicate 15 µm. 

a) 

b) 
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To further evaluate previous findings, a proximity ligation assay (PLA) was performed. PLA is a widely 

used technique to assess co-localization between two epitopes using a pair of nucleotide conjugated 

antibodies called PLA probes. Here, the PLA protocol was applied to assess the co-localization of CD44v6 

and the RTK RON in the glycoengineered cell line models (Figure 16). Interestingly, it was observed a 

striking increase in the number of co-localization events on the cell line models with truncated O-glycans. 

These findings suggest that the increased phosphorylation of RON observed previously in these cell line 

models could be due to the truncation of O-glycans of CD44v6. 

 

Figure 16: (a) Microscopy images of proximity ligation assay (PLA) of all cell lines. Red signal (blobs) represent colocalization 

events of the RTK RON and its coreceptor CD44v6 using a antibody for each epitope. Nuclear stainning with DAPI is 

represented in blue. Scale bar indicates 50 µm. (b) Quantification of RON/CD44v6 PLA blobs per cell. Values have been 

normalized to the respective control cell lines (WT, M6 and M3) and are represented as average ± SD. Statistical significance 

was determined by Student’s t-test (P-value *< 0.05; **< 0.01; ***< 0.001). 

Indeed, it is widely known CD44v6 to be overexpressed in gastric cancer. In addition, it has been reported 

that gastric carcinoma tissue can express a large amount of STn structures compared to the healthy 

adjacent mucosa that expresses none. To evaluate in situ the previous in vitro findings, an IF-PLA 

combinatory approach was developed (co-PLA-IF). The efficiency of the developed protocol was first tested 
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in MKN45 WT and SC cell line models (Figure 17.a). Co-PLA-IF was then applied to various gastric 

carcinoma tissue patients. As expected, normal tissue adjacent to tumors was negative for STn as well 

as for co-localization events of CD44v6/RON (Figure 17.b).  Healthy gastric glands have been described 

to neither express CD44v6 nor STn structures (125, 126). Intestinal metaplasialic acid, a premalignant 

lesion, presented a considerable number of co-localization events for CD44v6/RON and STn structures 

which are present in secretory vesicles of goblet cells (Figure 17.c). Interestingly, when comparing gastric 

carcinoma areas that are STn negative and STn positive, an increase in CD44v6/RON co-localization 

events was observed in the STn positive areas (Figure 17. d;e). 

 

Figure 17: Combinatory proximity ligation assay immunofluorescence (Co-PLA-IF) images of WT and SC cell lines. Red signal 

(blobs) indicate colocalization events between RON and CD44v6. In yellow is represented STn staining. Nuclear staining with 

DAPI is represented in blue. Scale bar indicates 15 µm. The number of PLA blobs per cell were quantified and are shown as 

numerical values within the image (b-e) Co-PLA-IF images of human gastric tissue sections in different areas. Red signal 

(blobs) indicate colocalization events between RON and CD44v6. In yellow is represented STn staining. Nuclear staining with 

DAPI is represented in blue. Autofluorescence is represented in green to visualize tissue architecture. Scale bar indicates 15 

µm. (b) Gastric mucosa adjacent to the gastric carcinoma areas. No colocalization events of RON/CD44v6 and STn staining 

was observed in these areas. (c) Intestinal metaplasialic acid areas. It is visible the STn expression within the vacuoles of 

goblet cells which are full of highly O-glycosylated proteins, namely mucins. In addition, there is also a considerable amount 

of RON/CD44v6 colocalization events. (d) Gastric carcinoma area with no visible STn expression. Aside from the absence of 

b) c) 

d) 

e) 

e) 



42 
 

STn expression, there is also limited RON/CD44v6 colocalization events in these areas. (e) Gastric carcinoma area with STn 

expression. The area framed in dashed lines is considered to be STn positive and has around 2-fold increase of 

RON/CD44v6 colocalization events when compared to the adjacent STn negative area. 

4.4 Characterization of CD44 in the colorectal cancer cell line LS174T 

To corroborate these findings in colorectal cancer cells, the LS174T cell line was characterized 

(Figure.18). This colorectal cancer cell line has been previously reported to express CD44, STn and Tn 

structures (31, 127). Here, this cell line was characterized by Western blot and compared to the MKN45 

WT and SC cell line models (Figure 18). Through western blot analysis, it was confirmed that LS174T cell 

line expressed CD44, as well as isoforms containing the variant 6 exon (Figure 18.a). This cell line has 

the characteristic of growing in big clusters, easily forming spheroid structures and it is possible to observe 

through immunofluorescence that CD44 and CD44v6 are mainly expressed in the periphery of these 

spheroid structures (Figure 18.d). SLex is also abundantly expressed in this cell line model. Western blot 

analysis shows that this structure is mainly present in high molecular weight proteins, being above 

150KDa and even 250KDa (Figure 18.a). Interestingly, SLex coincides both in molecular weight and 

cellular localization with CD44 and CD44v6. STn structures were also detected in the LS174T cells, 

however not as abundant as in the MKN45 SC (Figure 18.b). Analyzing the immunofluorescence images, 

not all cells are positive for the STn, but those cells that express STn, carry it at the cellular membrane 

(Figure 18.d). Surprisingly LS174T also expresses a considerable amount of RON, however it is not 

endogenously activated as seen in the MKN45 cell line (Figure 18.c). The IF signal of RON in the LS174T 

seems to be cytoplasmic, suggesting that the internalization of the receptor also occurs in this cell line 

(Figure 18.d). 
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Figure 18: (a-c) Comparative western blot analysis the gastric cancer MKN45 cell lines (WT and SC) and the colorectal 

cancer LS174T cell line. All samples were blotted for (a) CD44, CD44v6, SLex; (b) STn and (c) Total RON and pRON. (d) 

Immunofluorescence images of colorectal cancer cell line LS174T, stained for CD44, CD44v6, SLex, STn, RON and pRON. 

Nuclear staining with DAPI is represented in blue. Scale bars indicate 15 µm. 

In summary, our results showcase the alterations of CD44 molecular features in the glycoengineered cell 

line models expressing truncated O-glycans. These alterations included changes in molecular weight and 

the increased capacity to bind HA. We also observed that truncation of O-glycans led to an increase in 

CD44v6/RON colocalization and RON activation, which was validated in gastric carcinomas of patients.   
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5. Discussion 
The glycosylation is a well-regulated mechanism that plays a key role in different biological processes 

crucial for homeostasis. In cancer, the glycosylation machinery is often disturbed leading to the expression 

of aberrant glycan structures (15). In fact, it has been identified in several studies an upregulation of 

aberrant O-glycan structures, namely Tn and STn in many types of cancer, especially gastric and 

colorectal cancer (128, 129). These are often referred to as tumor associated antigens, and in the cancer 

context they decorate several glycoproteins such as mucins (130). Upregulation of truncated O-glycans 

correlates with poor prognosis for the patient, as well as conferring aggressive phenotypes to cancer cells, 

including increased metastasis and migration (28). Various mechanisms can underpin the expression of 

truncated O-glycans. For instance, it has been shown that alterations in the glycosylation pathway, by 

overexpressing specific glycosyltransferases such as ST6GALNAC1 and ST3GAL4 or by deletion of crucial 

chaperones such as COSMC, can lead to the expression of truncated O-glycans (17, 28, 36). 

Moreover, CD44 and some of its variant isoforms have also been reported to be overexpressed in different 

types of gastrointestinal cancer promoting oncogenic features such as metastasis, invasiveness, 

proliferation and drug resistance (131, 132). CD44 is a key component in cell adhesion, acting as a 

receptor for hyaluronic acid present in the extracellular matrix and serves as a scaffold for different cellular 

signaling processes being able to act as a co-receptor for different RTKs such as VEGFR, HER2, EGFR, 

MET and RON (103, 110, 114, 133) Our group has already identified CD44 to be highly present in the 

serum of gastric cancer patients as well as being heavily modified with truncated O-glycans, namely STn 

structures (74, 76).  

In this work, several glycoengineered gastric cancer cell line models were used to study the impact of 

aberrant glycosylation in the oncogenic related functions of CD44, namely its binding affinity towards HA 

and its ability to act as a co-receptor for RON. These glycoengineered cell line models were established 

from the MKN45 parental cell line, a gastric cancer cell line that expresses mainly core 1 and 2 O-glycan 

structures elongated with LacNAc repeats as well as considerable amounts of CD44 and the variant 

isoform CD44v6 (35, 36, 134). Through different strategies, the glycoengineered cell lines were designed 

to express shortened O-glycan chains.  

These different mechanisms to expresses truncated O-glycans showcased similar effects on the CD44 

molecular weight in our western blot analysis. Previous studies have already identified several O-

glycosylation sites present in CD44 (103). In addition, in silico analysis predicted a large number of 



45 
 

potential O-glycan sites (103). CD44 is described to be a heavily heterogeneous glycoprotein, to the extent 

of being sometimes addressed as a whole protein family (77). Underlined mechanisms for such are: (i) 

alternative splicing, (ii) glycosylation and (iii) proteolytic cleavage. Our group recently reported that the 

expression level of total CD44 and variant isoforms such as CD44v3 and CD44v6 were similar among 

these cell line models, excluding alternative splicing as one of the reasons for the observed shift (135). 

In addition, treating samples with chondroitinase and heparinase, enzymes that specifically digest 

chondroitin and heparan sulfate chains respectively, failed to induce the shift of CD44’s electrophoretic 

mobility. This excludes GAGs as the cause of the molecular weight shift of CD44 in the glycoengineered 

cell line models. The CD44 shift observed in the ST3 is higher compared to the ST6, even though ST6 

expresses shorter O-glycan chains. This can be explained by the fact that different glycosyltransferases 

could have different enzymatic activities. Thus, even though overexpression of ST6GALNAC1 produces 

shorter O-glycans than overexpression of ST3GAL4, the latter could be more efficient in adding sialic 

acidlic acids, generating more disialic acidlylated core 2 structures than ST6GALNAC1 generates STn 

structures. It could also be possible that the induced overexpression of ST3GAL4 in the ST3 model is 

stronger that the overexpression of ST6GALNAC1 in the ST6 model. 

The Benzyl-α-GalNAc is an inhibitor of the O-glycan elongation pathway. Due to its similar molecular 

structure to the Tn [GalNAc-α-1-O-Ser/Thr] (Figure 10.a), this compound when in excess acts as a 

competitive inhibitor of the C1GALT1 enzyme, not letting it synthesize core 1 structures (136). This leads 

to accumulation of Tn structures. In our results, the inhibition of the O-glycan elongation pathway through 

Benzyl-α-GalNAc induced a similar shift in CD44 molecular weight of WT and M6 controls as the one 

observed in the SC and ST6 glycoengineered models. The shift from the treated controls did not 

completely match that of the untreated glycoengineered cell lines. This ought to be expected and suggests 

that the inhibition using Benzyl-α-GalNAc was not complete. In addition, we did not observe expression of 

STn in the WT and M6 controls when we treated them with Benzyl-α-GalNAc. Also, there were no variations 

in the STn expression of SC when treated with the inhibitor, since the O-glycan elongation pathway itself 

is disturbed in this cell model due to the COSMC knockout. However, the ST6 cell line, which does not 

have its O-glycan elongation pathway directly disturbed, has increased expression of STn when treated 

with higher concentrations of the inhibitor. The accumulation of Tn structures in this cell line, allows the 

ST6GALNAC1 enzyme to add sialic acidresidues generating STn. Western blot analysis of the 

immunoprecipitated CD44 from WT and SC lysates further corroborate the heavy O-glycosylation profile 

of CD44. 
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Taking together the results of the glycoengineered cell lines and the O-glycan inhibition experiment, these 

results show the strong impact of O-glycosylation in the CD44 molecular weight. Importantly, the 

truncation of O-glycans not only induces the expression of truncated O-glycans but also decreases the 

expression of other glycan epitopes. This is shown by the decreased of AAL binding (Figure 12.b). The 

unexpected decrease in the SNA staining for SC and ST6 could be due to other unknown alterations in 

the glycosylation pathway, such as N-glycosylation, or possibly SNA is not able to effectively bind to STn 

structures in our glycoengineered cell line models for unknown reasons. Certainly, this should be further 

explored. 

Indeed, glycosylation is an important post-translational modification affecting not only to the structure of 

the protein, but also its function. In several studies, glycosylation has been already described to affect 

CD44 binding affinity towards HA. Bartolazzi et al and English et al reported using site directed 

mutagenesis that several N-glycosylated sites on CD44 are important modulators of this binding affinity 

in different cell line models (96, 97). They also observed a reduced binding affinity towards HA when cells 

were treated with tunicamycin, an inhibitor of N-glycosylation. However, one could argue that this effect 

could be due to improper folding of CD44 since tunicamycin causes endoplasmic reticulum stress (99, 

137). Here, gastric cancer cell line models that displayed truncated O-glycans were observed to have an 

increase in binding capacity towards hyaluronic acid. This was the first time that it was observed in gastric 

cancer cells the impact of CD44 glycosylation in the HA-binding function, suggesting that alterations in 

the glycosylation profile of CD44 can potentiate malignant phenotypes, in this case invasion and 

migration, by modulating its ability to bind to HA. A possible explanation of this observation could be due 

to an easier access of CD44 “link module” to hyaluronic acid in the glycoengineered cell line models. 

Faller et al described the terminal sialic acidlic acids in N-glycans negatively regulate the HA binding 

affinity of CD44 due to the HA chain and Sialic acidlic acid residues both have negative charge, causing 

repelling forces between them (101). Considering these observations, we can speculate that this effect 

also happens in sialic acidlic acids present in O-glycans. For instance, terminal sialic acidlic acid residues 

in elongated O-glycan are able to produce stronger repulsion forces than the ones present in truncated 

O-glycans. Another possibility would be the increased clustering of CD44 in the glycoengineered cell line 

models due to the truncated O-glycans, since it was already reported that CD44 clustering regulates HA 

binding affinity (94, 138). Though this is just speculation, further investigation should be done in order to 

fully understand the mechanism behind. CD44 is also a target of proteolytic cleavage by different 

metalloproteinases, releasing the extracellular domain in the stem region (80, 93). Here, it was observed 

that glycoengineered cell lines effectively shed CD44. Interestingly, the CD44 shedding also has been 
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observed to modulate the hyaluronic acid binding affinity, which can also explain the increase binding 

affinity (139). Besides, these results also exclude proteolytic cleavage in as a cause to the CD44 mass 

shift observed previously in the glycoengineered cell line models. 

Several studies tried to elucidate the role of CD44 in potentiating malignant phenotypes. Indeed, different 

isoforms have been observed to be overexpressed in cancer, for example CD44v3 in head and neck 

cancer (140), CD44v9 in bile duct cancer (141) and CD44v6 in gastric and colorectal cancer (85, 142, 

143). Variant isoform CD44v6 has been a very prominent subject of study to understand not only its 

biological importance in gastric cancer but also its potential as therapeutic target and biomarker. This 

variant isoform acts as a co-receptor for different RTKs, for example RON, which is also observed to be 

upregulated and hyperactivated in gastric cancer promoting proliferation and invasive growth (35, 144). 

Here it was evaluated the activation status of RON in these cell line models and observed the receptor to 

be hyperactivated in the models displaying truncated O-glycans. This phosphorylation status of RON as 

already been observed previously in the ST3 cell line model (35), but not in the SC or ST6. Furthermore, 

PLA results showed that RON and CD44v6 have increased co-localization events in the glycoengineered 

cell line models. This result suggest O-glycan truncation of CD44v6 is one of the key factors in promoting 

the phosphorylation status of RON and possibly potentiating malignant phenotypes. These findings were 

evaluated in gastric cancer tissue samples from patients using a combinatory approach of the PLA and 

immunofluorescence techniques, co-PLA-IF. It was observed an increase in the co-localization between 

CD44v6 and RON in STn positive tumor areas when compared to negative areas. Indeed, co-localization 

of CD44v6/RON is also observed in intestinal metaplasialic acidareas, which is a lesion of the gastric 

mucosa that possibly can lead to malignancy. This could suggest that RON activation dependent on 

CD44v6 is already present in premalignant lesions, however another key player is probably needed for 

the progression towards malignant stages of the gastric mucosa to occur. These observations prove the 

hypothesis that O-glycan chains are important structures in the cancer setting, either by promoting 

oncogenic functions of different proteins or through another mechanism yet to be elucidated. Moreover, 

further studies need to be performed in order to fully understand mechanism behind how truncated O-

glycans increase the co-receptor function of CD44.    

To evaluate previous finding in colorectal cancer, LS174T cell line was tested for the expression using 

different techniques. It was confirmed that this cell line expresses both CD44 and CD44v6, STn, SLex, 

and RON. The expression of STn in the LS174T cell line is significantly less than in the MKN45 SC. This 

could be explained by the fact that LS174T is reported to have mixed subpopulations, one that displays 

both STn and Tn antigens, and another that expresses extended O-glycans (31). Mechanisms that underlie 
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COSMC silencing in the LS174T cell line are deletions and insertions that cause shifts in the open-reading 

frame generating a premature stop codon (31). The SLex expression in the LS174T was already reported 

by Hanley, et al (127), and these results support the fact that LS174T expresses a SLex-rich CD44 

glycoform, the HCELL (127, 145). This particular glycoform has been described to possess E-Selectin 

ligand activity, often used for the leukocyte rolling and extravasation. This mechanism could be a hijacked 

during malignant transformation in order to promote metastatic spread in vivo (127, 146, 147). In 

addition, It was observed that the LS174T cell line does not possess endogenous activation of RON, 

contrary to the MKN45 (148). This suggests that the RON activation mechanism is not transversal, and 

it depends in the cellular context.  
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6. Conclusions and future perspectives 
The aim of this master thesis was to address the effects of glycosylation, mainly O-glycans, in CD44 

molecular features in the gastrointestinal cancer context. 

In this work, we demonstrated that (i) O-glycans heavily impact CD44 molecular weight, (ii) truncation of 

O-glycans significantly impacts CD44 ability to bind to HA, in addition to affecting CD44 shedding, (iii) 

truncation of O-glycans significantly modulates interactions between CD44v6 and RON, possibly leading 

to an increase activation of the receptor (iv) and using an innovative combinatory approach of 

immunofluorescence-proximity ligation assay techniques we were able to measure the truncation of O-

glycans and CD44v6/RON interactions simultaneously in patients clinical samples, corroborating our in 

vitro results. Although very preliminary, our results with the LS174T cell line showcase the high potential 

of applying this cell line models to corroborate our findings in colorectal cancer. 

In conclusion, this work provides new insights on the impact of O-glycans as modulators of CD44 functions 

in the cancer setting, in addition to giving new perspectives on malignancy mechanism. 

Furthermore, studies should be performed in order to fully elucidate the exact mechanism behind how O-

glycans modulate CD44v6/RON interactions and the CD44 binding affinity towards HA. In addition, we 

would like to continue studying the effect of truncated O-glycans on CD44 using the LS174T cell line 

model and observe if our results apply also in the colorectal cancer context. 
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CD44 isoforms are often upregulated in gastric cancer and have been associ-

ated with increased metastatic potential and poor survival. To evaluate the

functional impact of O-glycan truncation on CD44 we have analysed glyco-

engineered cancer cell models displaying shortened O-glycans. Here, we

demonstrate that induction of aberrant O-glycan termination through various

molecular mechanisms affects CD44 molecular features. We show that CD44

is a major carrier of truncated O-glycans and that this truncation is accom-

panied by an increased hyaluronan binding capacity and affects extracellular

shedding. In addition, short O-glycans promoted the colocalization of

CD44v6 with the receptor tyrosine kinase RON and concomitantly increased

activation. Our in vitro findings were validated in gastric cancer clinical

samples.

Keywords: CD44; gastric cancer; glycosylation; hyaluronic acid; proximity

ligation assay; sialylation

CD44 is an exceptionally versatile glycoprotein and con-

sequently often described as a whole-protein family

encoded by a single gene [1,2]. The molecular weight of

CD44 largely varies among human cells, and ranges

from 80 kDa to more than 250 kDa [3,4]. This hetero-

geneity has been mainly attributed to three mechanisms,

namely (a) alternative splicing at the RNA level [2,5,6],

(b) extensive glycosylation of the protein backbone

[7–10] and (c) the possible proteolytic cleavage through

metalloproteases at the cell surface [4,11,12].

The process of alternative splicing leads to the

expression of variable exon products in the extracellu-

lar, membrane proximal region. Due to the nine vari-

able exons (v), numbered from v2 to v10, and through

a complex underlying regulatory machinery that

enables countless combinations, hundreds of

Abbreviations

CS, chondroitin sulfate; HA, hyaluronan; HS, heparan sulfate; IP, immunoprecipitation; M3, mock-transfected MKN45 cells and control of

ST3; M6, mock-transfected MKN45 cells and control of ST6; PLA, proximity ligation assay; RTK, receptor tyrosine kinase; SC, MKN45 Sim-

pleCells; ST3, ST3GAL4-transfected MKN45 cells; ST6, ST6GALNAC1-transfected MKN45 cells; STn, sialyl Thomsen-nouvelle antigen; T,

Thomsen-Friedenreich antigen; Tn, Thomsen-nouvelle antigen; WB, western blot; WT, wild-type MKN45 cells.
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functionally distinct splice variants of CD44 exist

[2,13]. A single cell can express several CD44 isoforms

simultaneously and many intra- and extracellular cues

have been shown to dictate this splicing signature

[5,14–16], making CD44 a sentinel for cellular and

environmental alterations.

Functionally, CD44 is involved in cellular adhesion

and signal transduction through several mechanisms:

(a) CD44 is the main receptor of the extracellular

matrix component hyaluronan (HA) [17,18]; (b) it may

carry heparan sulfate (HS) and chondroitin sulfate

(CS) chains, which are docking sites for various

growth factors and proteases [8,19,20]; (c) it is a core-

ceptor to cell surface receptor tyrosine kinases (RTKs),

such as MET, RON and HER2 [16,21–23]; and (d) it

can be a potent ligand for selectins in the extravasa-

tion process [10]. However, these biological functions

can vary significantly among the various CD44 iso-

forms. For instance, the efficiency of CD44 to bind

HA is controlled by both the alternatively spliced vari-

able (v) chains and the glycosylation status [7,24]. Fur-

thermore, the single heparan sulfate chain of CD44 is

linked to the variant chain v3, whereas the peptide

sequence that acts as coreceptor of MET and RON is

encoded in the v6 variable exon [21–23]. In gastric can-

cer, CD44 is commonly upregulated and the CD44v6

isoform is frequently expressed de novo [15,25,26].

CD44 has been implicated in cancer stem cell proper-

ties, and cancer cells that overexpress CD44 display an

increased metastatic potential and are associated with

poor survival of the patients [15,27]. Particularly the

expression of the v6 variant form of CD44 has been

associated with distant metastasis, poor prognosis, but

also susceptibility to chemotherapy in gastric cancer

[15,28,29]. Functionally, CD44v6 has been shown to

play a crucial role in activation of RTKs, such as

MET and RON, and thereby to contribute to onco-

genic features [21,23]. Thus, CD44, in general, and

CD44v6, in particular, have been shown to contribute

to various cancer hallmarks through the regulation of

cellular adhesion and RTK activation [16].

CD44 and its variable isoforms are extensively gly-

cosylated and may carry N-glycans, O-glycans and gly-

cosaminoglycans [8,9,30]. In fact, a major part of the

molecular mass of CD44 is derived from these numer-

ous glycan modifications [8,9,31]. Alterations in the

glycosylation machinery is a key event in carcinogene-

sis and cancer progression [32]. In gastric cancer, the

abnormal biosynthesis of O-glycans is a frequent event

leading to the expression of short, truncated glycan

epitopes such as T, Tn or sialyl Tn (STn) [33–37].

Recently, we demonstrated that CD44v6 carries the

cancer-associated glycan epitope STn in gastric cancer

[38] and that gastric cancer patients present elevated

serum levels of CD44v6 with STn when compared to

healthy individuals [39]. Yet, despite the indications

that glycosylation may have a strong modulatory

effect on CD44, potentially driving malignancy, the

functional impact of O-glycan truncation on CD44 has

not been addressed in cancer.

In the present work, we use a panel of genetically

engineered gastric cancer cell models to demonstrate

that alterations in the glycosylation machinery have a

significant impact on molecular features of CD44,

leading to differential molecular weight and affecting

the antibody recognition of the protein backbone.

Moreover, we show that CD44 is a major carrier of

truncated O-glycans driving the CD44-mediated acti-

vation of the RTK RON and binding of HA.

Materials and methods

Cell lines

The gastric carcinoma cell line MKN45 was obtained from

the Japanese Cancer Research Bank (Tsukuba, Japan) and

was stably transfected with the full-length human

ST3GAL4 gene, the full-length human ST6GALNAC1 gene

or the corresponding empty vector pcDNA3.1 (Mock) as

previously described [40,41]. The MKN45 SimpleCells (SC)

were obtained by targeting the C1GALTC1 (COSMC) gene

by zinc-finger nuclease as previously described [38,42]. All

cells were grown in monolayer in uncoated cell culture

flasks. Cells were maintained at 37 °C in an atmosphere of

5% CO2, in RPMI 1640 GlutaMAX, HEPES medium sup-

plemented with 10% FBS. The media of cells transfected

with expression vectors were supplemented by 0.5 mg�mL�1

G418 (all from Invitrogen, Waltham, MA, USA). Cell cul-

ture medium was replaced every 2–3 days. Cultured cell

lines were routinely tested for mycoplasma contamination

by PCR amplification for mycoplasma pulmonis UAB

CTIP, mycoplasma penetrans HF-2 and mycoplasma syn-

oviae 53.

Primary antibodies

In western blot, immunofluorescence (IF), flow cytometry

and proximity ligation assay (PLA) experiments the follow-

ing primary antibodies have been used: CD44 (156/3C11;

Cell Signaling Technology, Danvers, MA, USA), CD44v6

(MA54; Invitrogen), RON (C-20; Santa Cruz Biotechnol-

ogy, Dallas, TX, USA), pRON (Y1238/Y1239; R&D Sys-

tems, McKinley Place, MN, USA), Syndecan 1 (B-A38;

Abcam, Cambridge, UK), Heparan Sulfate (10E4; USBio-

logical, Swampscott, MA, USA), Chondroitin Sulfate (A-7;

Santa Cruz Biotechnology), STn (clone TKH2 for western

blot [43], clone B72.3 for flow cytometry and IF [44]).
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Immunoprecipitation and western blotting

Cells were washed twice with PBS and directly collected in

lysis buffer 17 (R&D Systems) additionally supplemented

with 1 mM sodium orthovanadate, 1 mM phenylmethanesul-

fonylfluoride and protease inhibitor cocktail (Roche, Basel,

Switzerland). Protein concentrations of lysates were deter-

mined by DC protein assay (BioRad, Hercules, CA, USA).

For immunoprecipitation, protein G fast flow sepharose

beads (GE Healthcare, Little Chalfont, UK) were preincu-

bated with the CD44 antibody and 500 lg of protein lysate

were applied. Western blotting was performed as previously

described [45], using the Mini-PROTEAN� Tetra Cell Sys-

tem (BioRad) and polyvinylidene difluoride membranes

(GE Healthcare, Chicago, IL, USA). Densitometry was

performed with Image Lab (BioRad), values were normal-

ized to tubulin and represented as relative values compared

to the control.

Flow cytometry

Cells were detached using Gibco� versene solution (Ther-

moFisher, Waltham, MA, USA) and stained with primary

antibodies for 1 h at 4 °C. Secondary antibodies or HA-

fluorescein (Merck Millipore, Burlington, MA, USA) were

incubated for 30 or 15 min respectively. Cells were strained,

labelled with propidium iodide and measured using BD

FACSCantoTM II (BD Biosciences, San Jose, CA, USA).

Data were analysed using FlowJo (BD Biosciences).

Transcriptomics

The transcriptomic analysis was performed as previously

described [45]. Briefly, total RNA extracts from cell lysates

were isolated with TRI Reagent (Sigma-Aldrich, St. Louis,

MO, USA). The mRNAs of over 20 000 primed targets

were sequenced using Ion AmpliSeq Transcriptome Human

Gene Expression Kit (Life Technologies, Carlsbad, CA,

USA). The Ion Chef system was used for templating and

the loaded chips were sequenced using the Ion Proton Sys-

tem (both from Life Technologies). Sequencing data were

automatically transferred to the dedicated Ion Torrent ser-

ver to generate sequencing reads. Reads quality and trim-

ming was performed using Torrent Server v4.2 before read

alignment with TMAP 4.2 (Life Technologies). The TS plugin

CoverageAnalysis v4.2 was used to generate reads count.

The sequencing was performed in duplicates and sequence

reads were normalized to the total read count.

qRT-PCR

Total RNA extracts from cell lysates were isolated with

TRI Reagent (Sigma-Aldrich) and converted into cDNA

using the SuperScript� IV Reverse Transcriptase (Invitro-

gen) according to the manufacturer’s protocol. Following

primers were used: CD44 for50-CCAATGCCTTTGATGG

ACC-30, rev50-TCTGTCTGTGCTGTCGGTGAT-30; CD

44v3 for50-CGTCTTCAAATACCATCCAGCA-30, rev50

ATCTTCATCATCAATGCCTGA 30 and CD44v6 for50-G
GCAACTCCTAGTAGTACAACG-30, rev50-GTCTTCTC

TGGGTGTTTGGC-30. Expression of 18S (for50-CGCC

GCTAGAGGTGAAATTC-30; rev50-CATTCTTGGCAAA

TGCTTTCG-30) was used for the normalization.

Relative expression values and standard deviation (SD)

have been calculated using the DDCT approach, as previ-

ously described [46,47].

Enzymatic glycosaminoglycan digestion

The glycosaminoglycans were removed from total cell

lysates by applying Chondroitinase ABC (120 mU�mL�1),

Heparinase I (2.5 mU�mL�1) and Heparinase III

(2.5 mU�mL�1) (all from Sigma Aldrich) in TBS per

550 lg protein lysate. The reaction mix was supplemented

by 50 lM calcium acetate and incubated overnight at 37 °C
in a final volume of 250 lL.

Secretome analysis

For the secretome analysis, cells were grown in medium

without FBS supplementation. Conditioned media were

collected after 48 h and were enriched in protein content

using 10 kDa Amicon Purification System (Merck Milli-

pore).

In silico analysis of O-glycosylation sites

The O-glycosylation sites were predicted by NETOGLYC 4.0

(http://www.cbs.dtu.dk/services/NetOGlyc/; [30]). Only O-

glycosylation sites with a score higher than 0.5 were consid-

ered. Experimentally confirmed O-glycosylation sites were

extracted from Glycodomainviewer (http://glycodomain.gly

comics.ku.dk/; [30]).

Immunofluorescence and in situ proximity

ligation assay

Cells were grown in l-Chamber 12 well glass slides (IBIDI,

Martinsried, Germany) and fixed with 4% paraformalde-

hyde for 15 min. Slides were blocked with 1/5 goat serum

and 10% bovine serum albumin in PBS and stained over-

night with the corresponding primary antibody. For pRON

IF staining, fluorophore conjugated secondary antibody

and DAPI were used for labelling. The in situ PLA of

RON and CD44v6 in cell lines was performed in separate

wells using Duolink� PLA Technology (Sigma Aldrich)

according to the manufacturer’s instructions.

For the combined PLA/IF, all primary antibodies were

previously conjugated. The antibody B72.3 was biotinylated
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using PierceTM Antibody Biotinylation Kit for IP (Thermo-

Fisher). Antibodies for CD44v6 and RON were conjugated

with positive or negative strand oligonucleotides for PLA

by Duolink� In Situ Probemaker (Sigma Aldrich). To eval-

uate the signal in gastric carcinoma, formalin-fixed paraffin

embedded gastric carcinoma tissue slides were provided by

the department of surgical oncology of the University of

Siena (Italy). All procedures were performed after patients’

written informed consent and approved by the local ethical

committee. Three gastric carcinomas were selected that ful-

filled following criteria: (a) The carcinoma had both,

regions that were STn positive and regions that were STn

negative. The STn positivity has previously been evaluated

in this cohort [35], (b) Adjacent to the carcinoma there

were normal gastric mucosa and intestinal metaplasia that

would act as endogenous biological negative and positive

controls respectively. First slides were dewaxed and rehy-

drated, and then blocked according to Duolink� PLA

Technology kit. The slides were incubated overnight with

the conjugated primary antibodies at 4 °C. Ligation and

amplification of the PLA signal was performed according

to the Duolink� PLA Technology kit. Finally, slides were

incubated with Streptavidin-FITC and DAPI, and mounted

using vectashield mounting medium (Vector Laboratories,

Burlingame, CA, USA). All PLA, IF and combined PLA/

IF samples were examined under a Zeiss Imager.Z1 Axio

fluorescence microscope (Zeiss, Welwyn Garden City, UK).

Images were acquired using a ZEISS AXIO CAM MRM and the

AXIOVISION REL. 4.8 software (both from Zeiss). For visual-

ization purposes, PLA images were enhanced using IMAGEJ

[48] as follows: The red channel (PLA signal) was dupli-

cated with one image being subjected to gaussian blur and

then the difference between the two images was calculated

(image calculator function). Contrast and brightness was

adjusted and PLA spot size was amplified twice by the

‘maximum’ filter. The PLA signal was quantified using

Duolink� ImageTool (Sigma Aldrich) and IMAGEJ [48].

Results

Truncation of O-glycans affects the molecular

weight of CD44

To investigate the effect of O-glycan truncation on

CD44, we applied genetically engineered cell line mod-

els derived from the gastric carcinoma cell line

MKN45. The parental MKN45 cell line was selected

as parental cell line to develop these models, since it

expresses high levels of various CD44 splice variants

and requires activity of the RTKs RON and MET, to

which CD44 is a coreceptor [15,49]. We induced the

truncation of O-glycans in MKN45 through three dif-

ferent mechanisms (Fig. 1A): (a) through overexpres-

sion of the a2,3-sialyltransferase ST3GAL4 that led to

the early termination of O-glycan synthesis (henceforth

referred to as ST3) [40,45,50]; (b) through overexpres-

sion of the a2,6-sialyltransferase ST6GALNAC1 that

led to a strong increase in the short, aberrant sialyl Tn

(STn) glycan (henceforth referred to as ST6) [41]; and

(c) through the knockout of the chaperon COSMC,

which led to the abrogation of the initial O-glycan

elongation step (henceforth referred to as SC for Sim-

pleCell) [38].

We compared the SC clone with wild-type MKN45

(WT), and the two overexpression clones ST3 and ST6

with the mock-transfected clones, M3 and M6 respec-

tively. Indeed, the early termination of O-glycan syn-

thesis showed to significantly impact the molecular

weight of CD44 (Fig. 1B). Whereas WT, M3 and M6

express predominantly CD44 with molecular weight

above 150 kDa (heavy CD44), the glyco-engineered

cell line models expressed a CD44 protein with less

than 150 kDa (light CD44). The light CD44 was

approximately 50–70 kDa smaller than the heavy

CD44 and presented a more defined band indicating

more homogenous CD44 glycoforms. In order to

investigate whether the observed shift could be induced

by reduced elongation of O-glycans, we predicted

in silico the number of O-glycosylation sites of CD44

(Fig. 1C). The full-length CD44 is predicted to carry

146 O-glycan sites in the stem region being 41 of these

sites already experimentally proven (Fig. 1C,D) [30].

The M3 and ST3 models have previously been charac-

terized by O-glycomic analysis and thus allowed us to

estimate the induced alterations [45,50]. In this regard,

the major O-glycans of M3 with the composition Hex-

NAc5Hex5Neu5Ac2 and HexNAc4Hex4Neu5Ac2, with

the average masses of 2427.2 and 2061.9 Da, respec-

tively, were altered in the ST3 model to HexNA-

c2Hex2Neu5Ac2, with an average mass of 1331.2 Da.

This leads to an average mass loss of 913.4 Da per

O-glycan, which, considering the high amount of

O-glycan sites, could explain a total mass shift of

50–70 kDa.

O-glycan truncation does not alter alternative

splicing, or total expression levels of CD44

Alternative splicing of CD44 can be induced through

intracellular and extracellular stimuli and constitutes a

major mechanism of CD44 modulation, strongly

affecting CD44 molecular weight [16]. We analysed

whether the induced aberrant glycosylation of our cell

models triggered changes in expression and splicing of

CD44 or other genes relevant in this process. For this

purpose, we performed transcriptomic analysis of the

cell models and revealed that CD44 expression levels
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were not significantly altered (Fig. 2A). In addition,

the relative expression levels of CD44v3 and of

CD44v6 to total CD44, as assessed by qRT-PCR,

revealed that no significant alterations in alternative

splicing of these isoforms were induced (Fig. 2B).

These results are supported by the fact that the expres-

sion of genes so far reported to be involved in the

alternative splicing of CD44 [13] were not notably

altered (Fig. 2C).

In addition, the subcellular localization of CD44

and CD44v6 seemed to remain unchanged despite the

truncation of O-glycans (Fig. 2D,F). The total protein

levels of CD44 and CD44v6, as measured by flow

cytometry were comparable between the glyco-engi-

neered cell lines and their respective controls (Fig. 2E,

G). Altogether, these results demonstrate that in the

applied models the alterations of O-glycans did not

significantly affect the CD44 mRNA and protein

expression.

CD44 is a major carrier of truncated O-glycans in

gastric cancer cells

Despite the different glycosylation alterations induced

in the three glyco-engineered cell models, we observed

a similar shift in the electrophoretic mobility of CD44.

We therefore hypothesized that the underlying mecha-

nisms that account for the loss of molecular weight are

equivalent among these models. Having excluded alter-

native splicing as a possible explanation, glycosylation

Fig. 1. The effect of O-glycan truncation on CD44. (A) Schematic representation of the mucin-type O-glycan biosynthesis pathway. The

mechanisms by which O-glycans have been truncated in the applied MKN45 gastric carcinoma cell line models (SC, ST6 and ST3) are

indicated. (B) Western blot analysis of CD44 in cell lysates of glyco-engineered MKN45 models (SC, ST6 and ST3) and their control

counterparts (WT, M6 and M3). The glyco-engineered cell lines express primarily CD44 of < 150 kDa (light CD44) as opposed to the above

150 kDa (heavy CD44) of the control cell lines. (C) O-glycan site annotation of the full-length CD44 amino acid sequence. Half circles depict

in silico predicted O-glycan sites and full circles depict experimentally confirmed O-glycan sites. The variable exon v6 is underscored in red

and the transmembrane domain is highlighted in green. (D) Schematic illustration of a full-length CD44 glycoprotein. The hyaluronan binding

domain (HA-BD), variable chains (v2-10) as well as the O-glycan-rich stem region, CS and HS are annotated. The information according to

publications and UniProt database [8,30,64,65].

5FEBS Letters (2019) ª 2019 Federation of European Biochemical Societies

S. Mereiter et al. O-glycans affect CD44 functions in gastric cancer



6 FEBS Letters (2019) ª 2019 Federation of European Biochemical Societies

O-glycans affect CD44 functions in gastric cancer S. Mereiter et al.



remained as the modification that could account for

such molecular weight differences. Alterations in occu-

pancy and composition of the glycan chains can signif-

icantly influence glycoprotein/proteoglycan molecular

weight. To test whether this drastic shift was caused

by differential addition of HS and CS glycosaminogly-

cans, we performed complete digestion of HS, CS or a

combination of both on the cell lysates. The efficiency

of these digestions was shown by the loss of HS-

specific and CS-specific antibody binding in dot-blot

assays (Fig. S1). The digestion of HS and CS had no

significant effect on CD44 and therefore excludes alter-

ations in glycosaminoglycan occupancy or length as

the cause for the difference between light and heavy

CD44 (Fig. 3A). As an additional control of HS diges-

tion, Syndecan 1 which is a highly O-glycosylated pro-

tein [30] known to carry HS [51] was also evaluated.

The western blot detection of Syndecan 1 at under

100 kDa demonstrates the efficient release of HS

(Fig. 3B). Interestingly, Syndecan 1 showed a sharper

band with lower molecular weight in the glyco-engi-

neered cell models compared to their controls

(Fig. 3B). This difference in molecular weight is analo-

gous to what was observed for CD44. This observa-

tion further underlines the involvement of O-glycan

truncation in the striking change in CD44’s molecular

weight in these cell models. We then used the SC and

ST6 models to assess the extent to which CD44 is dec-

orated with truncated O-glycans. Both models result

in the overexpression of STn [38,41], a truncated

O-glycan epitope that can be detected by specific mon-

oclonal antibodies [43,44]. We confirmed a marked

overexpression of STn by flow cytometry and showed

by western blot that ST6 and SC express STn primar-

ily on specific proteins (Fig. 3C,D). The STn staining

of immunoprecipitated CD44 revealed that, among the

proteins observed to be modified with STn in SC and

ST6, the light CD44 is the most abundant carrier of

STn (Fig. 3D). Taking together, these findings show

that CD44 is a major carrier of truncated O-glycans in

gastric cancer cells, which underpins the observed mass

shift in the glyco-engineered cell models.

Truncation of O-glycans increases hyaluronan

binding and affects CD44 shedding

Following the identification of CD44 as carrier of

truncated O-glycans we assessed the capacity of CD44

carrying truncated O-glycans to bind to HA. CD44 is

known to be the major binding protein of HA in

human cells [16]. Other receptors of HA are not appre-

ciably expressed in our cell models (Fig. 4A). The

HA binding assay revealed that the truncation of

O-glycans led to a striking increase in HA binding in

our cell models (Fig. 4B). Although the induced trun-

cation of O-glycans was achieved through different

molecular alterations, the increased binding was con-

sistent among all models. This underlines the signifi-

cant effect of O-glycan truncation on the HA binding

capacity of CD44.

In addition, it has been previously reported that

CD44 can be shed into the extracellular milieu by the

cleavage of the juxtamembrane domain [11,12,52] and

that changes in glycosylation may impact this process

[53]. To assess whether the truncation of O-glycans

affect the secretion of CD44 we have analysed the

secretome of the glyco-engineered cell models

(Fig. 4C). According to expectation a mass shift of

approximately 10–20 kDa was observed in all models,

which corresponds to a loss of cytosolic, transmem-

brane and a small part of the extracellular domain.

Interestingly, CD44 bearing shorter O-glycans

appeared to be more abundantly shed than that of the

control cell lines.

Fig. 2. CD44 expression analyses. (A) CD44 mRNA levels of glyco-engineered cell lines (SC, ST6 and ST3) and their control counterparts

(WT, M6 and M3) are shown. The expression data were extracted from whole-transcriptome analysis, performed in duplicates and

represented as average of the normalized reads � SD. (B) Analysis of the mRNA expression of variants CD44v3 and CD44v6 normalized to

total CD44 expression by qRT-PCR. Analysis was performed in two biological replicates with three technical replicates each and is shown

as average � SD. Comparison of each glyco-engineered cell line (SC, ST6 and ST3) and its respective control counterparts (WT, M6 and

M3) showed no statistical significant alterations (Student’s t-test, P > 0.05). (C) Expression levels of the splicing factors ESRP1, ESRP2,

RBM5, RBM6, SRSF1, SRSF6, hnRNPM, SND1, TRA2B, SRSF2, which are known to be involved in CD44 alternative splicing. The

expression data were extracted from whole-transcriptome analysis, performed in duplicates and represented as average of the normalized

reads � SD. (D) IF staining of CD44 of the six cell line models. CD44 is shown in red and DAPI in blue. The scale bar is 20 lm. (E) Flow

cytometry analysis of CD44 expression in MKN45 glyco-engineered cell lines (SC, ST6 and ST3) as compared to their control cell lines (WT,

M6 and M3 respectively). The negative controls are shown in dotted lines. (F) IF staining of CD44v6 of the six cell line models. CD44v6 is

shown in red and DAPI in blue. The scale bar is 20 lm. (G) Flow cytometry analysis of CD44v6 in MKN45 glyco-engineered cell lines (SC,

ST6 and ST3) as compared to their control cell lines (WT, M6 and M3 respectively). The negative controls are shown in dotted lines.

7FEBS Letters (2019) ª 2019 Federation of European Biochemical Societies

S. Mereiter et al. O-glycans affect CD44 functions in gastric cancer



Truncation of O-glycans increases the CD44 and

RON colocalization and results in increased RON

activation

CD44v6 is a coreceptor of the RON receptor tyrosine

kinase and mediates its activation [21]. The oncogenic

hyperactivation of RON has been described as a com-

mon event in gastric cancer and it is associated with

tumour progression, angiogenesis and chemoresistance

[54]. In order to test if the altered glycosylation of

CD44 influences the v6 association with RON, we per-

formed a series of in situ PLAs. Remarkably, the colo-

calization of CD44v6 and RON was significantly more

frequent in cells with shorter O-glycans than in the

control cell lines (Fig. 5). The significantly elevated

colocalization events were concomitant with the

increased activation of the RON receptor in these cells,

as depicted by pRON immunolabelling (Fig. 5A–C).

This indicates an involvement of the truncation of O-

glycans in the activation of RON, through the facili-

tated interaction of CD44v6 and RON.

In order to validate this association in clinical sam-

ples, we developed a combinatory approach with

RON/CD44v6 PLA and FITC-labelling of STn in

tumour tissue sections from patients with gastric can-

cer. This approach enabled the in situ evaluation of

the colocalization of RON, CD44v6 and the truncated

O-glycan epitope STn (Fig. 6). An association between

tumour areas that were STn positive and increased

amounts of RON/CD44v6 colocalization events was

observed in all the gastric carcinoma cases evaluated

(Fig. 6). Interestingly, extensive colocalization of STn

and RON/CD44v6 was also evident in the areas of

intestinal metaplasia (a preneoplastic lesion of the gas-

tric mucosa [55]), albeit to a lower degree than

Fig. 3. Glycosaminoglycan digestion and sialyl Tn analysis of CD44. (A) Western blot analysis of CD44 before and after incubation with

heparinase I and III (HSase) and chondroitinase ABC (CSase). The glyco-engineered cell lines SC, ST6 and ST3 are shown adjacent to their

respective control cell lines WT, M6 and M3. (B) Western blot analysis of syndecan 1 (SDC1) before and after incubation with HSase and

CSase. SDC1 was detected with this antibody only after the release of glycosaminoglycan chains and reveals a similar mass shift (indicated

by red arrows) as previously observed for CD44. (C) Flow cytometry analysis of STn expression in MKN45 glyco-engineered cell lines, SC

and ST6, as compared to their control cell lines, WT and M6. The negative controls are shown in dotted lines. (D) Immunoprecipitation of

CD44 from glyco-engineered cell lines, SC and ST6, and their respective control cell lines WT and M6. The total lysate (L) of the cell lines

that has been used as input for the immunoprecipitation is shown in each blots’ left lane and the immunoprecipitated CD44 (IP) is loaded

on each blots right lane. Each sample was bloted for CD44 and STn.
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observed in the carcinoma (Fig. 6B). No significant

histological differences between STn positive and nega-

tive areas were evident (Fig. S2).

Discussion

CD44 is a multifunctional transmembrane protein that

is abundantly decorated by a variety of glycan moieties

[8,9,30]. In gastric cancer, high expression levels of

CD44 are found in about half of all primary tumours

and are associated with the presence of distant metas-

tases, tumour recurrence and increased mortality

[25,26]. Moreover, an increasing body of evidence

demonstrates that CD44 is a gastric cancer stem cell

marker, since CD44 expressing cancer cells are compe-

tent to perform self-renewal and to produce differenti-

ated progeny [27]. CD44 functions as major HA

binding protein, supporting the adhesion and migra-

tion on the extracellular matrix [17]. CD44 has also

been shown to act as coreceptor for several RTKs and

to elevate cancer cell resistance to therapy [56]. In par-

ticular, the variant form CD44v6 was directly linked

to RON activation [21].

In this manuscript, we describe for the first time the

impact of O-glycan truncation on molecular features

of CD44 and highlight new functional implications of

these glycans. We have performed a comparative anal-

ysis of three differently glyco-engineered MKN45

models: ST3GAL4 overexpressing (ST3), ST6GAL-

NAC1 overexpressing (ST6) and COSMC knock-out

(SC from SimpleCell), and compared them to their

corresponding control cell lines (mock and WT).

MKN45 WT and mock expresses primarily core 2 O-

glycans with 2 or more LacNAc repeats [45,50]. This

glycosylation profile is reflective of some gastric carci-

nomas [57]. Although different genes were targeted in

our glyco-engineered models, the early termination of

O-glycans was a common feature of the three cell line

models.

ST3GAL4 is a sialyltransferase that affects both N-

and O-glycans [45,50]. The upregulation of ST3GAL4

in MKN45 leads to an increase in a2,3 sialylation and

a decrease in a2,6 sialylation on N-glycans and signifi-

cantly decreases the amount of bisected structures

[45,50]. On O-glycans, ST3GAL4 leads to the earlier

termination due to the increase in one specific struc-

ture: the di-sialylated core 2 structure [45,50]. Both the

ST6GALNAC1 overexpression and the COSMC dele-

tion induce alteration on O-glycans and lead to an

upregulation of STn by two differential mechanisms

[38,41]. ST6GALNAC1 is a sialyltransferase that adds

sialic acid onto Tn to form STn and thereby, leads to

the early termination of the O-glycan chains [41].

COSMC on the other hand, is a dedicated chaperone

of the core 1 galactosyltransferase (C1GALT1) [58].

Without its chaperone, C1GALT1 is dysfunctional

and fails to elongate the initial N-acetylgalactosamine

(which constitutes the Tn antigen) to core 1. In SC,

the lack of COSMC causes therefore the accumulation

of Tn and STn antigens [38,59]. The fact that STn

Fig. 4. CD44 binding to HA altered

through O-glycan truncation. (A)

Expression levels of other HA binding

proteins (CD44, RHAMM, LYVE-1 and

ICAM-1) are shown in the six cell line

models. The expression data were

extracted from whole-transcriptome

analysis, performed in duplicates and

represented as average of the normalized

reads � SD. (B) Flow cytometry analysis

of HA-fluorescein binding to MKN45 glyco-

engineered cell lines with truncated O-

glycans (SC, ST6 and ST3) and their

respective control cell lines (WT, M6 and

M3). (C) Comparative western blot

analysis of CD44 and tubulin in total cell

lysate and in conditioned medium

(secretome). MKN45 glyco-engineered cell

lines with truncated O-glycans (SC, ST6

and ST3) and their respective control cell

lines (WT, M6 and M3) are shown.
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expression was initiated in MKN45 both, after the

overexpression of ST6GALNAC1 but also after the

knockout of COSMC (with endogenous levels of

ST6GALNAC1) highlights that the STn expression

arises due to the relative activity of competing glyco-

syltransferases. In addition, other mechanisms besides

the relative expression of glycosyltransferases have

been described to induce the truncation of O-glycans

in cancer [32,60].

The four mechanisms that could underpin the

molecular weight changes of CD44, which span over

50 kDa, are (a) alternative splicing, (b) proteolytic

cleavage, (c) altered O-glycosylation and (d) changes

in the modification with glycosaminoglycan chains.

MKN45 expresses mostly CD44v8-10 splicing iso-

forms, known as CD44E, named after its common

expression in epithelial cells, but also CD44s (without

variant chains) and CD44v6 [15]. In order to validate

alternative splicing as cause for the molecular weight

shift we performed qRT-PCR analysis for total CD44

and V3, V6 variants. Since no major alterations on the

expression levels were found within the different cell

models, we excluded this hypothesis. In addition,

expression analysis of already described CD44 splicing

factors did not show any statistical difference within

our models, supporting this conclusion (Fig. 2).

CD44 can be subjected to sequential proteolytic

cleavages resulting in the release of the extracellular

Fig. 5. Colocalization analysis between CD44v6 and RON as well as RON activation. (A–C) PLA for the receptor tyrosine kinase RON and its

coreceptor CD44v6 (left panels). Red PLA dots (blobs) indicate colocalization event of RON and CD44v6. In addition, IF staining of pRON for

each respective cell line is shown in green (right panels). DAPI is shown in blue. The scale bar indicates 50 lm. (D) Quantification of RON/

CD44v6 PLA blobs per cell. Values have been normalized to the respective control cell lines (WT, M6 and M3) and are represented as

average � SD. Statistical significance was determined by Student’s t-test (P-value *< 0.05; **< 0.01; ***< 0.001). (E) Western blot analysis

of pRON and tubulin in cell lysates of glyco-engineered MKN45 models (SC, ST6 and ST3) and their control counterparts (WT, M6 and M3).

The normalized densitormetric quantification of pRON amounts are shown in numbers above the bands.
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domain (ECD). Several proteases can be involved in

the shedding of the ECD, such as MT1–MMP,

MMP9, ADAM-10 and ADAM-17 [11,12,52]. For

some proteases, the cleavage sites have been confined

to the stem region, which releases the ectodomain of

CD44. The susceptibility of CD44 to be shed has pre-

viously been reported to be affected by glycosylation

[53]. Here we show that the truncation of O-glycans

can increase the cleavage susceptibility of CD44. Inter-

estingly, it has been shown that the proteolytic cleav-

age can be triggered by the binding action of CD44

[61]. In that sense, the modulation of the CD44 inter-

action with HA is expected to further increase the

shedding. However, we can exclude proteolytic shed-

ding as the cause of the observed mass change in the

glyco-engineered cell models.

We also ruled out that alterations in glycosamino-

glycans accounted for the light version of CD44. Our

results point unequivocally towards the truncation of

O-glycosylation as the underlying mechanism for the

expression of the light CD44 isoform. This is sup-

ported by the mass shift observed in the likewise

highly O-glycosylated proteoglycan Syndecan 1

(Fig. 3B). Of note, we made the observation that west-

ern blot band intensities were significantly increased

when lighter glycoforms of CD44 or Syndecan 1 were

expressed. This might stem from increased transfer

efficiencies of smaller proteins and from the more

focused nature of the band. The CD44 amounts

detected by western blot analysis were not fully over-

lapping with those of the FACS analysis as well as

with the transcription levels. The latter two methods

are quantitative and revealed no significant changes.

These results support that protein glycosylation alter-

ations could interfere with protein quantifications

assessed by western blot.

Experiments in which immunoprecipitated CD44

was incubated with exoglycosidases failed to com-

pletely normalize the electrophoretic behaviour of

CD44 among the different cell models (data not

shown). This observation is likely due to the high gly-

cosidase resistance of densely glycosylated proteins.

Presently, no single glycosidase can release all O-

glycans and high density of extended O-glycans entails

considerable resistance to sequentially acting exogly-

cosidases, rendering gentle de-O-glycosylation a

Fig. 6. PLA analysis of CD44v6/RON combined IF staining of STn in human gastric tissue sections. (A–D) Combined PLA/IF analysis in

human gastric tissue sections. The PLA was performed with anti-RON and anti-CD44v6 antibody detecting their colocalization (red blobs).

The number of PLA blobs per cell were quantified and are shown as numerical values within the image. The IF detection of STn is shown in

yellow. Nuclear staining with DAPI is shown in blue and the green autofluorescence has been used to visualize tissue architecture. The

scale bare indicates 50 lm. (A) Representation of the gastric mucosa adjacent to gastric carcinoma. RON/CD44v6 colocalization events

were absent and no STn was expressed by gastric epithelial cells. (B) Representation of intestinal metaplasia adjacent to gastric carcinoma.

The colocalization between RON and CD44v6 was detected and has 0.28 blobs per cell. Goblet cells of intestinal metaplasia are known to

express high amounts of STn as shown. (C) Gastric carcinoma without STn expression. Limited amount of colocalization between RON and

CD44v6 has been detected and has 0.17 blobs per cell. (D) Gastric carcinoma with localized expression of STn. A higher number (2-fold

differences) of CD44v6/RON colocalization events, 0.35 blobs per cell, were detected in the tumour area with STn compared to the directly

adjacent STn negative tumour areas, with 0.18 blobs per cell. The area that has been considered STn positive is framed in dashed lines.
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challenging task. Harsh chemical approaches can result

in the efficient release of O-glycans, but lead to the

chemical modification and partial degradation of the

peptide backbone.

Alterations of the glycosylation machinery leading

to the truncation of O-glycans are a common feature

in cancer [32]. Here, we demonstrate that O-glycan

truncation may contribute to malignant phenotypes

through the significant modulation of CD44 functional

activity. In this regard, we showed that cell models

with shorter O-glycans display an univocal increase in

HA binding capacity. This result is in line with previ-

ous observations that changes in glycosylation of

CD44 alters its capacity to act as HA receptor [31,62].

Here, we demonstrate for the first time this effect in

the gastric cancer context, supporting that it might

represent a critical mechanism in promoting a migra-

tory proinvasive cancer cell phenotype.

Moreover, we discovered a striking increase in the

colocalization events between CD44v6 and RON

when O-glycans were truncated. Concomitant with

the enhanced colocalization, we observed an elevated

activation of RON in these cell lines. CD44v6 is

known to mediate the activation of RON, a receptor

tyrosine kinase important for the invasive growth in

various cancers [63]. We therefore hypothesize that

the truncation of O-glycans presents a novel onco-

genic mechanism of RON activation through the

mediation of CD44 and RON interactions. The

increased colocalization of CD44v6 and RON in

tumour areas of gastric cancer patients that express

short truncated O-glycans supports an important

mechanism in cancer that ought to be further investi-

gated. CD44 is also involved in the activation of

other RTKs, such as MET, EGFR, VEGFR and

HER2 [16,22,23]. The targeting of these RTKs

through monoclonal antibodies or small molecules is

currently applied or under clinical investigation as

treatment for cancer patients. Our data support that

the expression of truncated O-glycan epitopes might

constitute a new additional biomarker for treatment

stratification of cancer patients.
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Fig. S1. Confirmation of the efficiency of heparinase

and chondroitinase digest.

Fig. S2. Haematoxylin and eosin (H&E) staining in

sialyl Tn (STn) negative or positive gastric cancer

region as well as in intestinal metaplasia.
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