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O cancro gástrico é o 5º tipo de cancro mais comum e a 3ª causa de morte 
relacionada com cancro, em Portugal. A pesquisa de novos biomarcadores e práticas 
clínicas para melhorar o diagnóstico e a estratificação dos pacientes através de 
técnicas menos invasivas e mais sensíveis é um tópico de investigação intensivo. A 
elevada expressão do O-glicano truncado sialil-Tn (STn) é frequentemente 
identificado em tecido de carcinoma gástrico e encontra-se relacionada com um pior 
prognóstico dos doentes. Adicionalmente, as células cancerígenas secretam níveis 
elevados de vesículas extracelulares (EVs) para a circulação, cuja carga reflete as 
alterações que ocorrem nas células de origem, representando uma fonte valiosa para 
a descoberta e deteção de biomarcadores. 

Os objetivos deste estudo foram comparar o rendimento e pureza das EVs obtidas 
por dois métodos de isolamento, a ultracentrifugação diferencial (UC) e a combinação 
de UC com cromatografia por exclusão de tamanho (SEC) e detetar a presença de 
STn na membrana das EVs.   

As EVs foram isoladas de duas linhas celulares geneticamente alteradas para 
expressarem níveis diferentes de STn e de duas linhas de células controlo de cancro 
gástrico por UC e UC+SEC. As EVs isoladas foram caracterizadas por nanoparticle 
tracking analysis, microscopia eletrónica de transmissão e western blotting, de acordo 
com a Sociedade Internacional de Vesículas Extracelulares. A deteção de STn na 
membrana das EVs foi aferida através de uma técnica de marcação com partículas 
de ouro. O impacto do STn na internalização de EVs foi estudado usando um sistema 
indireto de co-cultura.  

O rendimento e pureza das EVs isoladas por UC e UC+SEC foi comparado 
através da análise da sua concentração, da presença de contaminantes proteicos e 
de marcadores de EVs como a alix, sintenina-1, Hsp70 e CD9. O protocolo UC+SEC 
permitiu um menor rendimento, mas uma maior pureza das EVs isoladas, facilitando a 
deteção de marcadores de EVs e de STn. Foi ainda possível observar que as células 
que expressam STn secretam mais EVs e que o STn parece ser incorporado 
seletivamente nas EVs. De realçar que foi possível detetar STn na membrana de EVs 
secretadas por células de cancro gástrico. Por fim, observamos uma capacidade 
diferente das células recetoras em internalizarem EVs positivas ou negativas para 
STn.    

Em conclusão, os nossos resultados mostram que a combinação de UC com SEC 
levou à recuperação de EVs mais puras, facilitando a deteção de STn. 
Adicionalmente, o STn foi detetado em níveis mais elevados nas EVs do que nas 
células secretoras e encontrado na membrana das EVs, destacando o seu potencial 
uso como biomarcador em EVs de cancro gástrico. Na mesma linha de evidência, as 
células que expressam STn secretaram mais EVs, o que pode facilitar a sua deteção 
num contexto clínico. Por fim, a presença de STn nas EVs afetou a sua internalização 
em células recetoras, sugerindo um possível envolvimento durante a progressão do 
cancro.   
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Gastric cancer is the 5th most common and the 3rd deadliest cancer in Portugal. The 
search for biomarkers and clinical approaches to improve patients’ diagnosis and 
stratification through less invasive and more sensitive methods is an active research 
topic. Overexpression of the truncated O-glycan sialyl-Tn (STn) is commonly identified 
in gastric carcinoma tissue, which has been correlated with poor prognosis of gastric 
cancer patients. In addition, cancer cells secrete high levels of extracellular vesicles 
(EVs) into circulation, which cargo reflects the changes occurring in the cell of origin, 
and therefore, represent a valuable source for biomarker discovery and detection.  

The aims of this study were to compare the yield and purity of two different EV 
isolation methodologies, the ultracentrifugation (UC) and the UC combined with size 
exclusion chromatography (SEC) and to access the presence and detection of STn at 
EV membrane.  

EVs were isolated from two glycoengineered cell lines that synthetize different levels 
of STn and two control gastric cancer cell lines negative for this glycan by UC and 
UC+SEC. Isolated EVs were characterized through nanoparticle tracking analysis, 
transmission electron microscopy and western blotting, according to the International 
Society of Extracellular Vesicles. The detection of STn at EV membranes was assessed 
using an immunogold labeling technique. Furthermore, the impact of STn in EV uptake 
was studied using an indirect co-culture system. 

UC- and UC+SEC-EV isolates were compared regarding yield and purity through the 
analysis of EV concentration, presence of protein contaminants and EV markers such 
as alix, syntenin-1, Hsp70 and CD9. Results showed that UC+SEC isolated EVs with a 
lower yield but higher purity, facilitating the detection of both EV markers and STn. It 
was also possible to observe that cells expressing STn showed to secrete more EVs 
and that the STn seemed to be selectively packaged in EVs. Remarkably, we were able 
to detect STn at the membrane of EVs secreted by gastric cancer cells. Finally, we 
observed a different uptake capacity of the EVs positive and negative for STn by the 
recipient cells.  

In conclusion, our results showed that the combination of UC with SEC led to purer 
EVs, which facilitated the STn detection. Additionally, STn was highly expressed in EVs 
compared to the secreting cells and it was present at the EV membrane, highlighting its 
potential use as EV biomarker in gastric cancer. In the same line of evidence, cells that 
express STn secreted more EVs, which may facilitate its detection in the clinical 
context. Finally, the presence of STn in EVs affected its internalization by recipient cells, 
suggesting a role during cancer progression.  
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1. Introduction 
 

1.1. Cancer 

 

Cancer is one of the major public health problems worldwide and is becoming a 

leading cause of death over the last years. According to the International Agency to 

Research on Cancer, in 2020 more than 19 million of new cases were diagnosed and 

about 10 million cancer-related deaths all around the world, highlighting that cancer 

burden is emerging1. The most common types of cancer worldwide include lung, breast, 

colon, and gastric cancer. Cancer is caused by an uncontrolled division of abnormal cells 

in a tissue of the body that can lead to multiple alterations compromising the normal 

function of the organism. Cancers are classified according to the tissue where they 

originate, that can be in the epithelial tissue that is found in the internal and external lining 

of the body (carcinoma); in the connective tissue that is found in the bones, tendons, 

cartilage, muscle and fat (sarcoma); in the blood that originate from bone marrow 

(leukemia) or in the lymph system (lymphoma)2. Generally, when normal cells have a DNA 

damage, they activate DNA-damage response mechanisms to repair the error, allowing 

the resumption of normal cell functioning. When the error cannot be repaired, the cells 

undergo senescence or apoptosis, blocking the process of replication3. However, 

sometimes the previous mechanisms fail, mutations occur, which might compromise the 

integrity and viability of the genome. In fact, with aging, the risk of mutations increases 

due to successive replications of cells. During the replication process, the mutated genes 

are inherited by daughter cells and the defects in the capacity to properly respond to DNA 

repair are transmitted, enabling cells to survive and reproduce4. Importantly, this genome 

aberrations can lead to multiple diseases, namely cancer where genomic instability is a 

fundamental feature for cancer development5. Through the progressive carcinogenic 

process, cells acquire some characteristics that are needed to guarantee their survival 

and replication under hostile conditions. These are also called hallmarks of cancer and 

include replicative immortality, genome instability, evasion of growth suppressor signals, 

resistance to cell death, sustained proliferation, alter metabolism, avoiding immune 

destruction, tumor-promoting inflammation, angiogenesis and activation of invasion and 

metastasis6. The accumulation of irreversible mutations in normal cells due to a deficiency 

in DNA repair generates a genome instability that increases the probability of cancer 

development. To promote the progression and dissemination of the tumor, cancer cells 
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need to pass several checkpoint steps. First, cancer cells need to avoid the G1/S 

checkpoint in the replication process that usually decides which cells can undergo 

proliferation or remain quiescent7. This restriction point is usually regulated by cyclin-

dependent kinases (CDKs), like CDK2, CDK4 and CDK6 and D-type cyclins that exhibit 

oncogenic properties, therefore contributing to cancer progression. Their expression is 

controlled by CDK inhibitors and tumor suppressor genes like, retinoblastoma protein and 

p53. p53 is a transcription factor capable of inducing cell cycle arrest and apoptosis, 

preventing tumor progression21. However, if cancer cells can progress through the cell 

cycle, it will find another barrier at G2/M transition. This checkpoint stage is regulated by 

activation and deactivation of complexes composing of cyclins and CDC- family proteins, 

like CDC2/ cyclin B1 complex. Here, p53 also plays an important role in lowering the 

intracellular levels of CDC2/ cyclin B1 complex, inhibiting mitotic initiation10. Moreover, in 

cancer cells, elevated levels of cyclin B1 are known to contribute to chromosomal 

instability, favoring tumorigenesis. Even after completing the cell cycle, cancer cells can 

suffer apoptosis in response to abnormal proliferation, triggered by p53-dependent 

mechanisms that inhibit tumor growth9. In cancer cells, p53 protein is often under 

expressed or mutated, leading to tumor development and progression20. 

Due to this instability in the genome, the transformed cells acquire the ability to 

alter the normal tissue structure and function. Thus, they can dysregulate the expression 

of growth-promoting signals, control their proliferation rate and originate a preneoplastic 

cell. Contrary to normal cells that can activate cell death in response to a DNA damage or 

mutation, cancer cells are able to resist apoptosis by up-regulating pro-survival signals 

and, thus, sustaining proliferation12. Another barrier that cancer cells need to overtake to 

survive is the immune system. Naturally, it protects us from external antigens, recognizing 

foreign tissue and activating an efficient inflammatory response13. However, sometimes 

cancer cells can go unnoticed and promote an aberrant immune response by selecting 

aggressive clones, inducing immunosuppression, and contributing to tumor progression 

and metastasis. Tumor cells produce cytokines and chemokines that attract several 

elements of the leucocyte family, including neutrophils, macrophages, eosinophils, mast 

cells and lymphocytes, triggering chronic inflammation that increase the risk for cancer 

development14. As tumor cells avoid immune destruction, they continue to grow and 

proliferate in the body. To compensate the nutritional needs of tumor cells and the hypoxic 

environment, cells trigger an angiogenic switch that promote the formation of new blood 

vessels to supply the tumor that can grow to macroscopic levels15. Yet, the tumor 

vasculature shows poor organization, irregular blood flow and leak blood vessels that 
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facilitate the invasion of tumor cells into the circulatory or lymphatic systems. For that, 

cancer cells are obliged to suppress cell-cell adhesion, acquiring a high mobility and 

migration capacities, reflecting a mesenchymal phenotype. The detachment of cells from 

the primary tumor, facilitates their invasion and metastisation into the surrounding tissues 

or organs. The cell-cell adherent junction is a specialized region of the plasma membrane 

connected with cytoskeleton actin filaments, where cadherins act as Ca2+-dependent 

adhesion molecules. E-cadherin and P-cadherin are integral membrane glycoproteins 

linked to the actin cytoskeleton through catenin proteins, such as α-catenin and β-catenin, 

playing a key role in the maintenance of the intercellular junctions in epithelial cells16. E-

cadherin is strictly expressed in normal epithelial cells, whereas P-cadherin expression 

shows unique tissue distribution, detected in myoepithelial cells with high proliferative 

potential. Mutations in these adhesion molecules can lead to their dysregulation and 

consequent loss of adhesive function, promoting epithelial-to-mesenchymal transition 

(EMT)17. During EMT, the expression of cell-cell and cell-matrix adhesion molecules and 

their aberrant regulation is crucial for metastasis formation. In fact, expression of P-

cadherin has been reported as an indicator of poor prognostic in several cancer types, 

such as breast  and ovarian cancers, relating with  tumor aggressiveness and an invasive 

phenotype18,19. Similar to cell-cell adhesion, cell-extracellular matrix (ECM) adhesion is 

also altered in cancer cells. Integrins mediate the interaction between cells and the 

extracellular matrix, through linkage with the actin cytoskeleton. Aberrant expression of 

these adhesion molecules also stimulate the activation of intracellular signaling pathways 

that participate in cytoskeletal and ECM assembly, cell migration, proliferation, 

differentiation and death20. Thus, aberrant integrin expression is related with cancer 

recurrence21. Once cells detach from the primary tumor site, they can enter the 

bloodstream and reach distant organs. The majority of cells that enter in blood vessels are 

killed, diminishing the metastatic potential22. The cells that survive the mechanical 

destruction caused by blood circulation and surveillance of immune cells, leave the blood 

system, and can begin to grow in the secondary tissue, creating a metastasis. This 

process occurs only when certain tumor cells reach the proper microenvironment in the 

secondary organ, according to the “seed and soil hypothesis” proposed by Stephen 

Paget23. This hypothesis determines that some tumor cells selectively metastasize to 

specific tissues. For example, breast cancers often metastasize to liver and rarely to 

kidneys. Thus, metastatic outgrow requires a proper niche for cancer cells survival, 

development and proliferation24–26. Metastasized tumors create another grade of 

aggressiveness, contributing to poor prognosis and survival of cancer patients. 



4 

 

Furthermore, metastasis is not dependent of the tumor size but requires a more 

aggressive therapy, compromising the patient’s quality of life27.  

To concretize the malignant process, cancer cells communicate with a complex 

and highly dynamic tissue, the tumor microenvironment (TME) that ensure the ideal 

conditions for cancer development. The TME include nonmalignant cells, blood vessels, 

fibroblasts, immune cells, bone marrow-derived inflammatory cells, and the ECM28. During 

tumorigenesis, tumor cells interact with the tumor microenvironment by communication 

will endothelial cells, cancer-associated fibroblasts, mesenchymal stem cells, and immune 

cells such as lymphocytes and tumor-associated macrophages. These multiple 

interactions between cancer cells and the stroma determine cancer growth and 

metastasis29. Thus, TME contains the ideal niche for cell-cell and cell-ECM interactions 

that set the crosstalk between cancer cells and the surrounding environment, shaping 

cancer development and progression. The ECM is the major structural component of the 

TME and consists of water, proteins, and glycoconjugates30. The fibrous ECM proteins 

include collagen, elastins, laminins, and fibronectins that together form a network of fibers 

surrounded by a hydrogel containing proteoglycans. Collagen is the major fibrous protein 

within the ECM and provide tensile strength, regulate cell adhesion, support chemotaxis 

and migration, and direct tissue development31. Collagen can associate with elastins, 

recoiling tissues that suffer repeated stretch32. Fibronectins, the major adhesive ECM 

glycoprotein, mediate cell attachment and function, playing a crucial role in cellular growth 

and migration33. Also, laminins and fibronectins modulate cancer cell invasiveness and 

increase the metastatic potential34. In cancer, ECM metabolism is dysregulated, and the 

tumor cells become stiffer due to ECM deposition and remodeling, showing loss of tissue 

organization and increased cell tension. These alterations can lead to tissue fibrosis that 

promote tumor progression, inducing angiogenesis and invasion35. In addition to the 

fibrous proteins, the repertoire of proteoglycans participates in the maintenance of 

structural and functional integrity of the ECM. Heparan sulphate proteoglycans (HSPs) 

can bind to a variety of molecules like collagens, growth factors and other ECM proteins, 

to improve adhesion strength36. Also, versican is found on the ECM of almost all tissues 

and organs. This chondroitin sulphate (CS) proteoglycan serve as molecular bridge 

between cells and the ECM, regulating cell proliferation37. Relating to the glycan signature 

of the ECM, the hyaluronic acid is the major glycan component of the interstitial gel that 

embeds the fibrous proteins. In tumors, HA is produced by both tumor stroma and tumor 

cells, and its binding to cellular receptor activates intercellular signaling pathways that 

promote tumor survival, motility and invasion38. Moreover, glycans dictate proteolysis 
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patterns and regulate ligand-receptor interactions, migration, cell-cell, and cell-matrix 

adhesion39. Concerning this, glycans have been studied as potential biomarkers for 

cancer diagnosis and progression, with several FDA-approved cancer glycobiomarkers 

used in clinical practice40,41. In this study, we will focus on gastric cancer aberrant 

glycosylation.  

 

1.2.  Gastric cancer  

 

Based on the GLOBOCAN 2020 data, gastric cancer is the 5th most common 

cancer worldwide, with more than one million cases diagnosed. Also, gastric cancer is the 

4th cause of cancer-related deaths with about 768,000 deaths in 2020, corresponding to 

7.7% of cancer-related mortality all around the world. In 2020, the number of new gastric 

cancer diagnosed cases in Portugal exceeded 2900, with more than 2300 deaths, 

corresponding to 4.9% and 7.7% of incidence and mortality, respectively, considering all 

types of oncogenic diseases42. Incidence and mortality of gastric cancer is especially 

dependent of each region, diet, and Helicobacter pylori infection43. Gastric cancers are 

mainly adenocarcinomas, a neoplasia of epithelial tissue, that arise from the mucosa of 

the stomach44.  Gastric cancer adenocarcinomas can be distinguish in two different types: 

intestinal type, when moderate to well differentiated cancer cells formed glands, and 

diffuse type when cells were found to be more dispersed either as single cells or as small 

clusters of cells, according to Lauren’s classification45.  

The intestinal type is the most common form of gastric cancer and can be caused 

by genetic factors which promote alterations in growth factors, cytokines and adhesion 

molecules that determine the progress of cancer46. Helicobacter pylori infection is the 

most common cause of gastritis and peptide ulcer and when the infection is prolonged, it 

can also increase the risk of gastric cancer development. It is well established that the 

intestinal type of carcinogenesis contemplates a multistep pathway were Helicobacter 

pylori triggers a chronic inflammatory process that can result in the development of gastric 

cancer. The progressive changes in the gastric mucosa start with chronic gastritis, 

followed by intestinal metaplasia, dysplasia, and gastric cancer (Figure 1). Gastritis is 

characterized by increased infiltration of the lamina propria, with loss of normal glandular 

tissue47. The intestinal phenotype of the glands is observed in intestinal metaplasia (IM), a 

more advanced stage of atrophy. The IM can be distinguished in two types: the small 

intestine or complete type and colonic or incomplete type. The complete type is 

characterized by the presence of goblet cells that express intestinal mucins, instead of 
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gastric mucins, changing the pattern of mucus secretion. On the other hand, incomplete 

type of IM expresses both gastric and intestinal mucins, resembling a large bowel 

phenotype. In fact, the incomplete type is considered to represent a higher risk for gastric 

cancer development48. Dysplasia presents a neoplastic phenotype, in terms of cell 

morphology and structure. At this stage, epithelial cells show large, hyperchromatic, and 

crowded nuclei, and are irregular in shape. These alterations precede the acquired 

capacity of cells to invade and degrade the surrounding tissue, developing gastric 

carcinoma.  

Figure 1. Sequential events of gastric cancer carcinogenesis according to the Correa 

cascade model. Adapted from I. Riquelme et al. (2015)49. 

In diffuse gastric cancer, cancer cells lie within a rich fibrous stroma that extends 

into the submucosal layers and infiltrate into adjacent tissue in a highly invasive manner, 

worsening patient’s prognosis50,51. Contrary to the intestinal-type gastric cancer, the 

environmental factors have a weaker influence on the diffuse-type gastric cancer. Instead, 

somatic and germline mutations like CDH1 and RHOA mutations have a stronger 

contribution for the occurrence of diffuse-type gastric cancer52. Also, increased 

inflammation of the gastric mucosa by Helicobacter pylori induces diffuse gastric cancer 

without passing through the premalignant lesions53.  

Since stomach is an internal organ, it is difficult to detect alterations that can help 

the diagnosis of precancerous lesions. Moreover, symptoms like difficult swallowing, 

bloated stomach after eating, heartburn, nausea, and stomach pain can be confused with 

other pathologies. Vomiting and unintentional weight loss are often the symptoms that 

cause suspicious and lead patients to consult a clinician. As mentioned above, H. pylori 

contributes to activate the gastric carcinogenic pathway, together with dietary habits and 

genetic factors. It is known that maintaining healthy habits like avoiding alcohol and 

tobacco, eating fresh fruits and vegetables and controlling the weight help to prevent 

gastric cancer54,55. Despite the improvements in diagnosis and treatment of gastric cancer, 

the prognosis remains poor due to the low rate of diagnosis during the early stages. 
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Consequently, when gastric carcinoma is detected, usually corresponds to an advanced 

stage, limiting the patient’s treatment options and survival56. Currently, endoscopy is used 

to detect gastric cancer, distinguishing between superficial and advanced gastric cancer57. 

Thus, it is extremely important to define new strategies to diagnose this disease in an 

easily and less-invasive way, as early as possible.  

Tumor-associated carbohydrate antigens have been extensively studied since 

most of proteins expressed by cells are glycosylated58. In fact, alterations in the 

expression and in the glycosylated patterns of serum and membrane proteins constitute 

potential biomarkers for health and disease. Thus, glycans and glycoproteins are used in 

clinic practice for screening and management of gastric cancer. Such markers include 

carbohydrate antigen 19-9 (CA19-9), carbohydrate antigen 72-4 (CA 72-4) and cancer 

antigen-125 (CA-125). CA19-9 is a modified Lewisa blood group antigen that shows 

elevated levels in gastric carcinoma compared with normal tissues. However, high levels 

can also be found in non-cancerous pathologies, compromising its value as a diagnostic 

tool. Normally, expression of CA19-9 is restricted to the gastric epithelial tissues, but when 

cancer cells detach from the ECM and access to the circulation, these markers can be 

detected in the blood. Moreover, high levels of CA19-9 are associated with poor 

prognosis59. However, the measurement of this marker is not an effective method of 

screening and cannot be applied in early gastric cancer diagnosis. In contrary, a high 

molecular weight protein denominated as tumor-associated glycoprotein-72 (TAG-72), 

renamed CA 72-4, detects STn expressed in mucins and presents higher sensitivity and 

sensibility to monitor gastric cancer60. Increased levels of CA 72-4 are related with a more 

advanced tumor stage, lymph node involvement, metastasis and consequently, poor 

survival rate and higher risk of death60–62. Additionally, the tumor antigen CA-125 is a high 

molecular glycoprotein, MUC16, related with cancer progression63. It has been reported 

that elevated levels of CA-125 can be predictive of higher metastatic potential of tumor 

cells and poor prognosis of gastric cancer patients64. Despite the elevated levels of CA-

125 observed in advanced gastric carcinomas, the expression of this marker is not 

remarkable in localized cancer tissues, which compromise the efficiency in the detection 

of early malignant lesions65.  

Due to the limitations on specificity and sensitivity on the current tumor markers, it 

is essential to identify additional biomarkers for the early detection of gastric cancer. 

Those improvements have been done in recent years, in order to provide the best clinical 

outcome for gastric cancer patients. Since the majority of serum proteins are glycosylated, 

the study of glycoproteomic signature becomes a target for further investigations to 
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discover novel potential biomarkers for early diagnosis and prognosis of some 

pathological conditions, including gastric cancer66.  

 

2. Glycosylation  

Proteins undergo post-translational modifications (PTMs) to form mature products that 

can be used in processes like cell signaling and ligand binding67, therefore contributing to 

increase the proteome complexity. Among the different PTMs, glycosylation is one of the 

most common enzymatic modifications that occur in translated proteins and lipids and is 

known to play an important role in regulatory and functional processes in the cells, such 

as cell adhesion, endocytosis, protein folding, intracellular trafficking, and receptor 

activation68. Glycosylation mostly occurs in membrane proteins, secreted proteins, and 

proteins in the luminal side of organelles like endoplasmic reticulum (ER), Golgi complex 

and lysosomes. This process is characterized by the covalent attachment of a 

carbohydrate to proteins, lipids, or another molecule, producing a variety of biopolymers. 

Glycan diversification is accomplished by the linkage of one of the nine nucleotide sugar 

donors to a variety of protein and lipid acceptors that then become glycosylated by the 

multiple saccharide epitopes. Glycosylation occurs in the ER and Golgi apparatus and is 

catalyzed by glycosyltransferases and glycosidases, depending on factors like substrate 

concentration, enzyme activity, and enzyme location in the organelles69. The addition of a 

glycan varies according to different species and cell types and can change the size, 

cargo, and solubility of the glycoconjugates70. The main types of glycoproteins include N-

glycans, O-glycans, and proteoglycans. N-glycosylation refers to an oligosaccharide chain 

linked to the nitrogen atom of asparagine (Asn) in the sequence Asn-X-Ser/Thr, where X 

corresponds to any amino acid except proline (Pro). N-glycosylation requires the 

formation of an oligosaccharide precursor dolichol pyrophosphate (Dol-P)71 that goes to 

the ER lumen where mannose (Man) and glucose (Glc) units are added. The 

carbohydrate-protein conjugate is processed in the ER that usually include glucose 

removal and addition, which contributes to protein folding and degradation72. As shown in 

Figure 2, the glycan core consists of two N-acetylglucosamine (GlcNAc) residues and 

three Man residues, to which GlcNAc, galactose, sialic acid and fucose residues can be 

added. This addition occurs in the Golgi apparatus, producing oligomannose, hybrid and 

complex N-glycoproteins as end products. The composition of the mature products is 

affected by the expression levels of glycosyltransferases, the accessibility of the 
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glycoprotein glycosylation sites and the time that it remains in the ER and Golgi 

apparatus70.   

 

 

Figure 2. Schematic representation of the different families of glycoconjugates commonly 

synthesized by human cells. N- and O-glycans are the main types of glycoproteins. N-

glycans contain a common core region of GlcNAc and Man residues that can be further 

diversified with the addition of different terminal structures such as sialic acid, galactose 

and fucose residues. O-glycans initiated with GalNAc represent the majority of the O-

linked glycoproteins, also known as mucin-type O-glycans. Glycosaminoglycans (GAGs) 

are linear co-polymers of repeated disaccharides units that can remain free in the 

extracellular matrix or attached to proteoglycans through a serine (Ser) motif. 

Glycosylphosphatidylinositol (GPI) – anchored proteins and glycosphingolipids are 

another type of glycoproteins and can be found in the outer leaflet of the plasma 

membrane. Adapted from Reily et al. (2019)73.  

 

The biosynthetic process of O-glycosylation involves the addition of a glycan to the 

oxygen atom of a functional hydroxyl group of serine (Ser) or threonine (Thr) residues, 

catalyzed by N-acetylgalactosamine (GalNAc) transferases in the Golgi apparatus74. O-
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glycans can be classified according to the first sugar attached to the protein and the 

additional sugar structures added to the initial glycan. The addition of GalNAc is the most 

common type of O-glycosylation found in eukaryotic cells. The produced glycoconjugates 

are often called mucin-type O-glycans75. Mucins can be classified into secretory and 

membrane-associated forms. Secretory mucins form a physical barrier that provides 

protection for epithelial cells that line the respiratory and gastrointestinal tracts. 

Membrane-associated mucins have a single membrane-spanning domain and a 

cytoplasmic tail in addition to the extracellular domain composed by the tandem repeated 

units with high content in Pro, Ser and Thr. These repeated units create multiple sites for 

O-glycosylation, forming clustered structures that play an essential connection between 

epithelial cells and the external mucosa surfaces of the body with protective and adhesive 

functions76. O-glycans are also distinguished by the type of glycans linked to the initial 

GalNAc, producing eight core structures that can be further extended. Contrarily to N-

glycosylation, O-glycosylation does not require an oligosaccharide precursor, making the 

biosynthetic process of O-glycans simplest77. In this case, GalNAc is transferred from 

UDP-GalNAc donor into the Ser or Thr residues of a polypeptide chain of a fully folded 

protein. Other types of O-glycans include O-mannose, O-fucose, O-galactose and 

nucleocytoplasmic O-linked β-N-acetylglucosamine (O-GlcNAc) that occur in specific 

proteins or protein domains78. Since O-glycans regulate different processes such cell 

metabolism and immune response, alterations in these structures are crucial in many 

pathological conditions, including cancer79.  

Glycosaminoglycans (GAGs) are characterized by the presence of long unbranched 

sugar repeat chains that can occur free in the extracellular matrix or attached membrane 

proteins via O-linked glycan motifs (Figure 2). Some examples of GAGs include heparan 

sulfate (HS), chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS) and 

hyaluronan (HA). The first three have the same core structure consisting of xylose and 

two galactose units, followed by one glucuronic acid (GlcA). KS consists of repeated 

disaccharides of galactose and GalNAc, while HA involves repeated disaccharides of 

GlcA and GlcNAc80. GAGs can interact with a large variety of macromolecules depending 

on their negative charge, conferred by sulfate and uronic acid groups, and structural 

conformation, thus playing key roles in some biological functions81. The core protein 

synthetized in the ER carry the information to post-translational modification that attach 

GAGs covalently to the protein and produce proteoglycans with different structures and 

functions82. Proteoglycans can be subsequently classified accordantly to the predominant 

anionic GAG, as syndecan, versican, and lumican which contain HS, CS and KS, 
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respectively. During the past decades, proteoglycans were identified in connective 

tissues, cell membranes and intracellular compartments, where they can exert their 

functions depending on the characteristics of the GAG type and the core protein80. 

Advances in glycobiology have shown several biological processes controlled by 

proteoglycans such cell-cell and cell-matrix interactions, transport of proteins and 

activation of growth factors, chemokines, and cytokines83. Since proteoglycans are the 

major component of the human extracellular matrix, modifications in their biosynthesis and 

degradation will impact the development of several diseases, including congenital 

disorders and cancer84.  

Glycosphingolipids are another type of glycoconjugates where a glycan is linked to a 

lipid ceramide. Glycosphingolipids are the major component of the outer cell plasma 

membrane and are synthetized through the addition of sugars first to the ceramide residue 

and then to the growing glycan moiety. Depending on the additional residues, 

glycosphingolipids can be neutral, sialylated or sulfated85. As shown in Figure 2, GPI 

proteins are attached to the membrane through phosphatidylinositol. The core of the GPI-

anchored protein is composed of phosphoethanolamine linked to three units of Man and 

glucosamine (GlcN). Some GPI proteins are known to play a key role in cell-cell and cell-

matrix interactions and may act as differentiation markers and membrane receptors. GPI-

anchored glycoproteins are essential in multiple biological functions, including cell 

adhesion, metabolism, and proliferation and some of them are responsible for 

tumorigenesis and progression86.  

 

2.1. Gastric cancer aberrant glycosylation  
 

Aberrant glycosylation occurs almost in all types of human cancer cells and leads to 

the expression of tumor-associated carbohydrate antigens69,87. The most commonly 

occurring glycosylation alterations in cancer include sialylation, fucosylation and 

modifications in the glycan chain length, producing shorter O-glycans and more branched 

N-glycans88. There are some factors responsible for altered expression of glycans in 

cancer cells, including the under- or overexpression of 

glycosyltransferases/glycosidases89,90, disfunction of chaperone activity91, changes in the 

tertiary conformation of the peptide core, variability of acceptor substrates, availability and 

abundance of sugar nucleotide donors and cofactors92, and the expression and location of 

specific glycosyltransferases in the Golgi apparatus93. Among all, changes in the 
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expression of glycosyltransferases and glycosidases involved in the synthesis and 

catabolism of glycans seems to be the principal mechanism responsible for aberrant 

glycosylation in cancer.  

Increased expression of complex β1,6-branched N-glycans often occurs in cancer 

cells, induced by the expression of the β1,6-GlcNAc transferase V (GnT-V)94. N-glycans 

can be further modified and elongated with repeated Galβ1,4GlcNAcβ1,3 units in the Asn 

residues and topped with sialic and fucosyl epitopes (Figure 3). In gastric cancer cells, 

overexpression of GnT-V glycosyltransferase induces loss of E-cadherin function, which 

compromises cell adhesion and assembly95. Interestingly, E-cadherin expression in 

gastric mucosa cells is dependent on the presence of β1,6-branched N-glycans, being its 

functional impairment correlated with increased invasive and metastatic potential96. 

Among the formation of β1,6-GlcNAc-branched N-glycans, the GnT-V glycosyltransferase 

also enhance the production of integrin-mediated cell migration in gastric cancer cell lines. 

This protumorigenic activity of the GnT-V can be inhibited by the GnT-III 

glycosyltransferase, which negatively regulate cell migration97.  

Abnormal expression of UDP-GalNAc polypeptide N-acetylgalactosaminyltransferases 

(ppGalNAc-Ts), the family of enzymes that catalyzes the primary step of mucin O-glycans 

formation, shows to be involved in the regulation of truncated structures and exposure of 

the peptide backbone. Furthermore, studies concerning the expression patterns of 

different types of ppGalNAc-Ts show that these molecules participate in some 

carcinogenic events, including venous invasion, tumor differentiation and metastasis in 

gastric cancer98. Also, sialyltransferase expression in gastrointestinal cancer cells became 

relevant in the past decades since they add sialic acid to the terminal carbohydrate, 

stopping chain growth and producing sialyl T (ST) and sialyl Tn (STn) antigens that are 

related with patients’ poor clinical outcome99. 

Increased expression of sialylated terminal structures and accumulation of simple-

mucin-type glycans were found during gastric carcinogenic cascade. Incomplete synthesis 

and neo-synthesis processes are the principal mechanisms underlying the tumor-

associated alterations of cell surface carbohydrates structures100. The incomplete 

synthesis process occurs mainly on early stages of tumor and results from the impairment 

of the normal synthesis of complex glycans, leading to the accumulation of truncated 

structures like STn antigen, observed in gastric carcinomas101. On the other hand, the 

neo-synthetic pathways occur in more advanced stages and is due to the induction of 

genes related with the expression of sialyl-Lewisa (SLea) and sialyl-Lewisx (SLex). 

Together with Lea and Leb, SLea are classified into type 1 Lewis blood group, whereas 



13 

 

SLex, Lex and Ley are known as type 2 Lewis antigens102. In gastric carcinogenesis, the 

recognition of receptor ligands is crucial to bacterial interaction and dissemination of 

Helicobacter pylori103. Thus, as demonstrated in some studies, the blood group antigen 

binding adhesin (BabA) recognizes ABO(H)/Lewisb blood group antigens expressed in 

glycoproteins of the gastrointestinal tract while the sialic acid binding adhesin (SabA) 

mediates H. pylori attachment through binding to SLea and SLex carried by 

glycosphingolipids and glycoproteins. Additionally, expression of BabA adhesin provides a 

higher risk of developing gastric lesions that can evolve to gastric cancer104,105.  

Another family of enzymes involved in the formation of tumor-associated antigens are 

fucosyltransferases. Among all, FUT1, FUT2 and FUT3 code for the enzymes responsible 

for the synthesis of type 1 and 2 Lewis antigens in epithelial cells. Thus, FUT 1 and FUT2 

participate in the biosynthesis of SLea/b and SLex/y percursors and FUT3 is responsible for 

the addition of fucose residues into these structures to produce SLea and SLex antigens. 

Also, increased expression of SLex occurs in response to the overexpression of ST3GalT, 

a sialyltransferase induced by H. pylori infection106. Increased levels of sialylated epitopes 

are due to the upregulation of these enzymes, altering the glycoproteome phenotype of 

infected patients. Furthermore, the expression of sialylated molecules such as STn, SLea 

and SLex has been observed in gastric cancer cells and correlates with invasiveness and 

metastasis, providing a poor prognosis for cancer patients39,107. 
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Figure 3. Main classes of glycans in cancer. N-glycans experience further structural 

maturation to generate complex bisected and branched structures. The simplest O-

GalNAc glycans T and Tn antigens can be further elongated into different core structures 

that serve as scaffolds for more complex O-GalNAc glycans like ST and STn antigens. 

Both O- and N-glycan chains are generally branched and/or elongated and may present 

sialic acids, Lewis’s blood group related antigens and/or their sialylated counterparts as 

terminal structures. Adapted from A. Peixoto et al. (2019)108. 

 

Like all mucosal tissues, the mucous layer of the human gastric antrum is 

predominantly composed by mucins and represents the ideal niche for H. pylori 

adhesion103. Thus, aberrant expression of glycans disrupt the protective function of 

mucins and enhances H. pylori infection, leading to gastritis and gastric cancer109. Mucin 

carbohydrate chains are the major carriers for Lewis’s blood group antigens, being the 

expression of mucins and sialylated structures co-regulated in normal gastric mucosa. 

Moreover, Lea, Leb and SLea co-localize with superficial cells expressing MUC5 mucin and 

Lex, whereas Ley co-localize with MUC6 in deeper glands48,110. Also, the expression of 

mucin-type O-glycans suffers alterations when epithelial cells became malignant and may 

allow the monitor of pathological conditions observed during gastric carcinogenesis. The 
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human gastric epithelium is characterized by the expression of high levels of MUC1, 

MUC5 and MUC6, whereas gastric carcinomas show decreased levels of these mucins 

and higher levels of MUC2, MUC3 and MUC4, normally found in intestinal cells111. MUC1 

is a transmembrane highly glycosylated protein, produced by glandular epithelial cells and 

has been recently identified as an H. pylori binding target103. Additionally, the expression 

of under-glycosylated forms of mucins and high levels of MUC1 are related with a poor 

prognosis of gastric cancer patients112. Overexpression of MUC1 interferes with cell-cell 

and cell-matrix adhesion since it is considered as an anti-adhesion molecule113. 

Diminished adhesion in tumor cells may have consequences in cancer progression, 

invasion, and metastasis. Compared expression of different types of mucins demonstrated 

the expression of MUC1 and MUC5AC in foveolar cells and MUC6 in deeper gastric 

glands114, showing that the characteristic cell- and tissue-specific distribution may be 

related with the specific function of each mucin111. The study of MUC2 expression showed 

elevated levels in gastric cancer carcinomas114, being this intestinal-type mucin the major 

carrier of STn antigen in intestinal metaplasia and gastric cancer48. Like MUC2, MUC3 is 

often expressed in the intestinal epithelium. However, studies demonstrated expression of 

MUC3 in gastrointestinal cells, suggesting the loss of normal mucin regulation79,111.  

Abnormal expression of glycans is related with several stages of the gastric cancer 

cascade, including cell adhesion, differentiation, invasion, and metastasis115. Thus, the 

gastric cancer aberrant glycosylation constitutes an important research field for clinicians 

and investigators to improve our understanding of the physiological and pathological 

mechanisms regulated by glycans. Concerning this, glycans have proven to play crucial 

roles in cellular behavior and carcinogenesis, being a useful biomarker for screening 

intestinal metaplasia and gastric cancer116. Strategies that exploit this aberrant 

performance can enhance and improve the clinical diagnosis and prognosis of 

gastrointestinal cancer patients.   

 

2.2. Truncated O-glycans in gastric cancer  

 

The premature termination of O-glycans elongation constitute a mechanism by which 

immature glycoforms are produced. Truncated O-glycans occur on the majority of 

epithelial cancers and in pre-malignant lesions, considered as potential biomarkers for 

cancer detection117. Truncated O-glycans include T (Galβ1-3-GalNAcα1-O-Ser/Thr), Tn 

(GalNAcα1-O-Ser/Thr), ST (NeuAcα2,6-Galβ1-3-GalNAcα1-O-Ser/Thr) and STn 
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(NeuAcα2,6-GalNAcα1-O-Ser/Thr) antigens118. Their up-regulated expression is 

associated with tumor aggressiveness and has a major impact in the prognosis of gastric 

cancer patients115,119. Profiling the expression of these tumor-associated carbohydrate 

antigens show a high prevalence of Tn and STn, whereas T antigen was less common in 

gastric carcinomas119. 

T antigen, also known as core 1 structure, is an intermediate structure during mucins 

maturation since it can be further modified and elongated. T antigen is not detected in 

healthy tissues neither in gastric pre-malignant lesions. However, it is expressed in gastric 

cancer cells, associated with immune response invasion102. T antigen is found in the Golgi 

area of the foveolar cells and mucous glands, being its expression related with wall and 

lymphatic invasiveness of gastric tumors103. 

In normal cells, Tn antigen suffers elongation to produce T antigen by the addition of a 

galactose residue regulated by the C1GalT1 glycosyltransferase together with the 

COSMC chaperone. However, in the case of mutations or loss of heterozigoty of the 

COSMC gene, can result in the homologous expression of Tn and STn99. Tn antigen is 

detected in the supranuclear region of the cells of the surface epithelium and in the 

mucous glands of the antral mucosa121. Tn antigen is expressed in the early stages of 

tumor development and its expression is related with clinical progression, poor prognosis 

and survival119.  

The biosynthesis of STn is regulated by ST6GalNAcI, a sialyltransferase expressed in 

several epithelial cancers, including gastric cancer. ST6GalNAcI also plays an important 

role in gastric cell behavior, being correlated with tumor development, progression, 

migration, and invasion84. STn is often co-expressed with Tn antigen and therefore 

mechanisms that regulate Tn expression are implicated also in STn expression, as 

alterations in COSMC, alterations in Golgi apparatus and glycosyltransferases 

dynamics106. STn expression is observed in the cytoplasm of the neck cells and adjacent 

foveolar epithelium, and more rarely, in mucous glands. Additionally, STn is considered 

the most abundant carbohydrate structure in goblet cells119. Studies with monoclonal 

antibodies specific for STn reveal that detection of this antigen is rare in normal tissues, 

whereas is overexpressed in diverse cancer tissues115. Furthermore, there is evidence 

that higher levels of STn expression in gastric carcinoma appear in advanced tumors 

stages, leading to poor prognosis compared with tumors that express low levels of STn, 

reflecting a higher tumor burden. Thus, differences in the degree of expression of STn 

with respect to age, tumor stage, invasion and metastasis constitute proof of the predictive 

value of this carcinogenic antigen in prognosis of gastric cancer126.  Pre-lesions of gastric 
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cancer, like dysplasia and intestinal metaplasia also express STn, thus contributing to 

early detection of gastric cancer121,127. The presence of STn in early-stage patients 

corroborates its powerful usefulness as tumor maker, allowing to distinguish between 

patients that need a closer follow-up and a rapid activation of treatment measurements.  

Although not every gastric tumor cells express STn and its expression depends on each 

patient, several studies demonstrate that the level of expression is strongly correlated with 

survival outcome115,128. Additionally, is has been proven that STn induce major phenotypic 

alterations in gastric cancer cell lines with COSMC knock-out. The manipulated gastric 

cancer cell lines show increased expression of the STn antigen responsible for the 

acquired mesenchymal-like morphology and enhancement of cellular motility. Also, the 

expression of STn antigen interferes with cell-cell and cell-matrix adhesion, promoting an 

invasive phenotype of gastric cancer cells. This can be due to the upregulation of the 

SRPX2 and RUNX1 genes and O-glycosylation of some adhesion molecules, namely 

laminins and integrins129. Overall, genomic alterations and overexpression of STn can 

induce invasiveness and metastasis, the major causes associated with cancer death. 

Besides the regulation of STn on metastasis, this antigen can, as well, play a role in 

cellular recognition by the immune system, protecting metastatic cells from degradation in 

the blood stream99. Diverse studies concerning the relationship between STn expression 

and its prognostic value reported correlation with gastric wall penetration, lymphatic 

invasion, metastasis and stage of gastric carcinoma119, 123,130. Concerning the crucial role 

of STn in the different cancer hallmarks, this antigen should be further investigated as it 

shows potential to be used in the clinical practice as prognostic biomarker in gastric 

cancer patients. Importantly, our group pioneered the detection of STn in extracellular 

vesicles secreted by gastric cancer cells, which constituted an significant proof of the 

potential usefulness of STn as gastric cancer biomarker131.  

 

3. Extracellular vesicles biogenesis and uptake 

 

Extracellular vesicles (EVs) were first observed as procoagulant platelet-derived 

particle in plasma in 1946132 and referred as “platelet dust” in several other studies133. In 

the past decade, the scientific and clinical interest in EVs have emerged and it became 

necessary to standardize EVs nomenclature and protocols. To facilitate the classification 

of these nanoparticles, the International Society of Extracellular Vesicles suggested the 

term EVs to describe particles naturally released by almost all types of cells, delimited by 
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a lipid bilayer and lacking the capacity of replication134. EVs are released by different types 

of cells, including platelets, leukocytes, erythrocytes, and epithelial cells, and are detected 

in several body fluids. Moreover, EVs can be categorized into exosomes, microvesicles 

and apoptotic bodies depending on the physiologic characteristics of vesicles, such as 

size, cargo, density, and composition135.  

Exosomes are cell-derived vesicles with 40-150 nm of diameter and are present in 

almost all types of human body fluids, including blood, serum, plasma, urine, and 

cerebrospinal fluid. Exosomes are used to describe small EVs secreted by eukaryotic 

cells when membranes of multivesicular bodies (MVB) fuse with the plasma membrane, 

during endosome maturation136. The biosynthesis of exosomes involves the formation of 

intraluminal vesicles (ILVs) within MVB, essential intermediates in endolysosomal 

transport formed by the invagination and scission of buds from the endosomal limiting 

membrane into the lumen137 (Figure 4). Current studies on exosomes biogenesis show 

that endosomal sorting complex required for transport (ESCRT) proteins are involved in 

endosomal membrane invagination to generate ILVs in the lumen of the organelles138. 

Proteins such ESCRT component Tsg101 and the complex alix-syntenin-syndecan 

govern the selection of endocytic cargo and physical membrane-remodeling and 

abscission required for exosome formation. Thus, stimulation of these complexes induces 

endosomal synthesis and release. Exosome formation can also occur independent of the 

ESCRT machinery by the conversion of sphingomyelin to ceramide, inducing a curve 

shaped morphology of the endosomal membrane139. Independently on the biosynthetic 

pathway, the release of exosomes is mediated by Rab family GTPases, namely Rab11, 

Rab27, and Rab35140–142. Rab11 and Rab35 regulate the recycling of membrane 

components from the endosomal compartment to the plasma membrane, enhancing 

cytokinesis and cell migration. Rab27 act on the transport of endosomal compartments to 

the plasma membrane, playing an important role in exosome secretion. Moreover, 

downregulation of these proteins diminishes the secretion and release of exosomes to the 

extracellular space. On the other hand, microvesicles are nanoparticles with 50-2000nm 

of diameter, released from the plasma membrane under both physiologic and pathological 

conditions126. Microvesicles are formed by outward protrusion or budding of the plasma 

membrane and their release is regulated by stimulation of cell surface receptors in a Ca2+-

dependent manner. Interestingly, a recent study provided evidence for the recruitment of 

ESCRT component Tsg101 to the plasma membrane during microvesicle biogenesis145. 

Finally, apoptotic bodies measure 100-5000nm and originate from dying cells as they 

disintegrate146. Besides the differences between the subpopulations of EVs, the isolation 
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of these nanoparticles shows some limitations. For instance, the size ranges of exosomes 

and microvesicles may overlap, making it difficult to separate and characterize these 

particles. For this reason, the term EVs it will be used as a general term referring to 

nanoparticles released by cells to the extracellular environment.  

 

 

 
 
 
 
 
 
 
 
 

 

Figure 4. Schematic representation of EV biogenesis and secretion by eukaryotic cells. 

Exosomes are formed as intraluminal vesicles within multivesicular bodies during 

endosome maturation. Microvesicles arise from the outward budding and fission of the 

plasma membrane. The largest EVs, apoptotic bodies, are formed during programmed 

cell death. Adapted from D. Gustafson et al. (2017)147. 

 

After the release into the surrounding area, EVs can be broken down exhibiting their 

cargo or enter the circulation to fuse with target cells. EVs exert their cargo to target cells 

through direct contact with cell membrane, endocytosis of vesicles or fusion of vesicles 

with cell membrane, contributing to horizontal reprogramming of the host cell148,149. EVs 

transport proteins, lipids, glycans and nucleic acids including both RNA and DNA derived 

from the originating cell150–152. In fact, the proteins found in EVs come almost exclusively 

from plasma membrane, cytosol, or endocytic compartments, confirming their biosynthetic 

pathway. Additionally, the protein composition of EVs and their post-translational 

modifications determine their functionality in several ways, including their biodistribution, 

binding of EVs to target cells or to the ECM153. Specific membrane proteins such as major 

histocompatibility complex (MHC), tetraspanins, ESCRT (Alix and Tsg101) and heat 

shock proteins (Hsp60, Hsp70 and Hsp90) participate in the interaction of vesicles with 
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target cells, triggering integrins and calcium signaling pathways. The most studied 

proteins are tetraspanins such as CD9, CD63 and CD81, which mediate cellular 

penetration, invasion, and fusion, acting as EV markers154. Also, the lipid content of EVs 

plays a key role in signaling and sorting. EVs share common lipid structures with the cell 

of origin, however some lipids can be specifically associated with different types of EVs152. 

Furthermore, EVs are enriched in cholesterol, sphingomyelin and glycosphingolipids, 

when compared with the cells that originate them, suggesting that its membranes contain 

lipid raft-like domains155. Like the other molecules, lipids are not included in EVs through a 

randomly process, but accurately selected since they are crucial to EVs rigidity, 

protection, and resistance. Additionally, EVs can carry messenger and microRNAs, 

inducing intercellular signaling through the acquisition of genetic material by fusion or 

endocytosis156. Thus, mRNA transfer to target cells have been shown to enhance 

proliferation and apoptosis resistance under stress conditions. Data shows significant 

differences in the gene profile analysis of exosomal mRNA compared to donor cells. Also, 

miRNAs were found to be highly secreted to EVs, confirming that some miRNA may be 

uniquely packed into the vesicles. DNA has also been found151 as well as long and short 

non-coding RNA and tRNA fragments, in a small number of cases154.  

The significance of EVs relies on the capacity of intercellular communication through 

horizontal transfer of cargo between different cells within an organism and the influence 

over recipient cell’s function, occurring mostly by phagocytosis, endocytosis and 

micropinocytosis reviewed elsewhere157. Despite the evidence, EV uptake has not been 

completely studied and still needs further investigation to unravel the key mechanisms 

involved in this process. The vast repertoire of glycans present in EVs interfere with 

cellular uptake, protein sorting to EVs and interaction with target cells135. In fact, EV 

uptake shows to be dependent on heparin-sulphate proteoglycans (HSPs) that act as true 

internalizing receptors of EVs in recipient cells160. This can be translated for the potential 

use of drug delivery therapies on cancer cells using HSP-binding properties of cancer-

derived EVs. Also, the uptake selectivity might be more dependent on the recipient cell 

type rather than on EVs, as EVs are mostly tracked by generic fluorescent lipophilic 

membrane dyes such as PKH26161, PKH67162, DiD163, DiI164 and CellMask165. To access 

the role of surface glycans in EV uptake, two hepatic murine cell lines were treated with 

PNGase F that cleaves N-glycans and neuraminidase that removes sialic acid residues 

from glycans164. Both treatments show an increased efficiency in EV uptake, with different 

glycosylation profiles leading to different uptake affinities. Also, the enrichment of specific 

glycans in cancer-derived EVs have shown to modulate EV uptake by an ovarian cancer 
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cell line166. In this study, the removal of sialic acid residues increased, however non-

significantly, EV uptake. This effect was observed both in vitro158 and in vivo167 studies, 

showing that sialylation play an important role in interactions with recipient cells. However, 

further investigations are required to stablish a bridge between EV glycomics and 

functional experiments.  

 

3.1. Current strategies for EV isolation   
 

Due to the limitations on size overlap and similarities in morphology and composition, 

most EV isolation methods do not unequivocally purify specific types of vesicles, but 

separate complex mixtures. To date, EVs have been isolated from several biological 

fluids, including blood, saliva, breast milk and urine. The most studied methods for EV 

isolation based on density and size include ultracentrifugation168,169 (UC) and size 

exclusion chromatography170 (SEC). Microfiltration, microfluidic isolation, density gradient 

separation and immunoaffinity capture methods are also used aiming to separate and 

characterize pure subpopulations of EVs168,171–173. Differential UC uses centrifugal force to 

isolate and enrich an EV population according to their buoyant density by applying 

increasing centrifugal speeds and/or time174. During each centrifugation, the particles that 

are heavier than the supernatant will sediment. The multiple centrifugation steps with 

increasing centrifugation speeds lead to the separation of cells, cell debris and EV 

pellets169. UC is the most commonly method used for EV isolation due to its applicability in 

isolating EVs from large volumes of cell culture medium and biological fluids and do not 

impact EV downstream analysis. However, the EV populations can be contaminated with 

protein complexes that sediment at the same time of EVs due to similarities in density, 

limiting its use in the clinical setting175. This problem can be solved by different 

methodologies that separate EVs considering its size. SEC, also known as gel-filtration 

chromatography, separates EVs from proteins by trapping the molecules to the stationary 

phase176,177. The EV content elutes first than proteins, thus showing to be an adequate 

method for EV isolation, obtaining purified EV populations that retain integrity and 

functionality178. These characteristics make the SEC an adequate method to be easily 

applied in the clinical setting for diagnosis purposes, despite its high cost and the need for 

a previous EV concentration for certain downstream applications170, 176,179,180. To this date, 

there is no gold standard method for EV isolation, as different protocols present different 

advantages and disadvantages. Our group have already demonstrated that different EV 



22 

 

isolation methodologies lead to different EV protein and glycan profiles, reflecting distinct 

EV purities131. Comparing four different EV isolation protocols, EVs isolated by the 

combination methodologies of UC with Optiprep density gradient (ODG) and UC with SEC 

showed higher purity confirmed by western blotting analysis of protein and glycan content. 

With their results, it is assumed than an extra step of EV purification, such as ODG or 

SEC, must be necessary for EV biomarker research. Others, also demonstrated that ODG 

isolated less but purer EV populations compared with UC, total exosome isolation and 

exoQuick protocols181. Another technique used to isolate nanoparticles is asymmetric flow 

field-flow fractionation (AF4) technology that consider density and hydrodynamic 

properties to separate a heterogeneous population of EVs by two perpendicular flows. 

AF4 allows to distinguish different subpopulations of EVs, namely small and large 

exosomes and exomeres, based on biophysical and molecular content182. In addition, the 

use of immunoaffinity methods has shown a marked increase, suggesting new 

applications to achieve better yield and purity of EVs. Affinity methods use magnetic 

beads coated with monoclonal antibodies against a specific EV surface marker168. 

Proteins like CD9, CD63 and CD81 serve as EV markers and were already used to isolate 

EVs based on the immunoaffinity properties. However, antibody coated beads against 

these markers may select a subpopulation of EVs since not all vesicles express the same 

proteins183. Therefore, the subsequent analysis will not reflect the whole population of EVs 

within a sample. In fact, a study with different EV enrichment methods show distinct 

subpopulations of urinary EVs since they have specific affinity to EV markers184.  

Many efforts have been done in order to standardize isolation protocols since different 

isolation methods have demonstrated different capacities to isolate EVs and influences 

the depletion of lipoproteins, protein contaminants and the overall yield of EVs181. 

Nevertheless, it cannot be claimed that there is a unique method to isolate EVs or the one 

that guarantees complete purity. The combination of multiple-step protocols has been 

applied to isolate EVs with higher purity to efficiently discover EV biomarkers, validate EV-

related functions in biological processes and translate EV specificities to clinical 

practices185,186.  

 

3.2.  Cancer-derived extracellular vesicles 

 

Cancer-derived EVs play an important role in all cancer hallmarks, altering the 

physiology of both surrounding and distant non-malignant cells and allowing dissemination 
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and growth of cancer cells. Whereas the size of EVs is similar between healthy and 

cancer patients, cancer-derived EVs are secreted in higher levels, showing altered cargo 

in a stage dependent manner187. A pilot clinical study demonstrated that circulating EVs 

were reduced after operative treatment compared with preoperative plasma samples, 

suggesting that tumors are partially responsible for the secretion and release of EVs188. 

However, high levels of EVs can also be the result of tumor response under stress 

conditions. Thus, tumor-derived EVs are used by the primary tumor to promote 

angiogenesis, invasion, and metastasis, altering tumor microenvironment, and supporting 

progression of cancer cells189. As tumor grows, EVs derived from cancer cells can 

suppress immune cells, avoiding immune detection and become pro-tumorigenic and 

metastatic. Cancer-derived EVs can promote these processes by different mechanisms, 

including the induction of vascular development190, the release of active matrix-degrading 

enzymes191, and production of tissue factor192.  

Tumor-derived EVs play an important role in the differentiation of fibroblasts into 

cancer-associated fibroblasts (CAFs) as well as in the induction of mesenchymal stem 

cells to become tumor supportive cells. This occurs by transfer of growth factors and 

cytokines that promote tumor proliferation such as transforming growth factor-β and 

several miRNAs193. Interestingly, EVs derived from breast cancer cells carrying miRNAs 

induce motility and stemness194. Also, tumor-derived EVs secrete oncogenic proteins such 

as epidermal growth factor receptor variant III (EGFRvIII) that activates the mitogen-

activated protein kinase and Akt signaling pathways responsible for cancer growth195. The 

transfer of EGFRvIII to cells that lack this oncoprotein give them an advantage to 

contribute to the horizontal transmission of pro-tumorigenic proteins, increasing tumor 

cells growth195. Particularly in gastric cancer, exosomes seem to potentiate tumor growth 

and proliferation through the activation of these mechanisms196. Moreover, the angiogenic 

and metastatic potential of cancer cells result from loss of cell-cell and cell-ECM contact. 

EVs are strongly associated with ECM remodeling and degradation by the secretion of 

matrix metalloproteinases (MMPs) such as MMP-1, namely from gastrointestinal cancer 

cells197. MMP3, MMP9 and MMP13 were also reported to be responsible for the spread of 

tumor cells and invasion in squamous carcinoma cells198. Additionally, coagulation and 

angiogenesis can be regulated by EVs transporting tissue factor (TF) or other 

procoagulant factors playing a putative role in tumor cancer survival. High levels of EVs 

containing TF protein have been reported in the plasma of breast cancer patients, favoring 

thrombosis199. Also, TF correlates with immune invasion and metastasis in many human 

malignancies200. To evade the immune system, tumor-derived EVs can regulate T cells 
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expansion, impair the antigen presentation, or interfere with host’s immune response. 

Studies reported that tumor-derived EVs have the capacity to inhibit the growth of cytolytic 

effector cells such CD8+ T cells and NK cells, responsible for anti-tumor activity201. The 

stimulatory effects of tumor-derived EVs on CD4+ T cells and the inhibitory impact on 

CD8+ T cells confirms the role of tumor-derived EVs on the escape from the host immune 

system. Invasion and metastasis can also be modulated by EVs through the molecules 

involved in EMT or by preparing a pre-metastatic niche, reprogramming non-malignant 

cells at distant sites202. Moreover, tumor-derived EVs were further reported to play a 

significant role in the metastatic behavior of human melanoma cells through the receptor 

tyrosine kinase Met189. The Met oncoprotein is co-expressed with hepatocyte growth 

factor in several malignancies including breast and pancreatic cancer203,204. Interestingly, 

Met activation induces cell dissociation and motility, facilitating invasion of epithelial cells 

through extracellular matrices205. Furthermore, metastatic melanomas release EVs that 

carry programmed death-ligand 1 (PD-L1) on their surface, responsible for the 

suppression of cytotoxic activity of CD8+ T cells, facilitating tumor growth and proliferation 

at the metastatic site. The binding of PD-L1 to its receptor and consequent inhibition of T 

lymphocytes protects tumor from immune surveillance206.  

Since glycans play a constitutive role at EV surface, they have gained importance in 

the last decades to understand their influence in EV biogenesis. EVs secreted by cancer 

cells show an aberrant glycosylation pattern which allows the fully analysis of the impact 

of glycans in cancer and the identification of stem-cell-like phenotypes. Importantly, the 

presence of high mannose epitopes, complex N-glycans, sialic acid residues and 

fucosylated epitopes, with the simultaneous absence of blood group antigens A/B were 

detected in EVs from several cell lines, confirming the role of glycans in protein sorting. 

Another study detected EVs secreted by ovarian cancer cells enriched in specific high 

mannose and sialylated structures, namely LGALS3BP, an abundant sialoglycoprotein166. 

ST6GalNAc1, the enzyme responsible for STn production, can be transferred to recipient 

cells through secreted EVs and lead to significant changes in cellular behavior. 

ST6GalNAc1 can sialylate cell-surface proteins such as  β1-integrins, confirming the role 

in potentiating malignant transformation, and regulating metastasis207. Furthermore, STn 

was reported to be present in secreted EVs from human gastric cancer cell line131, which 

is associated with cancer cell aggressiveness and patient’s poor prognosis115.  

The ability of EVs to secrete a vast repertoire of glycans provide an open area of 

research to understand their role in tumorigenesis. The study of EV glycosylation has 

emerged, however their function in EV biogenesis and protein sorting remains poorly 
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understood. In this field, many efforts have been done to determine the glycan signature 

of different populations of EVs. Importantly, glycans can be extensively used as 

biomarkers in cancer detection and monitoring, in addition with the capacity to distinguish 

between malignant and non-malignant lesions. The emerged research in EV glycosylation 

may possibly open new perspectives in cancer diagnosis, prognosis, and therapeutics. 

 

3.3.  Extracellular vesicles as cancer biomarkers  

 

The vesicles and their cargo have been considered as potential biomarkers since they 

are capable of transport and transfer specific cargo secreted by cancer cells to recipient 

cells195. In fact, its phospholipid bilayer provides a greater stability to EV cargo, resulting in 

higher resistance to degradation and higher capacity to travel long distances, compared to 

free proteins, lipids, and nucleic acids in the cytoplasm208. In addition, EVs can circulate in 

several body fluids and can be used in minimally invasive tools to monitor disease stage. 

Studies showed elevated levels of circulating EVs depending on disease state in several 

cancer types including renal and lung cancers173,194. Thus, circulating EVs can be used as 

biomarkers since their composition reflects the changings taking place in their 

corresponding cell of origin and, in the case of cancer, the tumor cargo, extending 

perspectives for biomarker measurements211,212. 

Among the components of EVs, proteins and miRNAs have been the most studied 

molecules with regard of their potential as tumor biomarkers for cancer diagnosis and 

monitoring. EGFRvIII was identified as EV tumor-specific marker in glioblastoma cancer 

patients195. In melanoma patients, increased levels of CD63 expressed in EVs correlates 

with an increase in tumor size213. Elevated levels of CD63 were also found in patients with 

oral squamous cell carcinoma, as well as caveolin-1188. The relationship between levels of 

these markers before and after surgery show that EVs secretion correlates with prognosis 

and overall survival of patients188. Recently studies reveal the presence of CD97 on the 

membrane surface of EVs in gastric cancer patients, related with local growth, 

invasiveness and metastasis214. Also, exosomes secreted by HER2-overexpressing 

breast carcinoma cells block the therapeutic activity of anti-HER2 antibody, demonstrating 

the impact of tumor EVs in therapeutics215. HER2 presents a high expression pattern in 

gastric cancer-derived exosomes compared with controls216. In addition to proteins, 

miRNAs within circulating EVs have gained attention regarding their highly promising 

diagnostic and prognostic potential for many cancer types. Ovarian malignancies can be 
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distinguished from benign lesions based on the expression of exosomal miRNAs217. Other 

exosomal miRNAs were found to be associated with specific cancers, including urine-

derived exosomal miR-107 and miR-574-3p in prostate cancer218, plasma-derived 

exosomal miR-195 in breast cancer219, and serum-derived exosomal miR-21 in 

glioblastoma220. All these exosomal miRNAs are highly expressed in tumor compared with 

normal tissues, reflecting the tumor burden. A study from gastric cancer biopsies found 

that downregulation of miRNA-101 in exosomes supports tumor cell proliferation221. 

Although the role of EV glycosylation is still being explored, the investigation on EV 

glycome is emerging to understand the impact of glycans on diagnosis, prognosis and 

therapeutics.  

 

3.3.1. EV glycans as cancer biomarkers  

 

 

Along with proteins and RNAs, glycans are highly detected in EVs and thus, are 

considered as powerful biomarkers. Increased levels of CA19-9, refleting high levels of 

SLea, correlates with poor prognosis of cancer patients60. The combination of serum 

CA19-9, exosomal CD82 and exosomal glypican-1 was employed to diagnose and 

monitor the clinical state of the pancreatic cancer patients222. CA125 assay detects 

circulating mucin glycoprotein MUC16 which aberrant STn glycoforms of MUC16 have 

been found to be elevated in invasive epithelial ovarian cancer patients223. Also, increased 

expression of CA125 was found in exosomes, showing improved diagnosis sensivity224. 

The presence of EpCAM glycoprotein in exosomes is elevated during ovarian cancer 

progression and considerably higher when compared to benign lesions or healthy 

donors225. The same study reveals EVs containing N- and O-glycosylated GPI-anchor 

CD24 protein that plays a role in diagnostics and shows to be related with poor prognosis 

of several cancer types. The membrane glycoprotein CD133 has been used as a marker 

to identify cancer stem cells of solid tumors, including pancreatic cancer, since its 

expression is exclusively found in tumor cells226. The investigators suggest that exosomal 

levels of CD133 are an independent risk factor that contributes to tumor progression and 

poor overall survival227. The glycosylation profile of CD133, which includes the presence 

of sialic acids, can also be used to stratify pancreatic cancer patients. Also, sialic acids 

present at EVs surface show to affect EV recognition and adhesion to target cells, 

modulating receptor signaling and cell phenotype228,229. Increased levels of the 
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sialoglycoprotein LGALS3BP were detected in EVs from ovarian carcinoma cells, with 

implications in target cell recognition and EV uptake209. Ovarian carcinoma EVs were 

analyzed by lectin blotting, which detected the presence of T antigen, emphasizing the 

importance of EV glycosylation as a cancer biomarker210. Similar to T antigen, STn 

expression is increased in cancer and has already been correlated with poor overall 

survival of gastric cancer patients115. Applying different isolation approaches, STn was 

extensively detected in EVs secreted by a glycoengineered gastric cancer cell line 

MKN45131. Also, proteomic data revealed that STn secreted EVs carried several cancer-

related proteins. However, up to this date, glycoproteins bearing O-glycans with STn 

antigen were not detected in EVs from cancer cell patients. In fact, the major studies on 

EV glycome are focused on N-glycosylation because of the increased difficulty in 

deciphering O-glycosylation232. In this field, STn has achieved great interest due to several 

reasons. First, STn is not expressed in normal gastric tissue119. Second, it is expressed in 

intestinal metaplasia and dysplasia, suggesting a correlation with malignant 

transformation in the stomach115. Third, STn levels are increased in gastric cancer 

patients and finally, its expression has been reported to be associated with poor 

prognosis126. This characteristics give to STn the proper recognition as a potential 

biomarker for gastric cancer, as it can help to select patients for a closer follow-up and to 

implement a more rapid and effective treatment115. The importance of STn is revealed by 

the association between its expression and the poor survival and resistance to 

chemotherapy of cancer patients233.  To this purpose, a synthetic STn-keyhole limpet 

haemocyanin (KLH) vaccine (Theratope) was designed to induce STn-specific IgG in 

mice234. A phase II clinical trial in breast cancer patients demonstrated that effective STn-

specific humoral responses can be induced with Theratope, which correlated with the 

increased survival of patients235. However, in the next phase III clinical trial, the 

investigators described no benefit for treated patients when compared to controls236.  An 

improved diagnosis and stratification of cancer patients based on the expression of STn in 

EVs might be required for more effective to design new therapeutic intervention strategies.  
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4. Objectives  

Gastric cancer is the 5th most common type of cancer and the 4th cause of cancer-

related deaths worldwide. In Portugal, gastric cancer is the 3rd deadliest carcinogenic 

disease, mainly due to late diagnosis and consequent limited treatment options1. Since 

most of proteins expressed by cells are glycosylated58, our study will focus on the 

expression of the truncated O-glycan STn that was found in gastric cancer and is related 

with increased invasiveness, aggressiveness, metastatic potential and poor prognosis of 

gastric cancer patients115, 129,237. Also, as extracellular vesicles (EVs) are highly secreted 

by cancer cells and encapsulate multiple components of the originating cell type, they 

serve as vehicles to transport and transfer cargo to local and distant sites, constituting a 

valuable source for biomarker discovery and detection. Our group have already 

demonstrated the presence of STn in EVs derived from a poorly differentiated gastric 

cancer cell line, isolated by different protocols131.  

The main aim of this study is to compare the yield and purity of two different EVs 

isolation methodologies from gastric cancer cells synthetizing different levels of STn to 

access its detection. EVs will be isolated by ultracentrifugation (UC) and by the 

combination of UC with size exclusion chromatography (SEC). Also, we aim to detect STn 

at EV membranes and study the impact of the presence of this cancer-associated O-

glycan in EV uptake by recipient cells.  

In this study, we will use the same genetically engineered cell line model derived from 

a poorly differentiated gastric adenocarcinoma cell line MKN45 to study the expression of 

STn. MKN45 SimpleCell (SC) cells have a fully characterized homogeneous O-

glycoproteome with elevated levels of STn and were obtained by targeting the C1GALTC1 

(COSMC) gene by zinc-finger nuclease66. MKN45 ST6 cells display a vast repertoire of 

heterogeneous O-glycans with high levels of STn expression101, which better mimic STn 

expression in vivo. For these reasons, we choose these cell lines to study the impact of 

different EVs isolation approaches in the expression of STn.  

To accomplish these goals, we define more specified objectives, as follows: 

Compare the yield and purity of UC and UC+SEC protocols for EV isolation: 

For EV isolation, we purpose to use two glycoengineered gastric cancer cell lines 

(MKN45 ST6 and SC) and two control cell lines (MKN45 Mock and WT) that grow in 

conditions deprived from FBS, since it contains high levels of glycosylated proteins that 

may interfere with the downstream analysis of EV glycosylation238. Our group have also 

defined optimized UC and SEC protocols for EV isolation that will be reproduced in this 
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study131. Therefore, UC- and UC+SEC-isolates will be characterized according to the 

guidelines established by the International Society of Extracellular Vesicles, namely 

nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM) and 

western blotting135,239. EV markers such as alix, Hsp70, syntenin-1 and CD9 will be tested 

for all EV isolates and compared regarding EV yield and purity. Also, UC and UC+SEC 

will be pursued to compare STn detection on EV samples. With this specific aim, we 

envisage to obtain pure EV populations for EV markers and STn detection.  

Detect STn at EV membrane:  

To detect STn at EV membrane, we will perform an immunolabelling technique with 

coupled gold particles. EV isolates will not undergo any membrane permeabilization to 

avoid the antibodies to penetrate EV membrane. The fact that STn might be present at EV 

membrane, may suggest a role of this cancer-associated antigen in cellular 

communication. Also, this achievement holds the potential for new EV isolation 

methodologies development directed against STn.  

Impact of STn in EV uptake by recipient cells: 

In this study, we will use an indirect co-culture system to study the capacity of different 

recipient cells to internalize STn-negative and STn-positive EVs. For that, cells will be 

labeled with a lipophilic dye and visualized at ZOE fluorescent cell imager microscope. 

The internalization of secreted dye-labeled EVs by unlabeled recipient cells will be 

analyzed after 24 and 48 hours. With the fluorescent cell image microscope, it will be 

possible to compare the relative number of cells that became fluorescent and analyze the 

differences regarding the STn presence at EVs. The definition of the timepoint when most 

EVs are internalized by recipient cells and the impact of STn in EV uptake may be useful 

to apply in future functional experiments. 
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5. Materials and Methods 
 

5.1. Cell lines and culture conditions 

To investigate the expression of STn we used genetically engineered cell line 

models derived from a poorly differentiated gastric adenocarcinoma cell line MKN45 

obtained from the Japonese Collection of Research Bioresources. The parental human 

gastric carcinoma cell line MKN45 correspond to WildType cells (WT). The MKN45 

SimpleCells (SC) were obtained by targeting the C1GALTC1 (COSMC) gene by zinc-

finger nuclease as previously described66. Also, the MKN45 WT cells were stably 

transfected with the full-length ST6GalNAc1 gene (ST6) or with an empty vector 

pcDNA3.1 (Mock) as previously described240,241. All cells were cultured in monolayer in 

RPMI 1640 GlutaMAX, HEPES medium supplemented with 10% fetal bovine serum 

(FBS). MKN45 Mock and MKN45 ST6 cells were supplemented with 0.6% G418 antibiotic 

(all from Invitrogen, Carlsbad, CA, USA). Cultured cells were maintained at 37ºC in an 

atmosphere of 5% CO2 and tested for mycoplasma contamination.  

 

5.2. Viability and proliferation assays 

Considering that FBS contains high levels of glycosylated proteins, it was necessary to 

remove this component from the cell culture medium before proceeding with the isolation 

and analysis of EVs. The effect of FBS removal was then tested by viability and 

proliferation assays. MKN45 cells (Mock, ST6, WT and SC) were seeded at 50,000 

cells/mL in six wells of two 24-well plates (one plate with FBS and another to remove 

FBS). After 24h, cells of three wells per cell line were collected, and live and death cells 

were counted in a Neubauer chamber using trypan blue (Gibco, Waltham, MA, USA). At 

this moment, all cells of one plate were washed twice with PBS and 1 mL of medium 

depleted of FBS was added at each well. After 72h, cells in medium with and without FBS 

were counted. Two independent experiments with two technical replicates per condition 

were performed. Results are shown as average ± SEM. One-way ANOVA was used for 

statistical analysis.  
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5.3. Antibody purification from hybridoma cells 

Hybridoma cells were used for B72.3 monoclonal antibody (mAb) purification. Cells 

were cultured as adherent and suspension cells in RPMI 1640 GlutaMAX, HEPES 

medium supplemented with 10% FBS, 1% penicillin/streptavidin and 1% pyruvate. Cells 

were maintained until the media was changed to medium depleted of FBS and all 

hybridoma supernatant were collected for B72.3 antibody purification. For B72.3 

purification, a HiTrap Protein G HP column (Sigma Aldrich, St. Louis, MO, USA) was used 

with 0.1M glycine-HCl to elute 12 fractions of 200µL, neutralized with 1M Tris-HCl, pH 8.8 

to avoid antibody deterioration caused by acidic pH at the time of elution. The fractions 

collected were then read at 280nm in the Nanodrop 1000 software to calculate the protein 

concentration in mg/mL. For a more accurate measure, fractions were read at 750nm 

using the Gen5.11 software (Synergy Mx). In this case, standards from the Protein Assay 

kit (Bio-rad, Waltham, MA, USA) were used to establish a calibration curve were 5µL of 

standards and samples were placed in a 96-well plate with a flat bottom. Then, 25µL of 

the BCA kit (1:50 dilution – reagent S: reagent A) and 200µL of reagent B were added. 

The 96-well plate were incubated at 37ºC for 15 minutes before read. Standard triplicates 

were used to establish the calibration curve. Pure B72.3 antibody was used for 

immunolabelling protocols and hybridoma supernatant for western blotting and 

immunofluorescence experiments.  

 

5.4. Immunofluorescence 

The effect of FBS removal and the presence of the O-glycan STn were tested in all 

cell lines by immunofluorescence. Cells were grown in two Ibidi slides (Gräfelfing, 

Germany) with a removable 12-well silicone chamber for 24h (one slide with FBS and 

another to remove FBS). Then, cell culture medium of one 12-well slide were collected 

and 200µL of medium depleted of FBS was added to each well. After 72h, cells were fixed 

with 4% paraformaldehyde (Alfa Aesar, Haverhill, MA, USA) at RT for 15min, washed 

three times with 0.01% PBS-Tween20 for 5min, to rehydrate the cell membrane, and 

permeabilized for 5min with 0.02% TritonTM X-100 (Sigma- Aldrich, Saint Louis, MO, 

USA). Cells were washed three more times for 5min with 0.01% PBS-Tween20 and 

incubated in normal goat serum diluted 1:5 in 10% of BSA for 1h at room temperature 

followed by overnight incubation with the STn antibody (B72.3) diluted 1:5 in 5% BSA at 

4ºC. In the next day, all steps were performed in the dark. Cells were PBS washed five 

more times and incubated with the secondary anti-mouse antibody conjugated with Alexa 
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Fluor 488 (Life Technologies, Carlsbad, CA, USA) diluted 1:500 in 5% BSA for 45 

minutes. Lastly, DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride) (Sigma-Aldrich, 

Saint Louis, MO, USA) was used for nuclear staining at RT for 10min followed by three 

0.01% PBS-Tween20 washes. Then, slides were mounted with a coverslip using a 

mounting medium (Vector Laboratories, Burlingame, CA, USA), sealing the edges with 

nail varnish. The images were acquired with a Zeiss Axio Imager Z1 Apotome microscope 

(Zeiss, Oberkochen, Germany). For immunofluorescence assays, two independent 

experiments with three technical replicates per condition were performed.  

 

5.5. Extracellular vesicle isolation by differential ultracentrifugation 

Cells from all MKN45 cell models were seeded in dishes with 150mm and grown 

until confluency 80-90%. Before extracellular vesicle collection, FBS was removed from 

the cell culture medium and MKN45 cells grow without serum supplementation for 72 

hours. Then, EVs were collected in a total of 120mL of cell culture medium depleted of 

FBS and isolated by differential ultracentrifugation (UC). The protocol starts with a 

centrifugation at 800g for 5min, followed by a centrifugation at 2,000g for 10min. The 

supernatant was vacuum filtered using a 0.22µm constant pore filtration system (Corning, 

NY, USA). Then, media was centrifuged for 20h (Optima XE 100, SW32 Ti rotor, 

Beckman Coulter) in thin wall ultra-clear centrifuge tubes at 100,000g and 4ºC. A washing 

step with saline solution 0.9% of NaCl (Wells, Porto, PT) was performed for 3h at 

100,000g and 4ºC. EV pellets were resuspended in saline solution and characterized by 

nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM), protein 

quantification and western blotting. The number of cells at EV collection day was counted 

in trypan blue using a Neubauer chamber, for cell viability and quality control.  

 

5.6. Extracellular vesicle isolation by size exclusion chromatography 

To evaluate the purity and efficacy of UC-isolated samples, we decided to 

implement size exclusion chromatography (SEC) as an extra step of EV purification in all 

MKN45-derived EVs. Furthermore, it was possible to compare the analysis of EVs 

isolated by two different methodologies. Extracellular vesicles were obtained by SEC, 

performed according to the manufacturer’s instructions of the qEV column (Izon, 

Christchurch, New Zealand). The pellet obtained after UC was resuspended in 0.9% NaCl 

to make a total of 500µL and overlaid on top of the qEV column. A total of 15 fractions of 
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500µL were collected as previously reported131. Fractions from 7 to 12 were collected and 

pulled together to be concentrated by ultrafiltration with 10kDa Amicon Ultra-15 centrifugal 

filter units (EMD Millipore). EV pellets were characterized by NTA, TEM, protein 

quantification and western blotting. 

 

5.7. Protein Quantification 

For protein quantification, EVs were resuspended and lysed in RIPA lysis buffer 

together with 1mM of sodium orthovanadate (Na3VO4), 1mM of phenylmethylsulphonyl 

fluoride (PMSF) and complete protease inhibitor cocktail (Roche, Basel, Switzerland) on 

ice for 20min, with vortex at each 5min.  Samples were then centrifuged at 16,000g for 

20min at 4ºC. Standards from the Pierce BCA Protein Assay kit (Thermo Scientific, 

Waltham, MA, USA) were used to establish a calibration curve were 10µL of standards 

and samples were placed in a 96-well plate with a flat bottom. Then, 200µL of the BCA kit 

was added (1:50 dilution – reagent B: reagent A). The 96-well plate were incubated at 

37ºC for 30min and read using the Gen5.11 software (Synergy Mx) at absorbance 562nm. 

With the calibration curve obtained (absorbance 562nm vs protein concentration µg/mL) 

and the protein concentration in the initial sample, it was possible to calculate the line 

equation of the standards. For the cell lines MKN45 Mock and MKN45 ST6, EVs were 

isolated by UC in four independent experiments and only one subjected to UC+SEC. For 

the cell lines, MKN45 WT and MKN45 SC, EVs were isolated by UC in three independent 

experiments and by UC+SEC in four independent experiments. Results are shown as 

average ± SEM. Unpaired t-test was used for statistical analysis.  

 

5.8. Nanoparticle tracking analysis 

Nanoparticle tracking analysis was performed to evaluate the size and 

concentration of EVs using a NanoSight NS300 system (Malvern Technologies, Malvern, 

UK) configured with a Blue 488 laser to illuminate the particles. The system also contains 

a high sensitivity scientific sCMOS camera that captures EV’s Brownian motions through 

the static solution by recording their average velocity and the corresponding light 

scattering of each particle. For NTA analysis of the EVs, saline solution was used as 

diluent that was injected with a syringe pump with constant flow injection and three videos 

of 60 seconds were captured with 749 frames and camera level at 15–16. The videos 

were recorded and analyzed with NTA software version 2.3 to determine the size and 
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concentration of the particles in the sample as well as their size distribution through the 

Strokes-Einstein equation, which relates the diffusivity constant to the radius of the 

particle to be studied. For this analysis, two technical replicates were prepared for each 

NTA measurement. Results are shown as average ± SEM. Unpaired t-test was used for 

statistical analysis.   

 

5.9. Negative staining transmission electron microscopy 

EV size, morphology, and integrity were visualized by transmission electron 

microscopy using negative staining. For this, 5µL of fresh EV sample solution was 

mounted on formvar/carbon film-coated mesh nickel grids (Electron Microscopy Sciences, 

Hatfield, PA, USA) where EVs were adsorbed for 10min. The excess liquid was removed 

with filter paper, and 5µL of 1% uranyl acetate was added onto the grids for 10 seconds, 

allowing the contrast between the vesicles and the background and facilitating their 

visualization carried out on a JEOL JEM 1400 TEM at 120 kV (Tokyo, Japan). The images 

were digitally recorded using a CCD digital camera (Orious 1100W Tokyo, Japan). For 

UC-isolates, three independent experiments, for both MKN45 WT- and SC-derived EVs 

and four independent experiments for both MKN45 Mock- and ST6-derived EVs, were 

performed. For SEC-isolates, two independent experiments, for both MKN45 WT- and 

SC-derived EVs and one experiment for both MKN45 Mock- and ST6-derived EVs were 

performed.  

 

5.10. Immunogold labelling of extracellular vesicles 

The surface O-glycan STn was visualized by immunogold labelling applied to 

transmission electron microscopy.  First, 5µL of fresh EV sample was directly applied on 

formvar/carbon film-coated mesh nickel grids (Electron Microscopy Sciences, Hatfield, 

PA, USA) where it was adsorbed for 20 minutes. The excess liquid was removed with filter 

paper, and 2% paraformaldehyde was added for 20 minutes. The grids were washed with 

50mM of glycine in TBS (Tris-buffered saline) four times for 5 minutes. A blocking step 

was performed with 2% of bovine serum albumin (BSA) in TBS for 30 minutes. Then, 

15µL of the purified primary antibody B72.3 diluted 1:10 and 1:20 in 5% BSA was added 

to the grids for 1 hour at room temperature. The grids were washed with 0.5% BSA six 

times for 3 minutes. The grids were then incubated with 15 µL of secondary gold-

conjugated anti-mouse antibody for 20 minutes and washed with TBS and purified water 
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six times for 3 minutes.  Lastly, 5µL of 1% uranyl acetate was added onto the grids, 

enhancing the contrast between the labelled EVs and the background, facilitating their 

visualization by JEOL JEM 1400 TEM at 120kV (Tokyo, Japan). Images were digitally 

recorded using a CCD digital camera (Orious 1100W Tokyo, Japan). Two independent 

experiments for both MKN45 WT- and SC-derived EVs isolated by UC+SEC were 

performed. A grid without sample and primary antibody was used as negative control of 

the experiment to ensure that the secondary antibody do not bind to the grid.  

 

5.11. Analysis of protein and glycan expression by western blotting  

The western blotting technique was performed to detect the presence of specific 

EV markers according to the guidelines established by the International Society of 

Extracellular Vesicles135, including transmembrane protein such as the tetraspanin CD9, 

the cytosolic proteins HSP70, syntenin-1, actin, alix and the mitochondrial protein 

cytochrome c as well as to detect the presence of the truncated O-glycan STn. The 

information related to the primary and secondary antibodies used in this technique (clone, 

source, dilution, and host species/class) is presented in Tables 1 and 2. EV samples were 

lysed in RIPA lysis buffer supplemented with 1mM of Na3VO4, 1mM of PMSF and 

complete protease inhibitor cocktail (Roche, Basel, Switzerland). Protein lysates were 

then separated based on their molecular weight by 12% sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) followed by transference to a 

nitrocellulose membrane (GE Healthcare, UK). These membranes were then blocked for 

at least 1h with 5% BSA or 5% nonfat dry milk prepared with 0.1% PBS-Tween20, 

depending on the type of primary antibody to be used (Table 1). Membranes were 

incubated overnight at 4ºC with the following antibodies: anti-Alix, anti-syntenin-1, anti-

cytochrome C, anti-CD9 and anti-STn (Table 1). The next day, the membranes were 

washed with 0.1% PBS-Tween20 three times for 20 minutes and incubated for 45 minutes 

at room temperature with the respective secondary antibodies (Table 2): anti-mouse (in 

5% milk for syntenin-1 and cytochrome C), anti-mouse (in 5% BSA for alix), anti-rabbit (in 

5% BSA for CD9) and IgG1 (in 5% BSA for STn). The chemiluminescence signal was 

obtained using enhanced chemiluminescence (ECL) detection reagent (GE Healthcare 

Life Sciences). The membranes were then washed with 0.1% PBS-Tween20 for at least 1 

hour and left in 0.1% PBS-Tween20 overnight at 4ºC. Then, the membranes were 

reincubated with the antibodies anti-HSP70 and anti-actin overnight at 4ºC. As previously 

described, the membranes were washed and incubated for 45 minutes at room 



37 

 

temperature with secondary antibodies: anti-rabbit (in 5% BSA for HSP70 and actin). 

Once again, it was possible to visualize each marker due to the ECL detection reagent. 

Five independent experiments were performed for MKN45 WT and MKN45 SC cell lines 

and six independent experiments were performed for MKN45 Mock and MKN45 ST6 cell 

lines.  

Table 1. List of primary antibodies used in western blot for the detection of specific EV 

markers and STn.    

Primary 
antibody Clone Dilution Diluent Host 

species/class Source 

STn B72.3 1:5 5% BSA Mouse 
monoclonal 

Produced in 
the 

laboratory242 

Syntenin-1 S-31 1:200 5% milk Mouse 
monoclonal 

Santa Cruz 
Biotechnology 

Cytochrome C 7H8 1:200 5% milk Mouse 
monoclonal 

Santa Cruz 
Biotechnology 

HSP70 Hsp70A-
1 1:1000 5% BSA Rabbit polyclonal System 

Biosciences 

CD9 CD9A-1 1:1000 5% BSA Rabbit polyclonal System 
Biosciences 

Actin 13E5 1:1000 5% BSA Rabbit 
monoclonal 

Cell signalling 
Technology 

Alix 3A9 1:1000 5% BSA Mouse 
monoclonal 

Cell signalling 
Technology 

   

Table 2. List of secondary antibodies used in western blot for the detection of specific EV 

markers and STn. 

Secondary 
antibody 

Dilution Host 
species/class 

Source 

anti-mouse IgG1 1:25000 Goat polyclonal Jackson 
ImmunoResearch 

anti-rabbit 1:10000 Goat polyclonal System Biosciences 
anti-mouse 1:5000 Goat polyclonal Jackson 

ImmunoResearch 
 

5.12. EV uptake assay 

For the EV uptake assay, MKN45 WT and MKN45 SC cells were used as donor 

and recipient cells in a co-culture system with 0.4µm inserts. Both cell lines were analyzed 

regarding the uptake of EVs secreted by their own cell line or from the other cell model. 

Thus, four conditions with two time points were established: MKN45 WT cells with MKN45 

WT- or MKN45 SC-derived EVs and MKN45 SC cells with MKN45 WT- or MKN45 SC-
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derived EVs, all tested after 24 hours and 48 hours of co-culture.  First, 50,000 cells of 

MKN45 WT and MKN45 SC cells were seeded in a 24-well plate in 500µL of RPMI 

supplemented with 10% of FBS and designated as recipient cells. At the same time, 

500,000 cells of both cell lines were seeded in each insert in RPMI + 10%FBS direct 

labeled with 15µL of 1mM Vybran DiI Cell-Labelling Solution (Invitrogen). Those were 

designated as donor cells. After 20h of growth, cell culture medium of recipient and donor 

cells was removed, the cells were washed twice with PBS and grown with RPMI depleted 

of FBS. At this moment, the inserts containing the donor cells were transferred to the 24-

well plate containing the recipient cells to establish the indirect co-culture system. After 24 

hours and 48 hours of EV production by donor cells and uptake by recipient ones, the 

inserts were removed, and recipient cells were visualized at ZOE fluorescence cell imager 

microscope to analyze the internalization of DiI-labeled EVs. Additionally, unlabeled cells 

from both cell lines were seeded in 24-well plates and grown in RPMI supplemented with 

FBS to serve as negative controls. The same procedure was executed for positive 

controls but adding 1µL of DiI dye to the suspension of 200,000 cells. Both negative and 

positive controls were visualized at ZOE fluorescent cell imager microscope.  
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6. Results 

In this study, we used a parental gastric cancer cell line MKN45 characterized by a 

heterogeneous glycosylation profile of elongated O-glycans (MKN45 WT). This cell line 

was genetically modified by targeting the C1GalTC1 (also known as COSMC) gene by 

zinc-finger nuclease as previously reported66,243. MKN45 SimpleCell (MKN45 SC) 

produced by COSMC knockout show a homogeneous glycosylation profile, with inhibition 

of O-glycan elongation and enhanced biosynthesis of Tn and STn antigens (Figure 5A). 

Also, the parental cell line was stably transfected with the full length human ST6GalNac1 

gene, who is responsible for an alternative glycosylation pathway adding an α-2,6-sialic 

acid residue to GalNAcα-O-Ser/Thr structures101. This MKN45 ST6 cells display a 

heterogeneous glycan profile with elongated and truncated O-glycans such as STn 

(Figure 5A), whereas MKN45 Mock cells express core 2 O-glycans, and therefore 

negative for Tn and STn, due to the transfection with the corresponding empty vector 

pcDNA3.1, as previously described240. The presence of STn can be recognized by 

monoclonal antibodies such as B72.3, which is reactive with an epitope carried either by 

high molecular weight (Mr≥106) mucins or non mucin glycoproteins244–246. For B72.3 

purification, it was established a calibration curve with absorbance at 750 nm in the y axis 

and concentration in mg/mL in the x axis, which allowed us to calculate the concentration 

of purified antibody collected in fractions 1 to 12 (Figure 5B). Fractions 6 and 7 were the 

most concentrated samples, with 1.8mg/mL and 0.6mg/mL, respectively. Purified B72.3 

was further used for STn detection.  

Cell morphology, viability, and proliferation rate, as well as STn detection by 

immunofluorescence was accessed in the four cell lines in the presence and absence of 

FBS. Since FBS contains high levels of glycosylated proteins that can interfere with 

further EV glycosylation analysis, we first evaluate the effect of FBS removal of the cell 

culture medium238. Differences in cell morphology were noted in brightfield images (Figure 

5C) with FBS removal leading to the acquisition of a more elongated phenotype. This 

effect occured in all cell models, mostly pronounced in MKN45 ST6 and MKN45 SC when 

compared to MKN45 Mock and WT. As expected, STn expression was not affected by 

FBS removal, with MKN45 Mock and MKN45 WT cells showing a complete absence of 

STn expression and MKN45 ST6 and MKN45 SC cells showing different levels of 

expression due to their process of STn biosynthesis (Figure 5A). In MKN45 ST6 cells, the 

ST6GalNac1 sialyltransferase is the enzyme responsible to add a sialic acid to the N-

acetylgalactosamine structure (Tn) in order to synthetize STn, anticipating the O-glycan 

truncation240. However, in this cell line, the synthesis of elongated O-glycans is not fully 
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disrupted and the Tn structure can be further elongated to form other core glycans. Thus, 

MKN45 ST6 cells express both elongated and truncated O-glycans, with most cells 

showing upregulated levels of STn240. On the other hand, MKN45 SC cells exhibit a 

homogeneous glycosylation profile with the synthesis of truncated O-glycans Tn and 

STn66. Core 1 synthase C1GalT1 is the enzyme responsible for Tn elongation and is 

dependent on COSMC chaperone. Thus, COSMC knockout leads to Tn accumulation, 

which serves as ST6GalNAc1 substrate, leading to STn synthesis in the totality of MKN45 

SC cells, as shown in our experiments (Figure 5C).  

Additionally, cell proliferation rate was tested in the presence (10% FBS) and 

absence (0% FBS) of FBS after 72h of growth (Figure 5D). All four cell models showed a 

significant decrease in proliferation when grow in medium with 0% FBS (Figure 5D), as 

expected since serum contains necessary nutrients for cell growth247. Our results showed 

that MKN45 Mock cells were able to divide approximately half the times when cultured in 

medium with 0% FBS (1.37±0.16) when compared to 10% FBS (2.85±0.15). The 

proliferation rate of MKN45 ST6 cells also decreased when cultured with 0% FBS 

(1.72±0.42) compared to when cultured with 10% FBS (3.09±0.55). The same tendency 

was observed in MKN45 WT and MKN45 SC cell proliferation rate. The proliferation rate 

of MKN45 WT cells when cultured in medium with 10% FBS (2.91±0.20) decreased when 

cells were cultured in medium with 0% FBS (1.30±0.07). Finally, MKN45 SC cells showed 

a lower proliferation rate when cultured with 0% FBS (1.59±0.24) compared to medium 

supplemented with 10% FBS (3.13±0.27) (Figure 5D). Although significant differences 

were obtained in cell proliferation rate, cell viability was not affected by FBS removal from 

cell culture medium (Figure 5E). Similar cell viability was obtained for MKN45 Mock cells 

when cultured with 10% FBS (94.88%±0.33%) or 0% FBS (93.08%±2.00%). The viability 

of MKN45 ST6 cells cultured in medium with 10% FBS (95.14%±1.15%) or 0% FBS 

(94.66%±0.77%) was very alike. MKN45 WT cells achieved similar cell viability when 

cultured with 10% FBS (95.21%±0.90%) or 0% FBS (92.22%±1.28%). Lastly, MKN45 SC 

cells presented close cell viability percentages when cultured in medium with 10% FBS 

(93.39%±0.73%) or with 0% FBS (92.58%±0.59%) (Figure 5E). Considering the results for 

cell characterization, extracellular vesicles isolation procedures were taken without FBS 

and with cell viability over 90%.  
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Figure 5. Characterization of four MKN45 cell lines regarding FBS removal and its effects 

on cell morphology, proliferation, and viability. A) Schematic representation of STn 

biosynthesis. Increased expression of ST6GalNAc1 enzyme or absence of COSMC 

chaperone increase STn synthesis. In the latest, the production of elongated O-glycan 

structures is further prevented. Image adapted from Freitas et al. (2019)131. B) Calibration 

curve obtained for B72.3 antibody purification with standards concentration (mg/mL) in the 

x axis and absorbance at 750nm in the y axis. Pure B72.3 was obtained in fractions 6 and 

7 with 1.8mg/mL and 0.6mg/mL respectively. Purified B72.3 from hybridoma cells was 

used to evaluate the presence of STn. C) Cells were grown in the absence (0% FBS) or 

presence (10% FBS) of FBS in culture medium were fixed and stained with DAPI (blue) 

for nuclear staining and tested for the presence of STn (green). Images were taken with 

fluorescence microscope in 200x amplification (scale bar represents 100µm). Differences 
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in cell morphology were observed in brightfield images taken with an inverted microscope 

with 50x amplification. D) Comparison of cell proliferation rates when cultured with 10% or 

0% of FBS for 72h. Two independent experiments with two technical replicates per 

condition were performed. Results are shown as average ± SEM. One-way ANOVA was 

used for statistical analysis: p-value < 0.05 was considered significant. E) Comparison of 

cell viability when cultured with 10% or 0% of FBS for 72h. Two independent experiments 

with two technical replicates per condition were performed. Results are shown as average 

± SEM. One-way ANOVA was used for statistical analysis: p-value > 0.05 was considered 

not significant. 

 

Extracellular vesicles were isolated from all four cell lines by UC, with or without 

SEC as an additional step of EV purification (Figure 6A). UC is the most used method to 

isolate EVs and it uses increasing centrifugal speeds and/or times to obtain an EV 

enriched sample174. First, the cell culture medium was centrifuged at 800g for 5 minutes to 

pellet dead cells, followed by 2,000g for 10 minutes to separate cell debris. Then, the 

remaining supernatant was filtered with a 0.2 µm system and centrifuged at 100,000g for 

20 hours. Lastly, EV pellet was washed with 0.9% NaCl for 3 hours at 100,000g (Figure 

6A). The remaining EV pellet was used for further analysis of UC-isolated samples or 

submitted to an additional step of SEC purification to obtain UC+SEC-isolated samples. 

SEC is based on the differential elution profiles of particles or molecules of different sizes 

running through a porous polymer that constitutes the stationary phase called gel filtration 

matrix and carried through the mobile phase of the SEC column176. Small particles, such 

as proteins, are trapped into the column and elute later than EVs. Fractions 7-12 were 

pulled together to be concentrated with centrifugal filter units as these fractions contain 

high amounts of EVs as demonstrated before by our group131. EVs isolated either by UC 

or UC+SEC (Figure 6A) were then used for further analysis, regarding parameters such 

as yield, purity, morphology, size, and EV markers, using NTA, TEM and western blotting 

as recommended by the International Society of Extracellular Vesicles135,239.  

According to the guidelines established by the International Society of Extracellular 

Vesicles, EVs isolated samples must be characterized by, at least, three different 

techniques239. For that reason, we performed NTA (Figure 6), TEM (Figure 7) and western 

blotting (Figure 8). EV concentration and size distribution were measured by NTA based 

on particle Brownian motion, as described before248. The results suggested differences in 

EV yield and purity when using two different methodologies. MKN45 Mock- and MKN45 
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ST6-derived EVs were successfully isolated four times by UC (Figure 6B and C) and once 

by UC+SEC (Figure 6G and H). MKN45 WT- and MKN45 SC-derived EVs were isolated 

three times by UC (Figure 6L and M) and four times by UC+SEC (Figure 6Q and R). The 

cells of origin were counted at the day of EV isolation to calculate the number of EVs 

isolated per cell after both UC and UC+SEC protocols. By NTA analysis, it was possible to 

observe that MKN45 ST6 cells secrete more EVs per cell (3163.0±324.2) than MKN45 

Mock cells (2219.0±301.0) when EVs were isolated by UC (Figure 6D). When SEC was 

performed and fractions 7-12 were combined, the particles per cell ratio between MKN45 

ST6 (134) and MKN45 Mock (152), were similarly counted (Figure 6I). However, MKN45 

Mock- and MKN45 ST6-derived EVs were isolated only one time by UC+SEC, so we 

cannot establish a tendency at the risk of being faced with a random event. MKN45 SC 

cells secrete more EVs per cell (2542.0±640.9) than MKN45 WT cells (1412.0±587.0) 

when EVs were isolated by UC (Figure 6N) and even more evident after UC+SEC (Figure 

6S). When a SEC purification step was performed, significantly more MKN45 SC-derived 

EVs are detected (713.8±140.4) when compared to MKN45 WT-derived EVs 

(231.7±63.9). This enhanced significance can be explained by the more accurate 

purification of EVs when isolated by UC+SEC, highlighting the differences between EVs 

secreted by MKN45 WT and MKN45 SC cells.  

Together with NTA, protein quantification of EV samples by BCA assay allowed us 

to calculate the ratio of protein per EV to estimate the presence of EV-enclosed proteins. 

Using UC, each MKN45 Mock-derived EV carried more protein content (3.6x10-10±6.7x10-

11µg) compared to MKN45 ST6-derived EV (2.4x10-10±3.8x10-11µg) (Figure 6E). This effect 

can be due to a greater protein cargo carried by MKN45 Mock-derived EVs or to a major 

protein contamination in those EVs. A similar result was observed in MKN45 WT-derived 

EVs that carried more protein (2.7x10-10±4.7x10-11µg) than MKN45 SC-derived EVs 

(2.0x10-10±2.7x10-11µg) using UC (Figure 6O). However, when SEC was performed, the 

trend reversed with MKN45 ST6-derived EVs (3.7x10-10µg) and MKN45 SC-derived EVs 

(3.0x10-10±3.0x10-11µg) showing higher protein content, compared to MKN45 Mock-

derived EVs (2.5x10-10µg) and MKN45 WT-derived EVs (1.8x10-10±3.7x10-11µg), 

respectively (Figure 6J and T).  This result may exclude the hypothesis that MKN45 Mock- 

and MKN45 WT-derived EVs contained a higher protein cargo. Both EV/cell and 

protein/EV results suggest that samples isolated by UC have a higher yield but less purity, 

since contaminants, such as soluble proteins, were co-isolated with EVs. On the other 

hand, UC+SEC allowed to isolate less but purer EV samples. 
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Figure 6. Characterization of EVs isolated from four different MKN45 cell lines by two 

different methods: UC and UC+SEC. A) Schematic representation of the two 
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methodologies used to isolate EVs. EVs were isolated by UC with or without SEC as an 

extra step of purification. B), C), G), H), L), M), Q) and R) Representative histograms of 

NTA, demonstrating the concentration of EVs displayed in the y axis as 

106/107particles/mL distributed by EV size in the x axis measured in nm. For NTA 

analysis, four independent experiments were performed for MKN45 Mock and MKN45 

ST6 isolated by UC and only one experiment by UC+SEC. D) Number of UC-isolated EVs 

secreted per MKN45 Mock and ST6 cells. E) Protein per MKN45 Mock and MKN45 ST6 

UC-isolated EV. F) Size mode of MKN45 Mock and ST6 UC-isolated EVs. I) Number of 

UC+SEC-isolated EVs secreted per MKN45 Mock and ST6 cells. J) Protein per MKN45 

Mock and ST6 UC+SEC-isolated EV. K) Size mode of MKN45 Mock and ST6 UC+SEC-

isolated EVs. N) Number of UC-isolated EVs secreted per MKN45 WT and SC cells. O) 

Protein per MKN45 WT and SC UC-isolated EV. P) Size mode of MKN45 WT and SC UC-

isolated EVs. S) Number of UC+SEC-isolated EVs secreted per MKN45 WT and SC cells. 

T) Protein per MKN45 WT and SC UC+SEC-isolated EV. U) Size mode of MKN45 WT 

and SC UC+SEC-isolated EVs. Results are shown as average ± SEM. Statistical analysis 

was achieved using unpaired t-test: p-value < 0.05 was considered significant. 

 

Regarding the size of the particles, a laser beam is directed into solution, and the 

Stokes-Einstein equation is used to measure the mean velocity of the particles, which can 

then be used to calculate their size249. After UC, the EV population obtained from MKN45 

Mock cells showed a similar size (99.3±0.7nm) to MKN45 ST6-derived EVs (96.7±0.8nm) 

(Figure 6F). Also, MKN45 WT cells secrete EVs with similar diameter (99.9±3.4nm) when 

compared to MKN45 SC-derived EVs (94.1±0.5nm) (Figure 6P). After SEC, the size mode 

between MKN45 Mock- and MKN45 ST6-derived EVs and between MKN45 WT- and 

MKN45 SC-derived EVs were more differentiated. Using the combination of UC+SEC, 

NTA detected larger MKN45 Mock-derived EVs (225.4nm) and size-similar MKN45 ST6-

derived EVs (97.8nm) (Figure 6K). Similarly, an abundant population of larger MKN45 

WT-derived EVs (204.1±16.0nm) were detected when compared to MKN45 SC-derived 

EVs (102.7±6.0nm) (Figure 6U). The decreased diameter mostly noticed in MKN45 Mock- 

and MKN45 WT-derived EVs when isolated by UC could be due to the coexistence of 

soluble proteins that shifted the size peak to the left in the x axis. Adding an extra step of 

EV purification, it was possible to observe that MKN45 Mock- and MKN45 WT-derived 

EVs are larger in diameter when compared to MKN45 ST6- and MKN45 SC-derived EVs, 

respectively. Together with the size peak at approximately 200nm, it also persists a 
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subpopulation of EVs with 100nm of diameter, showing that MKN45 Mock and MKN45 

WT cells secrete a heterogeneous EV population, when compared to MKN45 ST6- and 

MKN45 SC-derived EVs. No significant changes were observed regarding the size of the 

EVs isolated from both MKN45 ST6 and MKN45 SC cells after the SEC purification step, 

suggesting that in these samples less non-EV content is co-isolated with EVs during the 

UC isolation protocol. Again, differences in the EV size accomplished by the two different 

methodologies, continues to suggest that the combination UC+SEC leads to purer 

isolated EVs. Nevertheless, since NTA does not distinguish EVs from non-EV content, 

these results are not sufficient to estimate EV yield and purity. Despite the evidence, 

further analysis was taken to estimate EV purity and EV markers performing TEM and 

western blotting, respectively. 
TEM was used to evaluate the presence of EVs, their morphology, size, and 

integrity, as well as the presence of protein aggregates co-isolated with EVs. Overall, EVs 

were successfully isolated using the two methodologies and preserved their integrity with 

a typical cup-shaped morphology when visualized by TEM. Corroborating the information 

obtained by NTA measurements, TEM images showed that both MKN45 Mock and 

MKN45 WT cells secrete larger EVs compared to MKN45 ST6- and MKN45 SC-derived 

EVs, most evident when applying UC+SEC protocol (Figure 7E-H). Altogether, TEM 

results provided visual validation that different MKN45 cell models secrete EVs with 

variable size depending on the EV isolation method, as previously demonstrated by our 

group131. As TEM allows to distinguish EVs from non-EV particles, it was possible to 

relatively compare the quality of UC- and UC+SEC-isolates regarding the presence of 

soluble proteins or protein aggregates that co-isolate with EVs. High image and 

background quality was achieved when MKN45-derived EVs were isolated by UC+SEC 

(Figure 7E-H), showing the concomitant removal of soluble proteins (green arrows) and 

an enrichment of EVs (red arrows), compared to UC-isolated samples (Figure 7A-D). This 

reduction in protein contamination when applying SEC protocol is mostly noticed in 

MKN45 Mock and MKN45 WT-derived EV samples. Together, these results sustain the 

notion that the combination of UC+SEC protocols led to more pure EV samples. 
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Figure 7. Representative images of TEM showing the different EV populations obtained 

depending on the cell line and EV isolation method applied. This technique was used to 

access EV size, integrity, purity and morphology analysis. A) TEM imaging was performed 

in UC-isolated EVs derived from MKN45 Mock cells, B) from MKN45 ST6 cells, C) from 

MKN45 WT cells and D) from MKN45 SC cells. E) TEM imaging of UC+SEC-isolated EVs 

secreted by MKN45 Mock cells, F) MKN45 ST6 cells, G) MKN45 WT cells and H) MKN45 

SC cells. UC+SEC protocol allowed the recovery of purer EVs (red arrows), with less 

protein contamination (green arrows) compared to UC-isolates. Images were acquired 

with lower magnification (left panel) with scale bar representing 200nm and zoomed twice 

(right panel).  

 



49 

 

The efficacy of the two isolation strategies and the enrichment of the typical EV 

markers was monitored by western blotting (Figure 8). Both MKN45 Mock, MKN45 ST6, 

MKN45 WT and MKN45 SC cells and secreted EVs isolated by UC or UC+SEC were 

analyzed regarding EV markers and STn profile. Considering the complexity and the 

variety of methodologies applied to EV studies, the International Society of Extracellular 

Vesicles defined some criteria for accurate definition of the presence of EVs in isolated 

samples, namely the presence of, at least, three different positive EV markers, including 

transmembrane or lipid-bound proteins and cytosolic proteins, and one negative 

marker239. We access the presence of positive EV markers such as Alix, Hsp70, 

synthenin-1 and CD9 and a negative EV marker such as cytochrome c (Figure 8).  

Notably, all EV isolates were positive for the mentioned positive EV markers 

particularly when isolated by the combination of UC+SEC, while different expression 

profiles were obtained when EVs were isolated by UC (Figure 8). Alix (100kDa) and 

syntenin-1 (32kDa) support their biogenesis and govern the selection of endocytic cargo 

and membrane trafficking138. Therefore, it was expected to observe its presence and 

enrichment in EV lysates compared to the secreting cells, which confirmed their 

biosynthetic pathway. Alix did not appear in MKN45 cell lysates, probably because of the 

quantity of protein loaded was not sufficient to detect a signal or due to the noted loss of 

efficacy of the antibody used. MKN45-derived EVs isolated by UC+SEC (Figure 8C and 

D) showed an enrichment of Alix compared to EVs isolated by UC (Figure 8A and B), 

which proved the higher purity obtained when adding SEC. The same results occurred 

with sintenin-1, a cytosolic protein with ligand binding capacity, which showed a stronger 

signal in EV lysates compared to the secreting cells and an enrichment when EVs were 

isolated by UC+SEC (Figure 8C and D), compared to UC isolates (Figure 8A and B). Like 

Alix, Hsp70 (70kDa) is another cytoplasmatic protein that has been reported to be 

involved in EV biogenesis138. However, contrary to what was observed for Alix and 

syntenin-1, Hsp70 showed stronger evidence in secreting cells over isolated EVs, 

whereas isolated by UC with or without SEC, which suggested that is lesser packaged 

into EVs at the time of their formation. Also, Hsp70 signal in EVs isolated by UC+SEC 

(Figure 8C and D) is slightly stronger than when EVs were isolated by UC (Figure 8A and 

B). As referred, CD9 (20kDa) is also described as expected to be present in EV isolates 

as argues their engagement in EV formation. Our results showed that CD9 is present in all 

EV isolates, independent of the EV isolation approach. Also, is noteworthy that there was 

an enrichment in EVs isolated by UC+SEC (Figure 8C and D) compared to EVs isolated 

by UC (Figure 8A and B), proving once more the purity of the UC+SEC samples. Contrary 
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to EVs, CD9 did not appear in the cells of origin, which does not mean that it is absent 

from cells but may be present in quantities not able to be detected by the conditions we 

used for western blotting. Western blot analysis revealed that cells were positive for actin 

(42kDa), one of the major protein components of cell cytoskeleton, which explains the 

intense signal observed. We also detected actin in MKN45-derived EVs isolated by 

UC+SEC (Figure 8C and D), which signal was enhanced compared to EVs isolated by UC 

(Figure 8A and B). Lastly, the presence of cytochrome c (15kDa), an intracellular protein 

associated with mitochondria and expected to be absent in EV samples was tested. Our 

results are concordant with previous reports that detected cytochrome c in all cell lysates, 

whereas absent in all EV samples, confirming that EV isolates were not contaminated with 

cellular content. Noteworthy, EV markers were highly intense in EVs isolated by UC+SEC, 

confirming the higher level of purity achieved by the combination of these protocols.  

Together with the protein profile, the expression of the cancer-associated O-glycan 

STn was tested in all cell lysates and EV isolates using the monoclonal antibody B72.3 

produced in the laboratory (Figure 8E-H). As expected, MKN45 WT and MKN45 Mock 

cells and secreted EVs were negative for STn. On the other hand, STn was detected in 

MKN45 SC cell line (Figure 8F and H). Our results showed that EVs isolated from MKN45 

SC carry the STn antigen (Figure 8F and H). Indeed, a more intense STn signal was 

detected in MKN45 SC-derived EVs when compared to MKN45 SC cells, suggesting that 

STn is preferentially packaged and highly enriched in the isolated EVs. Moreover, MKN45 

SC-derived EVs isolated by UC+SEC (Figure 8H) presented a more intense band profile 

between 50-250kDa, compared to EVs isolated by UC (Figure 8F). The presence of STn 

was also tested for MKN45 ST6 cell lysates and EV isolates (Figure 8E and G). Western 

blotting analysis showed that glycoproteins carrying STn have an enhanced signal in 

MKN45 ST6-derived EVs compared to MKN45 ST6 cells. Unexpectedly, MKN45 ST6-

derived EVs isolated by UC+SEC (Figure 8G) did not show an enhanced signal intensity 

of the band profile between 50-250kDa, compared to those isolated by UC (Figure 8E). 

This event might be due to a technical error during the sample loading into the gel. More 

western blotting experiments must be performed to confirm this lack of enrichment. 

Altogether, our results showed that the two different EV isolation methodologies allow the 

detection of STn in EV samples, which was facilitated by UC+SEC protocol, due to the 

purer EV samples obtained by this combination.  
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Figure 8. Protein profile and STn detection of four MKN45 cell lines and corresponding 

EVs isolated by UC and UC+SEC protocols. Western blotting was performed to detect a 
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panel of EV markers such as alix, syntenin-1, Hsp70, and CD9. Similarly, actin and 

cytochrome c as cytoskeleton and mitochondria markers, respectively, were performed in 

all cell and EV lysates. Analysis of EV markers for A) MKN45 Mock- and ST6-derived EVs 

isolated by UC; B) MKN45 WT- and SC-derived EVs isolated by UC; C) MKN45 Mock- 

and ST6-derived EVs isolated by UC+SEC and D) MKN45 WT- and SC-derived EVs 

isolated by UC+SEC. STn detection in E) MKN45 Mock- and ST6-derived EVs isolated by 

UC; F) MKN45 Mock- and ST6-derived EVs isolated by UC+SEC; G) MKN45 WT- and 

SC-derived EVs isolated by UC and H) MKN45 WT- and SC-derived EVs isolated by 

UC+SEC.  

 

Immunolabelling of MKN45-derived EVs was used to detect STn at EV membrane. 

First, the protocol was performed in EVs isolated by UC and after freezing and thaw 

cycles, however it was difficult to distinguish EVs and some of them were found degraded 

due to freezing process. Also, considering that TEM is a highly sensitive technique, the 

greater amount of protein contamination verified in UC-isolates compromised the quality 

of images. In addition, we only use MKN45 WT- and MKN45 SC-derived EVs for 

immunolabeling. Therefore, some protocol optimizations were performed to obtain clearer 

images and more intense labelling. Considering the previous results of TEM and western 

blotting analysis, we opted to use only EV samples isolated by UC+SEC that showed a 

higher degree of purity. Also, we used UC+SEC-isolated samples that have not 

undergone any freeze-thaw cycle. Another critical point that needed to be adjusted was 

the dilution of the purified monoclonal antibody B72.3 produced in the laboratory and used 

to incubate EVs on the grids. At first, we used B72.3 at a dilution of 1:20, which allowed 

the detection of STn at EV membrane. However, the percentage of unlabeled EVs were 

much superior to the labeled ones, which suggest us to increase the concentration of the 

antibody making a dilution of 1:10, as represented in the images (Figure 9).  

To the best of our knowledge, we were the first to detect the cancer-associated O-

glycan STn in the membrane of MKN45 SC-derived EVs through an immunogold labelling 

technique (Figure 9B). The staining (black dots) occurred at EV membrane since no 

membrane permeabilization was performed to avoid the antibodies to penetrate EV 

membrane. MKN45 WT- and MKN45 SC-derived EVs isolated by UC+SEC were directly 

applied to carbon grids and incubated with a specific antibody for STn detection, the mAb 

B72.3. Adding the incubation with an antibody directed against STn and coupled to gold 

particles it was possible to detect the presence of STn (red arrows) in the membrane of 

MKN45 SC-derived EVs (Figure 9B). As expected, MKN45 WT-derived EVs showed no 
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signal for STn (Figure 9A), as well as the control for the secondary antibody prepared 

without EV sample and B72.3 antibody incubation (Figure 9C). Despite the need of more 

protocol optimizations, it was possible to detect STn at EV membrane of gastric cancer 

MKN45 SC-derived EVs. This result highlights the potential value of STn as a gastric 

cancer biomarker in EVs. 

 

Figure 9. An immunolabeling technique was performed using an antibody directed against 

STn and conjugated with gold particles. A) MKN45 WT-derived EVs isolated by UC+SEC 

showed no signal. B) STn detection at the membrane of MKN45 SC-derived EVs isolated 

by UC+SEC (red arrows). C) The control for the secondary antibody, which was prepared 

without EV sample and primary antibody, showed no signal. Scale bar represents 200nm 

(left panel), and images were zoomed eight times (right panel).  
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 To study the role of the O-glycan STn in EV uptake we co-cultured unlabeled 

MKN45 WT and SC cells (recipient cells) with labeled MKN45 WT and SC cells (donor 

cells) using an indirect co-culture system that allowed the passage of EVs and soluble 

factors but not cells from donor to recipient cells (Figure 10A). MKN45 WT and MKN45 

SC cells were both used as recipient and donor cells and cultured in the wells of a 24-well 

plates or in 0.4µm inserts of a different plate, respectively. The suspensions of donor cells 

were labeled with 15µL of DiI, a lipophilic dye that diffuses laterally and intercalate within 

the cell membrane, staining the entire cell250. After 20h, recipient MKN45 WT cells were 

co-cultured with MKN45 WT or MKN45 SC DiI-labeled cells as donor cells and recipient 

MKN45 SC cells were co-cultured with MKN45 WT and MKN45 SC DiI-labeled cells as 

donor cells. At this time, EVs produced by DiI-labeled cells were able to pass through the 

insert and be internalized by recipient cells. Negative controls of MKN45 cells were 

performed seeding the corresponding cells in 24-well plates and grown in cell culture 

medium (Figure 10B). No signal was observed when cells were visualized in a fluorescent 

cell imager microscope, as expected (Figure 10B). MKN45 cells were directly labeled with 

DiI for positive controls, which demonstrated the efficiency of the stained procedure 

(Figure 10C). 

 As EVs are of endosomal or outward budding membrane origin, DiI-labeled 

cells release EVs that carry DiI in their membranes, allowing the visualization of stained 

EVs at the fluorescent cell imager microscope. Our results demonstrate that both cell lines 

have the capacity to internalize EVs secreted either by MKN45 WT cells or MKN45 SC 

cells and there was an evident increase in the relative quantity of stained EVs internalized 

by cells after 48 hours (Figure 10F and G) when compared to 24 hours (Figure 10D and 

E). MKN45 SC cells were able to uptake MKN45 WT- and MKN45 SC-derived EVs at a 

similar proportion after 24 hours when compared to the total number of cells visualized in 

brightfield images (Figure 10E). On the other hand, MKN45 WT cells only internalized 

MKN45 WT-derived EVs at 24 hours (Figure 10D). In fact, there seems to be a tendency 

for cells to uptake preferentially EVs secreted by themselves, mostly noticed when cells 

were co-cultured for 48 hours (Figure 10F and G). Intriguingly, it was only possible to 

detect DiI-labeled MKN45 SC-derived EVs internalized by MKN45 WT cells after 48 

hours, suggesting a lesser capacity of these cells to uptake EVs from another origin 

(Figure 10F). As only one experiment was performed, further experiments are required to 

confirm the obtained results. However, significant changes were observed when 

comparing the uptake of different DiI-labeled EVs co-cultured with MKN45 WT and 
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MKN45 SC cells for 24h and 48h, which incite us to investigate in the future the effect of 

STn in the internalization of EVs.  

 

Figure 10. Fluorescence microscopy uptake analysis of MKN45 WT- and MKN45 SC-

derived EVs by MKN45 WT and SC cells using an indirect co-culture system. A) MKN45 

WT and MKN45 SC cells were seeded and grown in cell culture medium in the bottom 
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wells of a 24-well plates or plated in 0.4µm inserts designated as recipient and donor 

cells, respectively. Donor cells were directly labeled with DiI dye using a proportion of 

15µL of DiI per 500,000 cells for labeled EV production. After 20 hours of growth, donor 

cells were indirectly co-cultured with recipient cells to release DiI-labeled EVs that were 

internalized by recipient cells. Lastly, recipient cells that undergone indirect co-culture for 

24 hours or 48 hours were visualized in fluorescent cell imager microscope. B) Unlabeled 

MKN45 WT and MKN45 SC cells were seeded and grown in 24-well plates as negative 

controls. C) MKN45 WT and MKN45 SC cells were directly labelled with DiI dye for 

positive controls using a proportion of 1µL of DiI per 200,000 cells. D) MKN45 WT cells 

and E) MKN45 SC cells were co-cultured with MKN45 WT and MKN45 SC labeled cells 

for 24 hours. F) MKN45 WT cells and G) MKN45 SC cells were co-cultured with MKN45 

WT and MKN45 SC labeled cells for 48 hours. Brightfield (right panel) and fluorescent 

images (left panel) of DiI (red) were taken at ZOE fluorescent cell imager microscope. 

Scale bar represents 100µm. 
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7. Discussion 

The main objective of this work was to study the impact of two different EV 

isolation methodologies in STn detection in EVs derived from a poorly differentiated 

gastric cancer cell line. Gastric cancer is one of the deadliest oncologic diseases 

worldwide, due to the lack of an early diagnosis, leading to poor prognosis of cancer 

patients. Aberrant glycosylation is a common feature of cancer cells and leads to 

inadequate cell/cell and cell/matrix interactions, reflecting a dysregulation in tumor cell 

behavior, such as uncontrollable cell growth, invasiveness and metastatic potential69. 

Particularly, the simple O-glycan STn was found highly expressed in gastric cancer115,119, 

but has limited expression in normal tissues120. Moreover, STn has proven to be related 

with increased cell aggressiveness, invasiveness, metastatic potential, and poor 

prognosis of gastric cancer patients123,129. Due to its role and overexpression in cancer 

cells, STn is considered as an important prognostic marker and a target molecule 

appropriate for specific immunotherapy with anticancer vaccines251,252. As EVs released 

by cancer cells represent a valuable source for biomarker discovery and detection, more 

efficient methods for EV purification are required. Our group accessed the presence of 

STn in EVs from gastric cancer cells, which constituted an important step disclosing EV 

glycosylation and suggested that EVs could be used as a less invasive tool for gastric 

cancer diagnosis131.  

In this study we used a MKN45 parental cell line derived from a poorly 

differentiated gastric adenocarcinoma cell line that showed a heterogeneous glycan profile 

with mature O-glycans (Figure 5A). MKN45 WT cells were genetically modified targeting 

the core 1 synthase C1GALTC1 private chaperone COSMC by zinc-finger nuclease to 

produce MKN45 SC cells, which display a homogeneous O-glycosylation profile, with 

expression of cancer-associated glycans like Tn and STn66. Also, the MKN45 WT cells 

were stably transfected with the full-length ST6GalNAc1 gene (ST6) or with an empty 

vector pcDNA3.1 (Mock) as previously described240,241. MKN45 ST6 cells showed a 

heterogeneous panel of elongated and truncated O-glycans, with expression of STn at 

lower extent compared to MKN45 SC cells. This phenomenon was observed in our study 

by immunofluorescence, with the totality of MKN45 SC cells expressing STn and relatively 

less MKN45 ST6 cells positive for STn (Figure 5C), confirming their biosynthetic 

process240. While COSMC knockout results in the premature termination of O-glycan 

elongation and consequent accumulation of Tn and synthesis of STn, overexpression of 

ST6GalNAc1 enzyme induces the synthesis of STn without inhibiting the O-glycan 
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elongation pathway (Figure 5A). Also, STn expression is not affected when cell culture 

conditions are altered by the removal of FBS (Figure 5C), as proven by our group131.  

Considering that FBS contains high levels of glycoproteins that can be co-purified 

with EVs and may affect the glycosylation downstream analysis. FBS removal from the 

cell culture medium is highly recommended in this case before performing any EV 

isolation methodology131. Likewise, all EV isolations were performed with medium 

depleted of FBS. In our study, we showed that cell viability is not significantly altered when 

cells grow in absence of FBS for 72 hours (Figure 5E). At contrary, the proliferation rate of 

all four cell lines decreased significantly when cells were deprived of serum (Figure 5D), 

as FBS contains a complex mixture of biomolecules that include growth factors, proteins, 

vitamins, and hormones that supply cell growth and maintenance of in vitro cells253. Also, 

deprivation of FBS led to a more elongated shape, characteristic of a mesenchymal-like 

phenotype and particularly observed in the glycoengineered gastric cancer cell lines as 

demonstrated previously by our group131. Moreover, they showed that MKN45 cells 

expressing STn displayed an increased migratory and invasive capacities. A previous 

study examined the main behavior alterations affected by truncated O-glycans in prostate 

cancer cells and shows that ST6GalNAc1 expression leads to a switch to reduced cell 

adhesion and increased motility, characteristic from a mesenchymal-like cell phenotype254. 

Also, our group have proven that the synthesis of STn lead to a more aggressive 

phenotype, which is associated with a poor prognosis of gastric cancer patients129. 

Importantly, MKN45 ST6 and MKN45 SC cells, both expressing STn, secreted more and 

smaller EVs (Figure 6). As cancer-derived EVs are able to efficiently propagate oncogenic 

signals, and STn is known to lead to a more aggressive phenotype, it is probable that cells 

expressing STn were able to secrete a much higher number of EVs to meet the needs of 

cellular communication and tumor growth, increasing the potential of reprogramming cells 

into malignancy187. In cancer context, a higher number of secreted EVs will reach the 

bloodstream and other body fluids, facilitating the detection of STn positive EVs in a 

minimally invasive manner for prognostic and diagnostic evaluation of gastric cancer 

patients216.  

In our study, we used UC and UC+SEC protocols to isolate EVs and to compare 

the size, yield, purity and STn detection in the isolated EV samples. Unbiased isolation of 

EVs remains a challenge due to its heterogeneity and co-isolation of protein 

contaminants255. UC remains by far the most used technique to isolate and analyze 

EVs256. However, UC leads to the co-isolation of large amounts of protein complexes, 

compromising the purity of EV isolates181. On the other hand, SEC has proven to be more 
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efficient in separating the vast majority of soluble proteins, providing purer EV samples 

with higher functionality257,258. NTA is usually used to calculate particle concentration 

distributed according to their size, with diameter >50nm259, which includes EVs, soluble 

proteins and/or protein aggregates that may co-isolate with EVs during the isolation 

protocols. Thereafter, the determination of the real EV concentration and size distribution 

will be affected if protein contaminants are present. Regarding protein/particle ratios, a 

complete reverse tendency was observed when comparing UC- and UC+SEC-isolates. 

Our group have already demonstrated that aberrant O-glycosylation may, therefore, 

influence the transcription of several genes implicated in cancer progression and motility 

processes of MKN45 and AGS cell lines, such as SRPX2 and RUNX1 genes129. STn 

positive EVs (MKN45 ST6- and SC-derived EVs) presented a higher ratio of 

protein/particle when adding SEC (Figure 6J and T). On the other hand, STn negative 

EVs (MKN45 Mock- and WT-derived EVs) showed a decrease on protein/particle ratio 

when the combination of protocols was used (Figure 6J and T). Thus, the specific cargo of 

EVs may impact the metastatic ability and the overall effects of cancer. The combination 

of protocols led to purer EV samples as confirmed by TEM imaging acquisition (Figure 7) 

and by the detection of specific EV markers by western blotting (Figure 8). Some recent 

reports indicate similar yields and purities178, while others showed higher yields and purer 

EVs isolated by SEC compared to UC258. We therefore observed a significant decrease in 

EV yield when adding an extra step of purification, but more pure populations of EVs 

confirmed by protein/particle ratios and EV marker analysis, as proved before131,181. 

Others also suggest that the combination of EV isolation methods is inevitable to increase 

purity of EV samples211,260. There are even studies that considered a standard for EV 

purity with 1010 EVs containing ~1µg of protein or even higher ratios of particle/protein239. 

However, this may not be always necessary and careful attention must be given when 

choosing the isolation method, as it should also depend on the question under 

investigation, type and volume of the starting material. 

TEM was used for size, morphology, integrity and EV purity analysis. EVs 

appeared as cup-shaped morphology (Figure 7, red arrows), while soluble proteins have a 

typical white ranged appearance (Figure 7, green arrows)169. These smaller sized protein 

structures appeared more evident in UC-isolates (Figure 7A-D) when compared to 

UC+SEC-isolates (Figure 7E-H). Therefore, our results have, as well, proven the 

efficiency of SEC, as an additional step for EV purification, in isolating highly pure EVs 

compared to UC. NTA and TEM analysis also provided EV size measurements of isolated 

EVs. STn positive EVs presented a smaller size when compared to STn negative EVs. 
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The size of EVs may impact several cancer processes such as its metastatic potential, 

since EVs from different sizes are internalized in different ways by the recipient cells. 

Whereas large EVs might induce phagocytosis, can be internalized by non-phagocytic 

pathways. Also, UC (Figure 6F and P) showed to isolate EVs with smaller sizes compared 

to UC+SEC-isolates (Figure 6K and U), as measured by NTA. However, as NTA does not 

only read EVs, this shift to the left in the x-axis of NTA histograms may correspond to the 

overlapping characteristics of proteins co-isolated with EVs261. When SEC was performed 

and the small size protein contaminants were separated from EV fractions, NTA 

measurements were more accurate as less proteins were considered to establish the size 

peak (Figure 6K and U). Considering all the evidence, UC+SEC seemed to be more 

adequate in isolating highly pure EV samples. In fact, our group131 and others186,258 have 

already reported that combination methods with SEC lead to improved EV preparations 

with less contaminating particles.  

Our evaluation of the presence of specific known EV markers on EV samples isolated 

by UC or UC+SEC added another level of certainty that the two-step methodology 

UC+SEC provided purer EVs (Figure 8). EV markers such as cytoplasmic alix and Hsp70 

proteins, cytosolic protein syntenin-1 and transmembrane protein CD9 were tested in all 

cell lysates and EV isolates, as well as the cytoskeleton protein actin and mitochondrial 

protein cytochrome c135. Overall, EV markers were enriched in EVs compared to the cells 

of origin, as demonstrated in previous findings262,263. Also, EV markers were more intense 

in UC+SEC-isolates (Figure 8C and D) compared with UC-isolates (Figure 8A and B), 

confirming that purer EV samples were obtained when performing a two-step EV isolation 

approach, according to what has been previously reported258.  

Relating to glycosylation analysis, aberrant expression of glycans displayed by cancer 

cells proved to influence the tumor progression69,264. Particularly STn, which correlates 

with poor patient prognosis in several types of cancer115,265,266. As expected, western 

blotting demonstrated that both cell types (MKN45 ST6 and MKN45 SC) were positive for 

STn in contrary of the two control cell lines (MKN45 Mock and MKN45 WT) (Figure 8). EV 

glycosylation analysis remains a very challenging area of research. Thus, it has been 

recent the pursuit for glycomic methods applied for EVs. In fact, only in 2009 investigators 

demonstrated that EVs possess a vast repertoire of glycans267. As proved by our group, 

EVs secreted by MKN45 SC cells are enriched on specific high molecular weight 

glycoproteins carrying the STn antigen when compared to the secreting cells131. Also, our 

results showed an increase of STn expression in MKN45 SC-derived EVs isolated by 

UC+SEC (Figure 8H), proving once again that UC+SEC leads to enhance EV content 
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detection and, therefore, purer EV samples when compared to UC-isolates (Figure 8F). 

The same pattern was observed in MKN45 ST6-derived EVs when isolated by the 

combination of the two methodologies, however this was less noticeable (Figure 8G). This 

may happen as the originating MKN45 ST6 cells display a heterogeneous glycan profile, 

with less glycoproteins carrying the cancer-associated O-glycan STn. However, more 

experiments would be necessary to clarify this result. Together, these results might 

provide a more sensitive STn detection in vitro and may be extrapolated to biological 

samples due to its feasible characteristics in circulation, opening new areas of research 

for biomarker discovery and detection and in current cancer-targeted therapies268.  

To the best of our knowledge, STn localization at EV membrane has never been 

reported. Our evaluation of an immunolabelling technique with mAb B72.3 followed by a 

secondary antibody coated with gold particles, revealed that STn localizes at EV 

membrane of MKN45 SC-derived EVs isolated by UC+SEC (Figure 9B). The detection of 

STn at the surface of EVs holds the potential to be targetable for the development of new 

EV detection and isolation approaches. Interestingly, a lectin recognition-mediated in situ 

rolling circle assembly was reported to improve the detection capacity of the other glycan 

patterns present in cancer EV samples269. Similarly, when using an evanescent-field 

fluorescence-assisted lectin array system, it was possible to analyze the glycan profile of 

EVs derived from mesenchymal stem cells158. Furthermore, these approaches contributed 

to the development of high-throughput profiling of EV glycosylation and to the detection of 

glycan-based biomarkers in cancer-derived EVs. As STn antigen showed to be present 

and enriched at EV membranes secreted by gastric cancer cells in our study, its sensitive 

detection would be a valuable source for better stratification and monitor of gastric cancer 

patients.  

Aberrant EV glycosylation has been described to affect its biodistribution in vivo by 

increasing the migration and invasion potential of cancer cells270. The effect of EV surface 

glycans in EV uptake by recipient cells was extensively studied, particularly the effect of 

proteoglycans, as reviewed elsewhere157. In the other hand, the impact of sialic acids has 

only been reported once164. Interestingly, the investigators showed, for most cells tested, 

that desialylated EVs showed a greater EV uptake efficacy. Another investigation, using 

an ovarian carcinoma cell line observed a non-significant increase in EV uptake when 

desialylated166. In agreement with these findings, our results showed that the presence of 

STn on EVs led to a lower EV uptake by cells displaying a homogeneous mature O-glycan 

pattern (Figure 10). The increase in the negative charge of EVs caused by the presence 

of sialic acid residues could lead to structural or functional alterations in EV membrane or 
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exposition of different ligands at the surface of the recipient cells that would mediate the 

binding, making it difficult to internalize EVs271. Another explanation relies on the fact that 

sialylation may alter steric hindrance of other ligands at EV membranes272, resulting in 

decreased internalization by recipient cells. Our pivotal experiment demonstrated different 

affinities in the extent of uptake by the different cell lines (Figure 10D-G). There seems to 

be a tendency for cells to uptake EVs derived from the same cells, as they naturally 

produce similar EV content. Studies showed that epithelial cells internalize more 

epithelial-derived EVs compared to other recipient cells273, whereas mesenchymal stem-

derived EVs were rather up-taken by mesenchymal stem cells compared to other cell lines 

in vitro274. This evidence suggests that the specific signature of EVs is preserved and 

used as recognition moiety for the recipient cell. Although others have found that EVs 

display a non-selective biodistribution275, our results agree with previous works, 

suggesting that EVs are able to target specific cells. Despite this promising evidence, 

further investigations are required to provide a quantitative confirmation of the impact of 

STn in EV uptake by gastric cancer cells.  
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8. Conclusions and Future Perspectives 
 

8.1.  Main conclusions 

In this work, we aimed to isolate EVs from two glycoengineered MKN45 gastric cancer 

cell lines expressing the cancer-associated antigen STn and two control cell lines to 

compare the efficacy of two different EV isolation protocols. UC+SEC allowed the 

separation of low yield, but purer EV samples when compared to UC. Considering the 

potential use of EVs as a valuable source for biomarkers detection and discovery, this 

study showed an enrichment of STn levels in EVs compared to the cells of origin. Also, 

STn positive cells secrete more EVs. In cancer context, this may facilitate the detection of 

STn positive EVs, as more EVs might reach the circulation and body fluids. Remarkably, 

STn was first detected at the membranes of EVs secreted by gastric cancer cells, 

highlighting the value of STn as gastric cancer biomarker and its further application in EV 

isolation methodologies to better diagnose and monitor gastric cancer patients, 

contributing to a precise stratification of patients and application of personalized therapies. 

Additionally, STn impacts EV uptake by recipient cells, suggesting an ability to reprogram 

cell function. These methodologies can be further expanded to explore new EV detection 

methods regarding STn expression and the impact of STn positive EVs in different 

biological processes.  

 

8.2.  Future perspectives 

Despite the technological advances in the field, the study of EVs is still technically 

challenging. Particularly, innovative, less laborious detection and better isolation methods 

are an urgent need to facilitate an in-depth study of the different EV cargos as a reliable 

source of biomarkers. As specific glycans are exposed at EV surface, affinity interactions 

can be employed to capture EVs by binding to their surface receptor.  Despite the 

increased knowledge concerning the role of glycans in physiologic and pathologic 

conditions, the study of glycans as candidates to incorporate EV isolation methods 

remains poor. In gastric cancer, the presence of specific glycans, particularly STn at EV 

surface, as we have proven in this study, constitute a valuable source to potentiate the 

development of more sensitive and specific EV detection and isolation methodologies, 

with the potential to be translated into the clinical practice. Thus, the potential of STn as 

binding-ligand in isolation methods could be considered. The application of this antigen to 

capture EVs from cell lines must be tested to validate the efficacy of this methodology, 
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with further application of an optimized protocol to stablish a fast and reproducible method 

for EV isolation from biological samples. The implementation of a novel methodology for 

EV capture based on glycans can open new avenues regarding the potential of such 

molecules as biomarkers for less invasive diagnosis and monitoring.  

For that, we purpose the development and optimization of an immunoaffinity isolation 

methodology to isolate and separate EVs that carry STn at their membranes (Figure 11). 

This approach would highlight the value of STn as gastric cancer biomarker and open new 

areas for cancer diagnosis and prognosis improvement, allowing a better patient 

stratification for rapid and personalized therapeutics.  

 

 

Figure 11. Proposed mechanism of an immunoaffinity methodology to isolate EVs 

carrying the tumor-associated carbohydrate STn. The coating of an affinity column with 

the monoclonal antibody B72.3 would allow the capture of EVs displaying STn at their 

membrane that are eluted after the EVs negative for STn.  

 

Other questions that require investigation are related the impact of STn in EV uptake. 

EVs present a vast repertoire of exposed surface glycans that participate in cellular 

uptake, disrupting the native glycosylation pattern of the recipient cells. Herein, we aim to 

repeat EV uptake experiments to perform a quantitative analysis using flow cytometry. 

Thus, we could calculate the percentage of DiI-labeled EVs that are internalized by 

MKN45 cells and translate this methodology to other cell types, taking into consideration 

the biodistribution tropism of gastric cancer cells.  

There are still many questions to be answered regarding the functional role of EV 

glycosylation in gastric cancer as well as challenges on how to address these questions. 

Future studies will allow us to solidify the value of STn in gastric cancer EVs for a better 
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diagnosis/prognosis/patient stratification and develop innovative therapeutic strategies 

that can be applied for cancer treatment. 

 

9. Other projects 

Simultaneously with my master thesis, I was included in some other projects that 

help me to consolidate the technics and knowledge that I acquired over time, as well as to 

understand the applicability of our investigation in the clinical context. This integration was 

possible due to the exceptional leadership of Dra. Daniela Freitas and Dr. Celso Reis, 

who recognize my potential capacities to work with other group workers and incite me to 

participate in several projects.  

Our group was pioneer in detecting STn in EV samples derived from gastric cancer 

cells. To pursue this research, my supervisor’s team is developing a project that involve 

the processing of biological samples from patients with gastric cancer with collaboration 

with Hospital Santo António, Porto. The aim of this project is to isolate EVs from human 

gastric cancer plasma samples to detect and access the presence of the truncated O-

glycan STn in circulating EVs.  

Additionally, I am currently participating in a project together with a PhD student in 

the group that is working on 3D cell culture optimization and EVs isolation to compare the 

behavior of MKN45 cell line in different culture conditions and address the protein and 

glycan profile of the secreted EVs isolated by UC and UC+SEC. We intend to do a 

comparative protein and glycan cargo analysis of the EVs isolated from 2D and 3D cell 

cultures that express different levels of STn. 

In the future, I aim to pursue a PhD degree in cancer glycobiology and increase my 

knowledge and perspectives in the investigation field.  
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