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ABSTRACT

Gastric cancer (GC) is a global health concern, associated with high mortality rates.
Aberrant protein glycosylation, a major hallmark of cancer, is correlated with GC
aggressiveness and poor prognosis, especially when tumours express truncated short-
chain O-glycans such Tn and Sialyl-Tn (STn) antigens. Thus, the presence of these
aberrant glycans on the cell surface offers a significant opportunity to investigate new
approaches for diagnosis and treatment. This work aimed to develop and characterize a
GC cell line overexpressing Tn and STn antigens and determine their functional
implications on cell aggressiveness. Moreover, it aimed to establish a robust protocol to
study the glycoproteome of cell surface proteins.

Accordingly, the GC AGS cell line was glycoengineered to knock-out the CLGALT1 gene
and overexpress Tn and STn antigens. The genotypic characterization of the model was
performed by Indel Detection by Amplicon Analysis and Sanger Sequencing. Moreover,
the phenotypic validation of the model was achieved by immunofluorescence and flow
cytometric analysis. Functional characterization was assessed through in vitro
proliferation, migration, invasion, and colony formation assays. Subsequently, a reliable
method involving biotin-neutravidin coupling was developed to analyze the glycoproteomic
profile of the glycoengineered cells.

Therefore, Tn and STn overexpressing cells exhibited reduced migratory ability while
displaying increased invasive potential and resistance to anoikis. Additionally, a robust
protocol based on biotin labelling followed by cell scraping and neutravidin enrichment was
established.

In summary, the present work provides a comprehensive analysis demonstrating that the
overexpression of Tn and STn antigens leads to enhanced invasive and colony formation
capabilities, both associated with cancer aggressiveness. The established enrichment
protocol targeting plasma membrane proteins will be useful in characterizing the
glycoproteomic profile of the glycoengineered cells. Overall, this offers a promising future
for the development of targeted interventions, potentially revolutionizing the clinical

management of GC.

Keywords: Gastric cancer, Glycosylation, Truncated O-glycans, Tn, STn, Glycoproteomics
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RESUMO

O cancro géstrico (CG) é uma preocupacao global de saude, associando-se a elevadas
taxas de mortalidade. A glicosilagdo aberrante de proteinas, uma das principais
caracteristicas do cancro, esta correlacionada com a agressividade do CG e com um
progndstico desfavoravel, especialmente quando os tumores expressam O-glicanos
truncados como os antigénios Tn e Sialyl-Tn (STn). Desta forma, a presenca desses
glicanos aberrantes na superficie celular oferece uma oportunidade para investigar novas
abordagens de diagnéstico e tratamento. Assim, este trabalho teve como objetivo
desenvolver e caracterizar uma linha celular de CG com sobrexpressao dos antigénios Tn
e STn e, ainda, determinar as suas implica¢des funcionais na agressividade celular. Além
disso, procurou estabelecer um protocolo robusto para estudar o glicoproteoma de
proteinas da superficie celular.

Desta forma, a linha celular de CG AGS foi editada geneticamente para inativar o gene
C1GALT1, levando a sobrexpressao dos antigénios Tn e STn. O perfil genotipico do
modelo foi validado através de Indel Detection by Amplicon Analysis e sequenciacdo de
Sanger, enquanto a validacdo fenotipica foi realizada recorrendo a técnicas de
imunofluorescéncia e citometria de fluxo. A caracterizacdo funcional foi avaliada através
de ensaios in vitro de proliferacdo, migracdo, invasdo e formacdo de colonias.
Posteriormente, desenvolveu-se um método robusto, baseado no acoplamento biotina-
neutravidina, para analisar o perfil glicoprotedmico do modelo geneticamente editado.
Deste modo, as células com sobrexpressdo de Tn e STn exibiram uma capacidade
migratéria reduzida, enquanto demonstraram um aumento do seu potencial invasivo e da
capacidade de resisténcia a anoikis. Adicionalmente, estabeleceu-se um protocolo robusto,
baseado na marcacgdo celular com biotina, seguida de destacamento das células por
scraping e posterior enriguecimento com neutravidina.

Em suma, o presente trabalho demonstra que a sobrexpressdo dos antigénios Tn e STn
se correlaciona com uma maior capacidade invasiva e de formagéo de coldnias, 0 que se
associa ao aumento da agressividade tumoral. Além disso, o protocolo de enriquecimento
para proteinas da membrana plasmatica estabelecido, serd util na caracteriza¢éo do perfil
glicoprotedmico das células editadas. De uma forma geral, este trabalho oferece uma
perspetiva promissora para 0 desenvolvimento de intervengbes direcionadas,

potencialmente revolucionarias para o tratamento clinico do CG.

Palavras-chave: Cancro gastrico, Glicosilagcdo, O-glicanos truncados, Tn, STn,

Glicoprotedmica
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1. GASTRIC CANCER
1.1. Epidemiology & Risk Factors

Gastric cancer (GC) is the fifth most common cancer worldwide, with around 1.1
million new cases, representing 5.6% of all cancer cases diagnosed in 2020, according to
Globocan data. GC is also the fourth deadliest cancer, with 768,793 deaths, representing
7.7% of all cancer-related deaths in 2020 (2). The high mortality associated with this disease
is related to late diagnoses since most patients only become symptomatic in more advanced

stages of the disease, limiting the therapeutic options and their effectiveness (3, 4).

Several well-known risk factors are associated with the development of GC, such
as Helicobacter pylori (H. pylori) infection, which is considered the principal cause of non-
cardia GC (2, 5, 6). Chronic or recurrent H. pylori colonization in the gastric mucosa is
present in more than 50% of the world population (7). This chronic infection is associated
with gastric mucosal inflammation, which leads to chronic atrophic gastritis, characterized
by glandular architecture loss (5, 8). Atrophy may evolve into intestinal metaplasia,
promoted by epithelial-mesenchymal transition (EMT), resulting in the replacement of the
gastric epithelium for an intestinal-type epithelium, eventually leading to GC progression (9,
10). Furthermore, Epstein-Barr virus (EBV) infection is the cause of about 10% of all GC
cases, being more frequently found in men than women (11, 12).

One to 3% of all GC cases are associated with the existence of inherited syndromes.
Some genetic disorders related to the development of GC are hereditary diffuse gastric
cancer (HDGC), Lynch syndrome, Peutx-Jeghers syndrome, familial adenomatous
polyposis, and Li-Fraumeni syndrome (5, 9). Moreover, the presence of mutations or the
deletion of genes as p53, BRCA2, MSH2, and MSH1 is associated with an increased risk
of developing GC (13).

Alcohol consumption and tobacco smoking play significant roles in GC development
(14). There is evidence that alcohol can irritate and erode the stomach lining, resulting in
gastritis, which can be a precursor for GC (15).

Dietary factors are another crucial topic associated with GC. It is well known that
diets with a low intake of fruit and vegetables and/or with a high intake of salty and smoked
foods are considered risk factors for GC development. As such, high ingestion of salt may
damage the mucin layer that protects the stomach epithelium, leading to chronic atrophic
gastritis and intestinal metaplasia, which are precursors for GC (5, 9, 16). There is also a
correlation between GC development, low socioeconomic status, and low levels of physical
activity (16-18).



The risk of developing GC increases with age since more than 80% of the cases
occur between 60 and 80 years old. Being male is also considered a risk factor for
developing GC, with some theories suggesting that these differences may be explained by
environmental exposures, lifestyle factors, or even the potentially protective role of female

sex-specific hormones (5).

Globocan 2020 registries indicate that, in Portugal, GC is the sixth most common
cancer, affecting more men than women. The total number of new cases of GC in Portugal
was 2950, representing 4.9% of all new cancer cases, for both sexes and ages in 2020 (19)
(Figure 1).

The highest GC incidence rates were observed in Eastern Asia and Eastern Europe,
being higher in men than women (2) (Figure 2). In developed countries, the incidence and
mortality rates of GC have been steadily decreasing over the last decades due to better
hygiene habits and the better management of H. pylori infection (11, 16, 17).

Estimated number of new cases in 2020, Portugal, both sexes, all ages

Colorectum
10 501 (17.4%)

Other cancers
23 095 (38.2%)

Breast
7041 (11.6%)

Prostate

NHL 6 759 (11.2%)

2098 (3.5%)
Bladder
2608 (4.3%) =

ung
5415 (9%)

Stomach
2950 (4.9%)

Total : 60 467

Data source: Globocan 2020
Graph production: Global Cancer
Obsenvatory (http://gco.arc.fr)

Figure 1. Estimated number of new cancer cases in 2020 in Portugal. Data Source: Globocan 2020; Graph

production: Global Cancer Observatory.



Estimated age-standardized incidence and mortality rates (World) in 2020, stomach, all ages

Incidence . Mortality

Males Females

325 132

Eastern Asia
21.1

Populations

Central and Eastern Europe

World

South America

Western Asia

40 35 30 25 20 15 10 5.0 0 5.0 10 15 20 25 30 35 40

ASR(World) per 100 000

Data source:GLOBOCAN 2020
Graph production: Global Cancer Obmrvdlury(hllg//gm,lar( frr)
© International Agency for Research on Cancer 2023

Figure 2. World distribution of gastric cancer incidence and mortality. Data Source: Globocan 2020; Graph

production: Global Cancer Observatory.

1.2. Pathophysiology & Classification Systems

GC includes a range of tumours with diverse causes, resulting in significant
molecular heterogeneity. The most common histotype of GC is gastric adenocarcinoma
(GAC), which represents more than 90% of gastric tumours. GACs arise from the stomach

mucosa, which represents the glands of the most superficial layer of the stomach (6).

The oldest and most used classification for GACs is the Lauren classification, which
divides gastric adenocarcinomas into three types: intestinal (54%), diffuse (32%) and
indeterminate (15%) (Table 1) (20-22). This classification is based on the histological
characteristics of GACs and has an important role in surgical decisions. Intestinal
adenocarcinoma is often associated with H. pylori infection and intestinal metaplasia (22).
This tumour type, which is more common in older male patients, is marked by visible glands
and cohesive tumour cells (5, 9, 23). On the other hand, the diffuse type is characterized
by discohesive, small and round cells, associated with poor or no gland formation. The
diffuse type adenocarcinomas, which are more frequent in young and female patients, are
originated in the normal gastric mucosa and can penetrate the stroma as single or small
clusters of cells, facilitating progression to peritoneal dissemination (9, 21). Overall, the
intestinal subtype is better differentiated than the diffuse subtype, being associated with a

better prognosis (14, 24).



To better stratify GC patients and aid detailed information about histopathological
features, the World Health Organization (WHO) has proposed a more refined classification.
According to WHO classification, GACs can be subdivided into tubular, papillary, mucinous,
and signet-ring cell carcinoma (Table 1) (9, 25). The tubular adenocarcinoma is the most
prevalent histologic subtype in this classification (45-65% of GACs), which is associated
with early gastric carcinoma (21, 26). The papillary adenocarcinoma variant, also found in
early gastric carcinomas, is correlated with poor survival (25, 26). Mucinous
adenocarcinomas consist of tumour cells and mucin pools, which occupy more than 50%
of the tumour area. The poorly cohesive carcinoma subtype includes signet ring cells, which
are similar to lymphocytes and plasma cells, and also incorporate non-signet ring cells (21).
The mixed subtype, which is equivalent to the indeterminate type of Lauren classification,
includes the most uncommon histologic variants, such as squamous cell carcinoma (24,
26). This heterogeneous subtype, considered more invasive and metastatic, consists of two
different components, glandular and poorly cohesive (14, 21).

Table 1. Gastric cancer histological classification systems. Adapted from (2019) Johnston,F. &
Beckman,M. (24).

WHO classification Lauren classification

Papillary adenocarcinoma
Tubular adenocarcinoma Intestinal type

Mucinous adenocarcinoma

Signet-ring cell carcinoma _
) ) Diffuse type
Another poorly cohesive carcinoma

Mixed carcinoma Indeterminate type

Adding to this classifications systems, the AJCC 8th tumour-node-metastasis (TNM)
staging (Figure 3) presents an improved approach marked by staging uniformity,
discrimination capacity, prognostic accuracy, and consistency in predicting GC prognosis
(27). Accordingly, prognosis is determined by considering the depth of the tumour (T), the
invasion of local lymph nodes (N), and the presence of distant metastases (M) (14, 28, 29).
The T and N stages of the classification system are the most significant indicators of

successful GC surgery (30). This classic system, the most used classification system for
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GC, has been useful in guiding clinical decision and improving patient outcomes, however,
it has certain limitations because clinical decisions may be modified by operator subjectivity

and data heterogeneity (29, 31).
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Figure 3. Summary of gastric carcinogenesis and TNM staging system. The transformation of cells,

influenced by environmental and host characteristics, progresses from normal cells to adenocarcinoma through
the process of carcinogenesis. Concerning the T stage of the tumour, T1 is determined by the invasion into the
gastric submucosa; T2 signifies penetration into the muscle layer; T3 indicates invasion into the serosa; and T4
encompasses tumours that invade nearby organs. Image created using Biorender.com (accessed on 23
September 2023).

The GC classification systems previously described translate the histological
heterogeneity of gastric tumours, however, they lack robust molecular characterization (32).
To overcome this need, The Cancer Genome Atlas (TCGA) project offers a molecular
classification, which divides gastric tumours into four subcategories. Namely, tumours
positive for Epstein-Barr virus (EBV), tumours with microsatellite instability (MSI),
genomically stable tumours (GS) and tumours with chromosomal instability (CIN) (33).
According to this classification system, patients with the EBV subtype showed the best
prognosis and improved overall survival, whereas the GS subtype exhibited a worse
prognosis and decreased overall survival (34). TCGA classification enables the
identification of significant genetic phenotypes, nevertheless, clinical routine has not yet
benefited from this due to the absence of a robust genetic-clinical correlation and the
concurrent occurrence of various molecular subtypes (28, 34, 35).

Globally, the classifications mentioned above face challenges in accurately
stratifying GC based on histological and, more recently, molecular characteristics.

Nevertheless, the increasing demand for more therapies and tools for patient care has



encouraged research towards integrating molecular data into the currently employed clinical
categories. Integrating glycoproteomic data into these well-established categories in the
future may present a compelling approach to enhance clinical classifications and provide

guidance for therapeutic decisions.

1.3. Gastric Cancer Diagnosis and Therapy

Most GCs are diagnosed in the late stages since patients are often asymptomatic
in early stages. Some symptoms associated with the disease are weight loss, anaemia,
indigestion, dysphagia and early satiety (20, 28). These are often non-specific symptoms,
hampering early diagnoses. In advanced stages, more severe symptoms are often
presented namely Virchow’s node (left supraclavicular lymphadenopathy), Sister Mary

Joseph'’s node (umbilical node) or even Blumer’s shelf (24).

At first diagnosis, GC is identified through imaging techniques (positron emission
tomography, computed tomography, laparoscopy) as well as biopsy and cytology to disease

assessment and histological classification (18, 24, 28, 32).

Currently, surgical resection is the only possible curative opportunity for patients in
the early stages of GC (9). However, endoscopic resection can be used in patients who
present early GCs, confined to the mucosa, non-ulcerated and well-differentiated (28). In
many cases, adjuvant chemotherapy or chemoradiotherapy are used in resectable localised
disease to prevent relapse (32). On the other hand, for locally advanced disease it is
recommended neoadjuvant chemoradiotherapy or perioperative chemotherapy (14).
Chemotherapy is also used to improve the quality of life for patients with metastatic GC,
and first-line treatment is based on a platinum-fluoropyrimidine doublet, associated with an
overall response rate ranging between 30% and 60%, but with a median survival time of
only 6-9 months (18, 28, 36). Overall, chemotherapy strategies are associated with severe
side effects, leading to the development and application of novel approaches to enhance
treatment efficacy and minimize adverse effects (18). Advances in genetic profiling of GACs
and the discovery of tumour-specific markers have allowed the development of targeted
therapies in the form of monoclonal antibodies and small molecule inhibitors (24). As such,
patients with advanced gastric carcinomas overexpressing HER2, benefit from
chemotherapy together with trastuzumab (anti-HER2 monoclonal antibody), which has
improved disease-free survival and overall survival (28). Approaches using immune

checkpoint inhibitors such as nivolumab and pembrolizumab, two monoclonal anti-PD-1



antibodies, have shown an improvement in the overall survival of patients, however, their

overall response rate is approximately 15% only (37).

The available treatment modalities for individuals with locally advanced and
metastatic gastric cancers are limited, emphasizing the urgent need for innovative therapies

to improve quality of life and survival.

2. GLYCOSYLATION AND GASTRIC CANCER

2.1. General Features of Protein Glycosylation

Glycosylation is a non-templated enzymatic process present in cells and takes place
in the endoplasmic reticulum (ER) and the Golgi apparatus (GA) of eukaryotic cells (38-40).
This frequent post-translational modification is achieved by the addition of oligosaccharides
to proteins or lipids, giving rise to glycoconjugates, which can be glycoproteins,
proteoglycans or glycosphingolipids (1, 41, 42).

Those biomolecules, also known as glycans, share some structural features and
terminal modifications between them. The human glycome is very diverse and
heterogeneous, even though it is constructed from only ten different monosaccharides:
fucose (Fuc), galactose (Gal), glucose (Glc), N-acetylglucosamine (GIcNAc), N-acetyl-
galactosamine (GalNAc), glucuronic acid (GlcA), iduronic acid (IdoA), sialic acid (Sia),
mannose (Man) and xylose (Xyl) (43-45). Despite all the diversity, glycosylation does not
occur randomly, since only specific sites of a protein are glycosylated (46).

Glycans can be expressed on the cell surface or in secreted proteins, playing different
physiological roles (46, 47). In the secretory pathway, they allow quality control of protein
synthesis, governing folding and targeting to different organelles (45). At the cell surface,
glycans influence different cellular functions such as cell growth (48), differentiation and
adhesion (39, 42), as well as signal transduction (38, 49), host-pathogen recognition (50,
51) and immune surveillance (52-54). Cell surface glycans are also able to modulate their
carrier protein conformation and provide ligands for glycan-binding proteins such as

selectins, galectins and siglecs (45, 53, 55).

The most common and better-studied forms of glycosylation are N-glycosylation and
O-glycosylation. N-glycans biosynthesis begins in the cytoplasmic side of the ER, where a
branched carbohydrate structure, composed of N-acetylglucosamine and mannose, is
assembled in the lipid carrier dolichol-phosphate (Dol-P). In turn, this product is flipped to
the ER lumen, where glucose and mannose saccharides are added. The synthesis

continues with the addition of the Dol-P — carbohydrate structure to the amino group of
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asparagine (Asn) residue, which belongs to the consensus peptide Asn-X-Ser/Thr
(Serine/Threonine) sequence, in which X represents any amino acid except proline. The
core structure of N-glycans consists of two GIcNAc linked to three mannoses. This structure
might undergo several further modifications in the ER and the GA, by the action of different
glycosyltransferases, which can add residues of GIcNAc, galactose, sialic acid and fucose.
The final products of N-glycosylation are very diverse, and they can be grouped as

oligomannoses, complex N-glycans or hybrid N-glycans (38, 39, 56-59).

O-glycosylation also plays an important role in cell biology, and it occurs typically in
the GA, with the addition of sugars in the N-terminal of the residues, establishing glycosidic
linkages in an a or B configuration. O-glycans can be classified as mucin-type (also called
O-GalNAc glycans) or non-mucin-type. The so-called mucin type O-glycans caught their
name due to their high prevalence in mucin proteins, since more than 80% of their mass
consists of O-glycans (60). O-GalNAc glycans biosynthesis is initiated in the GA by an N-
acetylgalactosaminyltransferase, which links an N-acetylgalactosamine residue from a
sugar donor (UDP-GalNAc; Uridine Diphosphate N-acetylgalactosamine) to the hydroxyl
group of serine, threonine or tyrosine residues, originating the Tn antigen (a-GalNAc) (39,
61-63) (Figure 4). Tn antigen might be extended to core one structure by the action of core
1 B1-3galactosyltransferase (C1GalTl; T synthase). However, the formation of core 1
structure can be prevented when an a2-6 sialyltransferase ST6GalNAc1 adds a sialic acid
to the a-GalNAc residue and generates the sialyl-Tn antigen (STn). On the other hand, 1-
6 N-acetylglucosaminyltransferases 1, 2, and 3 (C2GnT) can convert the core 1 O-glycan
into the core 2 structure, with the addition of a GIcNAc residue (48, 62, 64). Elongation of
the core 1 structure can be prevented when a terminal sialic acid is added to the T antigen
on the galactose residue, forming the Sialyl-T (ST). Similarly to core 1, core 3 O-glycans
synthesis uses the a-GalNAc structure as substrate, which is added to a 31-3GIcNAc by
the B1-3 N-acetylglucosaminyltransferase 6 (B3GNT6) enzyme (45, 61, 65). Core 3
structure can also be further branched by adding a B1-6GIcNAc residue through the action
of core 4 B-1,6 N-acetylglucosaminyltransferase (C4GnT), originating the core 4 structure
(60, 66, 67). However, core 3 and core 4 O-glycans are less common and more restricted
to mucus epithelia from the gastrointestinal and respiratory tracts as well as the salivary
glands (39, 62). Additionally, core 1 and core 3 O-glycans can be further modified by
elongation or by the formation of terminally capped structures with sialic acid and fucose
residues, integrating the group of complex O-GalNAc glycans (60, 62). One of the most
common complex structures of O-glycans and N-glycans are the Lewis blood group

antigens, which clinical relevance will also be explored in subsequent sections (68).
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Figure 4. O-glycosylation pathways. The synthesis of Tn antigen bound to Ser/Thr residues of
a protein backbone triggers the start of mucin-type O-glycosylation on GA. Complex O-glycans
are created by further modification of Tn. Alternatives include sialylating Tn and T antigens by the
sialyltransferases ST6GalNAcl and ST3Gall, respectively, resulting in shortened structures, STn

and ST antigens. Adapted from Azevedo et al (1).

The dysregulation of glycosylation pathways originates abnormal changes in the
expression of glycans. Those alterations include incomplete synthesis of glycans, enhanced
expression of complex branched N-glycans, expression of truncated O-glycans, and altered
expression of fucosylated and sialylated structures (39, 69, 70). Glycosylation dysregulation
is associated with numerous diseases, such as infection and inflammation (71, 72),
congenital and neurological disorders (73, 74), as well as cancer (42, 52, 75). In fact,
aberrant glycosylation phenotypes are prevalent in different solid tumours, including gastric
cancer (42, 76-79). Changes in glycosylation patterns impact various aspects of cancer cell
behaviour, including cell growth, mobility, adhesion, and survival (10, 80). These alterations
also influence critical cancer-related processes such as tumour-associated immune
responses, epithelial-mesenchymal transition, angiogenesis, cell-cell contact, and
metastasis (10, 52, 80-82).



Tumours are characterized by a profound deregulation of O-glycosylation pathways,
which can be determined by several factors, such as the deregulated expression of
glycosyltransferases and glycosidases, the availability of activated sugar donors and the
presence of glycoprotein substrates (42, 53, 83). The biosynthesis of tumour-associated
antigens can be influenced by the loss of the tightly coordinated expression of specific
fucosyltransferases and sialylases, with their substrates. Moreover, the premature stop of
O-glycosylation extension often causes the overexpression of immature and truncated O-
glycans, in solid tumours, such as Tn, STn, T and ST antigens (84-86). The overexpression
of Tn and STn antigens, may arise due to a mutation or suppression of the C1GalT1-specific
chaperone 1 protein (also known as COSMC). This protein serves as an essential mediator
for the proper folding and functioning of the C1GalTl glycosyltransferase, thereby
obstructing the C1GalT1 pathway and ultimately leading to an increase in Tn and STn
antigens expression (87, 88). The biosynthesis of Sialyl Tn can also be augmented through
the impact of the overexpression of ST6GalNAc1 glycosyltransferase, which catalyse STn
formation (3, 86).

This intricate interplay of glycosylation dysregulation in cancer underscores its pivotal
role in disease progression and highlights the potential for targeted interventions aimed at

modulating these glycan alterations for improved clinical outcomes.

2.2. Gastric Cancer-Associated Glycosylation

The glycosylation patterns found in advanced gastric cancer play pivotal roles in its
progression and aggressiveness. As such, upregulation of the fucosyltransferase FUT3 has
been associated with aberrant expression of Lewis blood group antigens, specifically Le?,
in GC (10). Additionally, the overexpression of sialylated Le* and Le* structures is a widely
recognized occurrence in the development of GC, being associated with tumour
aggressiveness and overall poor survival (47, 89). Moreover, the increased expression of
sialylated Lewis antigens has been correlated with elevated levels of ST6Gal3, ST3Gal4

and FUT5 enzymes in both in vitro and in vivo studies (10).

Tn antigen is expressed in over 70% of most human solid tumours, and has been
associated with cancer progression, metastasis and poor prognosis in several cancers.
However the molecular mechanisms by which the Tn antigen modulates tumour
progression remains poorly understood (45). It is noteworthy that the implications

associated with Tn antigen expression in gastric tumours have received limited attention.
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Only one study, conducted on canine tissues, addressed this issue and found no significant

results regarding the role of Tn antigen in neoplastic transformation (90).

STn antigen is rarely observed in normal tissues, while it is aberrantly expressed in
several tumours, including GC (86, 91, 92). The presence of the STn antigen in gastric
tumours is associated with a more aggressive phenotype (10) and correlated with increased
cellular migration (93) and invasion (94), which is linked to enhanced metastatic potential
(95). Moreover, STn overexpressing cells have been associated with decreased cell-cell
aggregation (96), resistance to chemotherapy (65) and an overall poorer prognosis linked
to cancer aggressiveness (76, 84, 92, 97). Accordingly, in vivo studies have shown GC cells
overexpressing STn antigen displaying heightened invasive and metastatic potential (96,
98). Another study provided evidence that the expression of short-chain O-glycans was
accompanied by the acquisition of mesenchymal-like characteristics in cells, which led to
the remodelling of gene expression and the activation of tyrosine kinase receptors. These
findings suggest that the presence of STn is involved in the continuous activation of
oncogenic signalling in gastric cancer (94). Moreover, the decreased survival observed in
COSMC knock-out mouse xenografts suggests a more aggressive phenotype in GC cells

with overexpression of short-chain O-glycans (94).

Overall, aberrant glycosylation patterns observed in advanced gastric cancer,
particularly the overexpression of sialyl-Tn antigens, underscores the critical role of
glycoproteins in the progression and aggressiveness of the disease. However, further
research in glycoproteomics holds great potential for refining diagnostic and prognostic
strategies in the management of gastric cancer, ultimately offering improved outcomes for

patients facing this challenging disease.

3. GLYCOPROTEOMICS RELEVANCE IN GASTRIC CANCER
MOLECULAR CHARACTERIZATION

Glycoproteomics consists of the study of both glycans and carrier proteins in a
comprehensive and omics fashion (99). Glycoproteomics relies on a sophisticated array of
techniques to dissect the intricate interplay between glycans and carrier proteins,
demanding a meticulous examination of the glycome, followed by the proteome, enabling
the investigation of specific proteomic aspects (99). These techniques encompass high-
resolution mass spectrometry, which allows for precise characterization of glycoproteins

and their glycan structures. Additionally, glycoprotein enrichment methods, such as lectin
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affinity chromatography and antibody-based strategies, allow isolating glycosylated proteins
for in-depth analysis (100, 101). Despite the remarkable progress in glycoproteomic
methodologies, certain limitations persist, which are primarily characterized by the
requirement for specialized training and access to advanced instrumentation. Moreover, the
sheer intricacy and heterogeneity of glycan structures, coupled with their dynamic nature,
are also challenges in this field. Furthermore, the acquisition of sufficient quantities of high-
quality glycoproteins, combined with the absence of standardized protocols and methods,
can influence glycoproteomic analysis and contribute to increased variability in the results
(102, 103).

Approximately half of eukaryotic proteins undergo glycosylation, especially those on
the cell surface, displaying significant roles on cell signalling, adhesion, and immune
response modulation (38, 104). In the context of gastric cancer, aberrant glycosylation
patterns have emerged as hallmark features, being closely associated with the
development, progression, and aggressiveness of gastric tumours (10, 42). Understanding
the glycoproteomic profile of GC cells provides critical insights into the underlying molecular
mechanisms driving this malignancy, highlighting potential biomarkers for diagnosis and
prognosis, offering a window into the progression of the disease and response to treatment.
Previous studies have identified two O-glycoproteins found in glycoengineered GC cell
lines, as well as in the serum of GC patients and GC tissues (105). While additional
validation is required to confirm their potential as biomarkers for GC, these findings
underscore the significant potential of glycoproteomics in enhancing clinical strategies and

refining disease management.

Overall, the composition of the glycoproteome, which corresponds to a subset of
proteins highly dependent on the microenvironment, is intricately influenced by factors
spanning the glycome, transcriptome, proteome, and metabolome (99, 106). Therefore,
glycoproteomics is a powerful tool in unravelling the intricate biology of glycans and their
associated proteins, offering valuable insights into the molecular mechanisms underlying
diseases like gastric cancer. As such, we hypothesise that modifications in the
glycoproteomic profile on the cell surface of GC cells will influence cell aggressiveness. In
this context, the study of the glycoproteome of the cells stands as an indispensable resource

in identifying promising targets for diagnosis or therapy.
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CHAPTER II

AIM & SCOPES






Gastric cancer (GC), a prevalent malignancy globally, remains the fourth leading cause of
cancer-related deaths (1). A substantial percentage of patients with GC are diagnosed in
advanced disease stages, posing an obstacle to the availability of effective therapies. The
management of the disease is a challenge due to lack of efficient molecular tools to assist
clinical decisions and few effective targeted therapies (2). The premature stop in the O-
glycosylation pathway is a well described hallmark of many cancers, including gastric
carcinomas, leading to the overexpression of short-chain O-glycans, such as Tn and STn
antigens. Those glycans drive oncogenic features of cancer cells, modifying their ability to
proliferate, migrate, and invade (3-6). Therefore, the characterization of the glycoproteome
in cancer cells has gained remarkable significance in discovering novel targets relevant to
therapy, thus enhancing clinical strategies (4, 7, 8). Accordingly, Chapter Il aimed to
understand the functional implications of the overexpression of truncated O-glycans,
namely Tn and STn antigens, in a gastric cancer cellular model. It addresses the following
specific objectives:

Establish a glycoengineered gastric cancer cellular model overexpressing the
Tn and STn antigens;

Il. Characterize the genotypic profile of the glycoengineered cell line;

Il. Characterize the phenotype of the glycoengineered model,

V. Determine the functional implications of Tn and STn overexpression on gastric

cancer cells.

Based on the previously established cell line, arises the need to study its
glycoproteome to understand the alterations induced by glycosylation. Accordingly,
Chapter IV focused on developing a standardized protocol for isolating membrane-
associated proteins from cellular content to enable targeted glycoproteomic studies. It

addresses the following specific aim:

l. Determine the optimal conditions for cellular labelling with biotin, envisaging a

robust protocol for glycoprotein annotation.
The chapters follow a research paper format comprised by an abstract, introduction,

materials and methods, results, discussion, and conclusions. Chapter V addresses the

overall conclusions of the work delves into possible future perspectives.
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ABSTRACT

Gastric cancer (GC) is currently managed through chemotherapy, radiotherapy, and
surgery, which often fail to prevent disease progression and relapse. Targeted therapies
and immunotherapy have provided significant, however insufficient improvements, in part
due to lack of cancer specific signatures. In this sense, exploiting post-transcriptional
modifications such as glycosylation appear as a strategy to identify novel molecular
signatures. Aberrant protein glycosylation is a hallmark of cancer, contributing significantly
to carcinogenesis, cancer progression, and metastasis characterized by the overexpression
of short-chain O-glycans such as Tn and Sialyl-Tn (STn) antigens, which are mostly absent
in the corresponding healthy tissues. Truncated O-glycans are prevalent in more
aggressive and advanced gastric cancer tumours, being closely linked to tumour
progression and unfavourable prognoses. As such, targeting specific glycans or
glycoproteoforms may complement conventional cancer detection and treatment, leading
to better theragnostic settings. In this sense, this work aimed to develop and characterize a
GC cellline overexpressing Tn and STn antigens and determine their functional implications
on cell aggressiveness. Accordingly, intestinal-type AGS gastric cancer cell line was
glycoengineered using CRISPR-Cas9 technology to knock-out the C1GALT1 gene, leading
to premature stop in the O-glycosylation pathway and consequently overexpress Tn and
STn antigens. The cell model was then validated through Indel Detection by Amplicon
Analysis and Sanger sequencing. Furthermore, the model was phenotypically validated by
immunofluorescence and flow cytometry analysis. The assessment of functional
characterization was conducted through in vitro proliferation, migration, invasion, and
colony formation assays. We observed that Tn and STn overexpressing cells exhibited
reduced migratory ability while displaying increased capacity to invade and form colonies
in an anchorage-independent manner. In summary, these results strongly indicate that
truncation of O-glycans directly triggers oncogenic features related to cell invasion and
resistance to anoikis. As such, defining the glycoengineered cells’ glycoproteome might
help envisage future molecular targets for early diagnosis and new therapies for gastric

cancer.

Keywords: Gastric cancer (GC); Glycosylation; O-glycans; Sialyl-Tn antigen (STn); Tn
antigen
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1. INTRODUCTION

Gastric cancer (GC) is a significant global health concern, ranking as the fifth most incident
cancer and the fourth leading cause of cancer-related deaths worldwide (1, 2). This disease,
with a multifactorial and heterogeneous nature, poses challenges in developing effective
treatments (3).

Alterations in protein glycosylation are among the primary molecular events that occur
alongside oncogenic transformations (4, 5). Glycan biosynthesis is influenced by several
factors, including altered activity of glycosyltransferases and glycosidases, as well as the
availability of sugar donors, cofactors, and acceptor substrates (6, 7).

Dysregulation of the typical O-glycophenotype is associated with the progression of cancer,
facilitating the amplification of more aggressive cell properties (8). The premature stop of
the O-glycosylation synthesis is a well-known feature of malignant transformation leading
to the presence of truncated O-glycans such Tn, sialyl-Tn, T, and sialyl-T antigens (9, 10).
Compromised C1GalT1l glycosyltransferase activity, which is responsible for T antigen
synthesis, caused by mutations or hypermethylation of its molecular chaperone COSMC
promoter, leads to the overexpression of the Tn antigen (11, 12). Moreover, overexpression
of ST6GALNACL1 glycosyltransferase, which originates STn antigen, is associated with a
highly cancer-specific nature (13, 14). Tn and STn antigens are overexpressed in several
tumours, including gastric, bladder and breast carcinomas, while absent or marginally
expressed in the corresponding healthy tissues (15-18). High levels of these glycans have
been correlated with more aggressive tumour behaviour, increased invasiveness, and a
higher probability of metastasis, being associated with a worse prognosis (19-21). In gastric
tumours the overexpression of Tn and STn antigens has also been associated with
increased cellular invasion and decreasing cell-cell adhesion, ultimately instigating
oncogenic characteristics in cancer cells (12). This correlation emphasizes the possible
clinical importance of Tn and STn antigens as prognostic markers in GC, highlighting their
relevance in assessing disease progression and guiding therapeutic strategies.
Envisaging the study of the functional implications of these aberrant O-glycans on gastric
cancer aggressiveness, this chapter describes the establishment and characterization of a

glycoengineered gastric cancer cell line overexpressing the Tn and STn antigens.

29



2. MATERIALS AND METHODS
2.1 Cell Culture Conditions

The AGS cell line, derived from human gastric adenocarcinoma, was acquired from
the American Type Culture Collection (ATCC). Cell lines were cultured at 37°C in a 5% CO2
humidified atmosphere and atmospheric oxygen, with RPMI Medium 1640 (1X) +
GlutaMAXTM-I (Gibco™, Thermo Fisher Scientific), supplemented with 10% heat-
inactivated FBS (Gibco™, Thermo Fisher Scientific), and 1% penicillin-streptomycin

(10,000Units/mL penicillin; 10,000mg/mL streptomycin; Gibco, Thermo Fisher Scientific).

2.2 O-glycomics

The O-glycome of the AGS wild-type cell line was characterized through the Cellular
O-glycome Reporter/Amplification method, as described by Fernandes, et al (22). Briefly,
benzyl 2-acetamido-2-deoxy-a-D-galactopyranoside (Sigma-Aldrich), which is a Tn
mimetic, was peracetylated and administered to semi-confluent cells to a final concentration
of 150uM in culture medium. After 24 h of incubation the secreted benzyl-O-glycans were
isolated from the conditioned media by filtration with a 10kDa centrifugal filter (Amicon Ultra-
4; Merck KGaA), followed by solid-phase extraction in Sep-Pak 3 cc C18 cartridges
(Waters). Bn-O-glycans were then permethylated and analysed through nanoLC-ESI-
MS/MS as previously described by us (22).

2.3 RT-PCR for Gene Expression Evaluation

Real-time polymerase chain reaction (RT-PCR) was used to quantify the expression
level of the genes involved in the first steps of O-glycan biosynthesis (C1GALT1 and
ST6GALNAC1I). Total RNA from cultured AGS cells was isolated using GRS Total RNA Kit
(Grisp Research Solutions), according to the manufacturer’s instructions. The purity and
guantity of RNA extracts were estimated based on the A260/A280 using a Nanodrop
(ND1000, Nano Drop Technologies Inc. Wilmington, DE, USA). RNA samples were further
converted into complementary DNA (cDNA) using random primers from the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystem). RT-PCR amplification of cDNA
samples was performed in a Mycycler Thermal cycler (BioRad): 25°C for 10 minutes, 37°C
for 120 minutes, and reverse transcriptase inactivation at 85°C for 5 minutes. The relative
expression of C1GalTl and ST6GalNAC1 glycosyltransferases was determined using
TagMan Gene Expression Assays (C1GALT1l: Hs00750511 sl; ST6GALNACLIL:
Hs00300842_m1l) in a StepOne Real-Time PCR System (Applied Biosystems), with the
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following thermal cycling conditions: 10 minutes at 95°C followed by 45 cycles of 15
seconds at 95°C and 1 minute at 60°C. Hypoxanthine-guanine phosphoribosyltransferase
(HPRT: Hs99999909 m1) was used for normalization. All samples were run in duplicate

and relative mRNA gene expression was calculated with the 272t formula.

2.4 Genetic Editing of Gastric Cancer Cell Line

The AGS cell line was genetically edited through CRISPR/Cas9 technology using a
validated plasmid vector to deliver the Cas9 and the single guide RNA
(GTAAAGCAGGGCTACATGAG). The genetic modification yielded specific double-strand
breaks (DSBs) at the C1GALT1 gene in vitro, resulting in the subsequent knock-out of the
C1GALT1 gene. Lipofectamine™ CRISPRMAX™ Transfection Reagent (Thermo Fisher
Scientific) was employed in accordance with the instructions provided by the manufacturer.
Complexes were formed in serum-free media (Opti-MEM™ | Reduced Serum Medium;
Gibco) and were directly introduced to the cells in the culture medium, followed by a 24-

hour incubation.

2.5 C1GALT1 Mutation Analysis

Single clones were obtained by serial dilution in 96 well plates. The GRS Genomic
DNA Kit (GRISP Research Solutions) was used to extract and purify DNA according to the
manufacturer's instructions. Sanger sequencing was used primarily to screen for mutations
in the CLGALT1 gene. Primers (Table 1) were designed in this context using the Primer-
BLAST design tool from the National Center for Biotechnology Information (NCBI). A PCR
reaction setup was prepared according to Table 2 for PCR product amplification. A
thermocycler was used for an initial denaturation step of 15 minutes at 95°C, followed by
35 cycles of denaturation at 95°C for 30 seconds, annealing at 59°C for 30 seconds, and
extension at 72°C for 45 seconds. A final 9-minute extension step at 72°C was also
included. Electrophoresis in a 2% (w/v) agarose gel stained with SYBR-safe DNA gel stain
(Thermo Fisher Scientific) confirmed the amplification. The PCR product was purified using
a 1:2 mixture of exonuclease | (20ug/ul) (Thermo Fisher Scientific) and Fast
Thermosensitive Alkaline Phosphatase (1ug/ul) (Thermo Fisher Scientific). Purification was
carried out in a thermocycler at 37°C for 50 minutes to ensure proper enzyme activity,
followed by 15 minutes at 85°C to inactivate the enzymes. For this reaction, 2pl of ExoSap
mix was added to 5ul of PCR product, allowing unincorporated primers and nucleotides to

be degraded.

31



Table 3 shows how the DNA amplicons were sequenced using the
AppliedBiosystems® (Life Technologies) BigDye® Terminator v3.1 Cycle Sequencing Kit.
The thermocycler PCR protocol included a 10-minute denaturation stage at 96°C, followed
by 35 cycles of denaturation at 96°C for 10 seconds, annealing at 52°C for 5 seconds, and
extension at 60°C for 6 minutes. The sequencing product was purified using lllustra
Sephadex® G-50 fine columns (GE Healthcare, Life Sciences) according to the
manufacturer's instructions to reduce potential impurities. Finally, samples were eluted in
15ul of deionized formamide (Applied Biosystems) to stabilize the DNA. The sequencing
was done using a Thermo Fischer Scientific 3500 Genetic Analyzer, and the CRISPR
editing results were examined with Synthego's ICE.

Indel Detection by Amplicon Analysis (IDAA) was also carried out to identify the size
and frequency of insertions and deletions produced by the transfection. The nuclease target
site was amplified using genomic PCR with three primers: a locus-specific set of forward
and reverse primers and a universal primer (FamFwd) having the same sequence as an
extension of the Fwd and tagged with 6-FAM to make the amplicons fluorescent. Selected
amplified products were diluted 1:20; 1pul of diluted amplified product was mixed with Hi-
Formamide (Applied Biosystems) and appropriate dye size standard (GeneScan 600 LIZ or
500 ROX, Applied Biosystems). The mixture was analyzed in a fragment analyzer (3500
Genetic Analyzer, Applied Biosystems), revealing the size of the amplicon (bp), and thereby
the inflicted indels, as well as their frequency in relative fluorescence units (RFU). IDAA was
performed with an ABI 3130 instrument. Two AGS C1GALT1 KO clones with distinct out-
of-frame indel alterations were selected. A single clone with silent mutations provided the

phenotypic control cell line.

Table 1. Primer sequences used for sequencing the CLGALT1 gene.

Cl1GALT1 Primer sequence (5’ > 3’)
Primer Forward CCGGCCCTCAAAACCTAGAG
Primer Reverse TGCATCTCCCCAGTGCTAAG
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Table 2. Amplifications PCR reactions setup.

Component 20l -rxn
ddH.0 To 20yl
10X PCR Buffer 2l
10 Mm dNTP Mix 1pl
25 mM MgCl; 2ul
10 uM forward primer 1pl
10 uM reverse primer 1pl
Template DNA 0.5yl
AmpliTaq Gold DNA Polymerase (5U/ul) 0.2ul

Table 3. BigDye™ Terminator v3.1 Cycle Sequencing Reaction.

Component 10 pl -rxn
BigDye® Mix 0.5ul
5X Sequencing Buffer 3.4l
Primer 0.5ul
ddH:0 4.78ul
PCR product 1l (75ng)

2.6 Flow Cytometry for O-linked Glycans

Cells were detached using Versene 1x solution (Gibco; Life Technologies) and fixed
with 2% paraformaldehyde (PFA; Sigma-Aldrich) for 15 minutes. Tn antigen was
determined using 20pg/mL fluorescein-labelled Vicia Villosa (VVA) lectin (Vector
Laboratories) for 1h in PBS 2% FBS, under mild agitation, at room temperature, whereas
the STn antigen was assessed using the same lectin at the same conditions, after digestion
with 70muU/10° cells a-Neuraminidase from Clostridium perfringens (Sigma-Aldrich), in
sodium acetate buffer, at 37°C overnight, under mild agitation. T antigen was determined
with 20ug/mL fluorescein-labelled Peanut Agglutinin (PNA) lectin (Vector Laboratories), and
ST antigen was determined by comparing the affinity of the PNA before and after overnight
sialidase digestion. In addition, cancer cells were screened for N-acetylglucosamine
residues using 20pg/mL Griffonia Simplicifolia Lectin 11 (GSL Il) (Vector Laboratories). C-
type lectin GSL Il was incubated for 1h in 10mM HEPES, 0.15M NacCl, 0.1mM CaCls,
pH=7.5 buffer, under mild agitation at room temperature. Under the above-mentioned
conditions, GSL Il lectin detection was also performed after PNGaseF (250muU/10° cells, in

PBS 1x) enzymatic digestion to exclude N-glycan-associated N-acetylglucosamine
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residues contribution. Sample acquisition and data analysis were performed through the

FC500 Beckman Coulter flow cytometer.

2.7 Immunofluorescence for O-linked Glycans Detection

To evaluate short O-glycan expression, AGS glycoengineered cell models were
cultured at low density in y-Slide 8 Well (Ibidi) and fixed with 2% PFA (Sigma-Aldrich),
following immunofluorescent staining as described in the section 2.6. STn and ST were
evaluated in parallel with samples digested with 70mU/10° cells a-Neuraminidase from
Clostridium perfringens (Sigma-Aldrich). Nuclei were marked with 2,3x10°3ug/uL 4’,6-
Diamidino-2-phenylindole dihydrochloride (DAPI, Thermo Fisher Scientific) for 10 minutes
at room temperature. Immunofluorescence images were acquired on a Leica DMI6000 FFW

microscope using Las X software (Leica).

2.8 Cell Proliferation Assay

AGS and AGS glycoengineered cell models were submitted to the colorimetric Cell
Proliferation ELISA (Roche) assay to evaluate their proliferation capacity. This method,
which is based on the measurement of the incorporation of bromodeoxyuridine (BrdU) into
newly synthesized DNA of proliferative cells, was performed according to the
manufacturer’s instructions. All experiments included 1% Triton-X in a complete cell culture
medium as a cell death positive control. The results were monitored at 450nm using an
IMARK™ microplate reader (Bio-Rad).

2.9 Cell Migration Assay

The migratory capacity of the AGS glycoengineered cells was assessed using
Invasion Chambers (Corning). The 8-uym diameter pore-size filters were placed in a 24-well
plate (Falcon®). The cells were then seeded on the upper side of the filter at a density of
25x10° cells/well. After 24 h at 37°C, filters were fixed in 4% paraformaldehyde and then
stained with DAPI, for 10 minutes. Non-migrating cells, present on the upper side, were
then removed, to facilitate analysis. Cells that had migrated to the underside of the filters
were visualized through an 1X51 fluorescence microscope (Olympus). When the DAPI-
stained nuclei pass through the filter pores, the cells that had migrated were assessed in at

least 12 microscopic areas (20x objective).
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2.10 Cell Invasion Assay

The invasive capacity of the AGS glycoengineered cells was assessed using
Matrigel Invasion Chambers (Corning) as described in Ferreira, JA. et al. (23). Briefly, 8-um
diameter pore size filters were placed in a 24-well plate, coated with 75uL of Matrigel
(50pg/mL) diluted in RPMI Medium 1640 (1X) + GlutaMAXTM-1 (Gibco™, Thermo Fisher
Scientific), and were incubated for 1h at 37°C. The cells were then seeded on the upper
side of the Matrigel-coated filter at a density of 25x10° cells/well. After 24 h at 37°C, filters
were fixed in 4% paraformaldehyde and non-invading cells, present on the upper side, were
completely removed, to facilitate analysis. Cells that had invaded the underside of the filters
were mounted in VECTASHIELD® Antifade Mounting Medium with DAPI (Vector
Laboratories) and visualized through an I1X51 fluorescence microscope (Olympus). When
the DAPI-stained nuclei pass through the filter pores, the cells that had migrated were

assessed in at least 12 microscopic areas (20x objective).

2.11 Colony Formation Assay

The anchorage-independent growth of AGS glycoengineered cells was determined
using the soft agar colony formation assay. A 0.5% low melting point agarose (Lonza)
solution in the complete medium was used as the bottom layer in 6-well flat bottom plates.
A top layer of 0.3% agarose containing 5x10* cells was then seeded and covered with a
culture medium. Cells were maintained in standard growth conditions for 15 days. Colonies
were then fixed with 10% neutral buffered formalin solution (Sigma-Aldrich) for 30 minutes
and stained with 0,1% (w/v) crystal violet (Sigma-Aldrich) for 60 minutes. Colonies were
photographed using an SZX2-ILLT stereomicroscope (Olympus) with an SC180 camera
(Olympus) and automatically counted using the open-source software Imaged (Fiji

package). Only colonies with 40-2000 pixels were considered.

2.12 Statistical Analysis

Kruskal-Wallis with Dunn’s multiple comparisons test was used to compare the
groups in the Colony Forming Assay and One-way ANOVA with Tukey’s multiple
comparisons test was used to compare groups for Proliferation, Invasion and Migration
assays. All experiments were performed in triplicate. The results are presented as mean +
standard deviation rate for each experiment. The graphing and statistical analysis were
performed in GraphPad Prism Software version (GraphPad 8.4.2). Statistical significance

was determined as p < 0.05.
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3. RESULTS AND DISCUSSION

Aberrant protein glycosylation is one of the key molecular events in oncogenic
transformations of the gastric tract (7). This posttranslational modification is a well-known
hallmark of cancer due to its contribution to carcinogenesis, cancer progression, and
metastasis (24-26). Expression of truncated O-glycans, namely Tn and STn antigens, is
associated with tumour aggressiveness and poorer prognosis in several tumours, including
GC (7, 12, 14, 27).

3.1 Genetic glycoengineering of AGS gastric cancer cell line

Short chain O-glycans have a tumour microenvironment dependent nature, being
associated with specific immunological factors and nutrient restriction condition (16, 28). As
such, the stable and robust expression of this glycans in vitro settings needs to be preset
by cancer cell glycoengineering. We started by selecting AGS cell line from an inventory of
gastric cancer cell lines, since AGS is representative of intestinal-type gastric cancer, which
is the most common form of GC associated with poor prognosis. This cell line exhibited
markers of GC aggressiveness such as loss of E-cadherin expression, however it
maintained a mild aggressive profile in vitro (12, 29). The glycomic profile of this cell line
has not revealed any glycosidic epitopes commonly associated with GC aggressiveness,
including STn (22). As such, this cell line represents a suitable model for STn
overexpression studies.

AGS will-type cells were analysed by O-glycomics nanoLC-MS/MS, using the
hydrophobic peracetylated Benzyl-a-GalNAc mimetic (Figure 1). Accordingly, this cells
mainly expressed T antigens (m/z 572.306) and fucosylated T antigens (m/z 746.395),
corresponding, respectively, to 23.4% and 15.8% of all glycans expressed (Figure S1).
Lower levels of mono-sialylated structures of T antigen (m/z 933.480), core 3 and extended
core 3 structures (m/z 613.332; 817.432), as well as extended core 2 O-glycans (m/z
991.521; 1021.532; 1195.662; 1369.710) were also observed. These results suggest that
the precursor Tn antigen is mainly extended to core 1 structures rather than STn, which is
consistent with previous observations made by our group (22). Taking this into account, the
transcript levels of C1GALT1, T antigen synthase, and ST6GALNACI, the sialyl-Tn
biosynthetic enzyme, were analysed by RT-PCR in AGS wild-type cells to determine
alterations in glycosyltransferase expression that could indicate competitive advantage for
the Tn substrate. This analysis revealed considerably high C1GALTL1 transcript levels

compared to ST6GalNAC1, favouring T antigens biosynthesis over sialylated forms of corel
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(Figure 1B). These findings are in accordance with the literature, which reports high levels
of CLGALT1 expression in the AGS cell line (30, 31).
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Figure 1. Characterization of the AGS wild-type cell line glycome and glycosyltransferases activity. A)
O-glycomics analysis of AGS wild-type cells using Cellular O-Glycome Reporter/Amplification and nanoLC-
MS/MS. Wild-type AGS cells mainly express T antigens (m/z 572.306) and fucosylated T antigens (m/z
746.395); Mono-sialylated T antigens (m/z 933.480), core 3 (m/z 613.332), extended core 3 (m/z 817.432), and
extended core 2 O-glycans (m/z 991.521; 1021.532; 1195.662;1369.710) were also identified. B) Transcript
levels of CLGALT1 and ST6GALNACL glycosyltransferases in the AGS WT cell line. C1GALT1 transcript levels
are considerably higher than those of STE6GALNAC1 glycosyltransferase in the AGS gastric cancer cell line.

Accordingly, the intestinal-type AGS cell line was glycoengineered resorting to
CRISPR-Cas9 technology, using validated guide RNAs (32), to knock-out the C1GALT1
gene, hampering O-glycans extension to core 1 structures. Two cell clones carrying biallelic
frameshift mutations of CLGALT1 were elected for subsequent experiments, and a wild-
type clone carrying silent mutations was elected as a control. The induction of mutations
was confirmed by Indel Detection by Amplicon Analysis (IDAA) and Sanger sequencing

(Figure 2), following the phenotypic characterization of the cell line (Figure 3).
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Figure 2. Genomic profiling of glycoengineered AGS C1GALT1 KO models. AGS cells were genetically
modified to knock-out the CLGALT1 gene, resulting in the selection of two clones (1E4 and 3A12) for proof-of-
concept experiments. IDAA (A) and Sanger Sequencing (B) allowed the characterization of the indel mutations
induced in the glycoengineered cells. Electropherograms of Sanger Sequencing with the reverse primer are
shown, along with the corresponding sequencing readings (1, 2 and 3). Accordingly, clones 1E4 and 3A12 are
characterized by three different DNA sequences, with the following observed variants and predicted
consequences: 1: ¢.620dup [p.(Met207llefsTer19)], where the duplication of the nucleotide 620 results in the
replacement of Met 207 by lle, leading to a frame-shift introducing a stop codon 19 a.a ahead; 2: ¢.343_620del
[p.(Cys115GlufsTer18)], resulting in a 277bp deletion and the replacement of Cys 115 by Glu, leading to a
frame-shift introducing a stop codon 18 a.a. ahead; 3: c.342_618del [p.(Cys115Ter)], where a 278bp deletion
results in the replacement of Cys 115 by a stop codon.

C1GALT1 KO cells were then screened for O-glycan expression by flow cytometry
(Figure 3A) and immunocytochemistry (Figure 3B) combining glycan-specific lectins and
enzymatic digestions to expose the glycans of interest. The Tn antigen content was
determined using VVA lectin, whereas T antigen levels were assessed using PNA lectin.
Before VVA and PNA staining, neuraminidase digestion was performed to assess the
expression levels of sialylated forms of Tn (STn) and T antigens (ST), particularly STn and
ST antigens. Moreover, core 3 expression was indirectly assessed using GSL Il lectin,
targeting GIcNAc residues at the nonreducing end of glycan chains. To mitigate potential

cross-reactivity with N-glycans, GSL Il was determined following PNGaseF digestion.

Accordingly, CLGALT1 KO cells exhibited higher expression of Tn antigen than the
control (Figure 3A and 3B). However, CIGALT1 KO clones demonstrated a reduced T

antigen expression, directly attributed to T-synthase knock-out mutation (Figure 3A and
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3B). The availability of Tn epitopes due to the knock-out led to an overexpression of STn
antigen. Moreover, there were no significant changes in the expression of core 3 (Figure
3A) when comparing the clones with the control. Overall, CLGALT1 gene knock-out (Figure
3C) enabled the establishment of a glycoengineered cell line exhibiting consistent Tn and
STn expression. Further glycophenotype optimization will be pursued in future studies,
including the elimination of competing pathways as core 3 biosynthesis, promoted by
B3GnT. ST6GALNAC1 knock-in could also further enhance STn levels.
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Figure 3. Phenotypic characterization of the glycoengineered AGS cell line. A) Flow cytometry
assessment demonstrates the reduction of O-glycosylation extension beyond the core 1 structure, resulting
from the knock-out of the CLGALT1 gene. Tn and T antigens were identified directly through VVA and PNA
lectins. STn and ST antigens were detected indirectly by employing VVA and PNA lectins following NeuAse
treatment of the cells. No significant changes in the levels of core 3 expression were detected. B) The findings
from immunocytochemistry align with the results obtained through flow cytometry. The C1GALT1 knock-out
clones exhibit an absence of T and ST antigens while overexpressing Tn and STn antigens, contrasting to the
wild-type control cells. C) Schematic representation of Tn, STn and T antigens and core 3 biosynthesis

pathways.
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3.2  Functional Impact of STn Overexpression in AGS Cells

To clarify the functional role of Tn and STn expression in GC, the Tn and STn
overexpressing cell line was characterized according to aggressiveness features as
invasion, migration, anchorage-independent growth, and changes in proliferation.

The Tn and STn overexpressing cell line did not show considerable differences in
proliferation rates compared to control (Figure 4A). These findings are in accordance with
previous studies were Tn overexpressing cells baring C1GALT1C1 mutations also
maintained proliferative rates compared to wild-type controls (12). Both C1GALT1 and
C1GALT1C1 knock-outs are translated by the same phenotypical alterations, since,
C1lGALTI1CL1 is a T synthase chaperone, aiding its activity. As such, both inactivating
mutations lead to Tn antigen accumulation (12).

The Tn and STn overexpressing cells migration capacity was also addressed in
transwell assays. CLGALT1 knock-out cells demonstrated significantly decreased migratory
ability than control cells (Figure 4B). Our findings do not support the findings of a previous
study conducted by other research team, which showed that the AGS cell line, which
expressed truncated O-glycans, did not exhibit any significant differences in migration
compared to the control group (12). Interestingly, AGS cells arise from cohesive gastric
tumours, suggesting increased cell-cell adhesion events and possibly a less mobile
phenotype.

The invasive capacity of Tn and STn overexpressing cells was also tested using
Matrigel coated cell culture inserts. Notably, the inhibition of the C1GalT1 pathway led to a
significant increased invasive capacity of cells compared to wild-type control (Figure 4D).
These results are in line with other groups reports of elevated invasive capacity of GC cell
lines overexpressing truncated O-glycans (12). Future studies will expand the
glycoengineered cell line library to other gastric cancer cell lines to further interrogate the
impact of Tn and STn overexpression in migration and invasion. Other migration assays
using matrix proteins coating could better replicate the tumour microenvironment faced by
cells. Similarly, other extracellular matrixes could be used to infer on GC cell lines invasion
capacity. Moreover, the metalloproteinases expression profile of GC cell lines will be
determined to clarify the dichotomy between migration and invasion processes, since
increased invasive capacity is often associated with enhanced migratory capability in
cancer cells, which seems to not be the case in AGS cells (33-35).

Finally, we looked into the adhesion-independent proliferation of Tn and STn
overexpressing cells using colony forming assays (Figure 4C). This strategy gives us an

appropriate indication of cell resistance to anoikis. Of note, glycoengineered cells
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overexpressing truncated O-glycans showed an increased proliferative capacity and

resistance to cell death in anchorage-independent cell culture conditions (Figure S2).

Overall, Tn and STn antigens play significant roles in driving the aggressiveness of
GC cells, promoting invasion and resistance to anoikis. Moreover short-chain O-glycans
impact on invasion and cell death seem to be ubiquitous, with similar findings reported in
bladder cancer (28). This suggests that truncated O-glycans endow GC cells with an
increased ability to escape the primary tumour mass and disseminate. In vivo findings by
other authors are in line with this hypothesis since CLGALT1 loss accelerated gastric cancer
progression and metastasis (36, 37).

Future studies will address the functional impact of Tn and STn in GC in a more
comprehensive manner, resorting to the glycoproteomic characterization of
glycoengineered cell lines. The glycoproteomics analysis of Tn and STn overexpressing
cells will reveal relevant intermediates of cell aggressiveness by pinpointing hub proteins
responsible for cancer progression. Moreover, studies focused on cell surface unique
glycoproteomic signatures will reveal potential targets for intervention. Chapter IV will
address the establishment of a robust protocol for the glycoproteomics analysis of the

gastric cancer cell lines.
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Figure 4. Functional characterization of the AGS C1GALT1 KO cells. A) Abrogation of
extended glycans and Tn overexpression does not alter AGS cell’s proliferation capacity
compared to the control (results were obtained from three independent experimental replicates
and expressed as the means + SD analysed by ordinary one-way ANOVA with multiplicity-
adjusted P values from Tukey’s multiple comparisons test). On the other hand, it decreased
their (B) migration capacity, while increasing their (D) invasion capacity, compared to the
control (results were obtained from two independent experimental replicates and expressed
as the means * SD analysed by ordinary one-way ANOVA with multiplicity-adjusted P values
from Tukey’s multiple comparisons test). C) The colony formation capacity of the C1GALT1
KO cells increased when compared to the control (results were obtained from three
independent experimental replicates and expressed as the means + standard deviation rates
analysed by Kruskal-Wallis one-way ANOVA with multiplicity-adjusted P values from Dunn’s

multiple comparisons test).

42



4. CONCLUDING REMARKS

Altered glycosylation is a distinctive characteristic of cancer, particularly the presence of
truncated O-glycans namely Tn and STn antigens, which are associated with the aggressive
nature of gastric cancer and the poor prognosis of patients (13, 38). This excessive glycan
production is primarily linked to impaired C1GALT1 activity, associated with C1GALT1
mutations or the epigenetic suppression of its chaperone COSMC (C1GALT1C1).
Additionally, overexpression of STEGALNACL glycosyltransferase has been observed in
various cancers, including gastric cancer (14). The intricate interplay between cancer cell
surface glycosylation and the tumour microenvironment presents challenges in establishing
reliable and robust in vitro cell models for studies in glycobiology. As such, to better
understand the role of Tn and STn antigens overexpression in GC cells, this chapter
described the establishment of a glycoengineered cell line overexpressing immature O-
glycans. Moreover, the Tn and STn overexpressing cell model provided additional support
for the functional role of Tn and STn antigens expression in cancer cells proliferation,
migration, invasion, and independent anchorage growth. The expression of those glycans
on the cell surface was responsible for increasing GC cell’s ability to invade and form
colonies, resulting in cells with a more aggressive phenotype. These results are in line with
previous studies showing COSMC knock-out affecting both STn and Tn levels,
consequently associated with a higher capacity for cellular invasion, inducing an oncogenic
phenotype (10, 39, 40). However, CLGALT1 knock-out cells showed a decreased capacity
to migrate. Overall, we disclosed the functional role of Tn and STn antigens in a
glycoengineered gastric cancer cell line, that exhibited a more aggressive phenotype when
these truncated O-glycans are overexpressed.

In future studies a novel glycoengineered cell model could be established to enhance STn
levels. Furthermore, it would be interesting to consider the elimination of competitive
pathways, such as core 3. Additionally, to understand the uncoupled association between
migration and invasion capabilities of the Tn and STn overexpressing cells, it could be
relevant to conduct cell-cell adhesion assays using atomic force microscopy (AFM) for
single-cell force spectroscopy (SCFS) as well as gelatinase zymography assays to evaluate
their metalloproteinases profile. A comprehensive research approach, encompassing both
organoid and in vivo studies, is imperative to deepen our understanding of the potential
implications and consequences of short-chain O-glycans on the overall aggressiveness of
gastric cancer. This will allow us to explore the intricate complexities within the

microenvironment and its influential factors.
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Figure S1. O-Glycomics profile of AGS GC cell line using Cellular O-
Glycome Reporter/Amplification by nanoLC-MS/MS. The expression profile
of wild-type AGS cells primarily consists of T antigen (m/z 572.306; 23.4%),
fucosylated T antigen (m/z 746.395; 15.8%), extended core 2 (m/z 1021.5;
16%), and fucosylated core 2 O-glycans (m/z 1195.6; 18.5%). Additionally,
lower levels of mono-sialylated T antigen (m/z 933.480; 4.1%), core 3 (m/z
613.332; 4.9%), extended core 3 (m/z 817.432; 4.6%), fucosylated core 2 (m/z
991.5; 5%), and di-fucosylated extended core 2 (m/z 1369.7; 3.5%) are also
present. Nevertheless, the presence of STn (m/z 729.4; 0.2%) is minimal.
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Figure S2. AGS C1GALT1 KO cell model overexpressing truncated O-glycans
showed an increased capacity to form colonies. Glycoengineered cells
overexpressing truncated O-glycans showed an increased capacity to form

colonies in anchorage-independent cell culture conditions.
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ABSTRACT

Glycoproteomics analysis is a fundamental tool within molecular-level biological research,
yielding invaluable insights into the intricate molecular mechanisms influencing various
physiological and pathological processes. The relevance of glycoproteomics is particularly
pronounced in the field of oncology, revealing unique aberrantly glycosylated cancer
specific molecular signatures across different tumours. These alterations in glycan
structures play a central role in critical biological functions, however, glycoproteomic
analysis face significant challenges, such as the complexity of biological samples, the vast
array of proteins present, and the heterogeneity spawned by protein post-translational
modifications. To overcome these barriers, the optimization of techniques is crucial. The
objective of this study was to establish a standardized procedure for extracting membrane-
bound proteins from cellular material in order to facilitate further glycoproteomic analysis.
Accordingly, two mechanical cellular extraction methods were tested, namely cell
detachment with versene and cell scraping. Cell lysates were subjected to differential
centrifugation to obtain an enriched membrane protein fraction, with further enrichment with
neutravidin, to clear potential contaminants. Immunocytochemistry analyses determined a
range of biotin concentrations to label the cell surface without internalization. Moreover, the
degree of nuclear and cytoplasmic protein contaminants was determined by Western blot.
Finally, glycoproteomic analysis were conducted using mass spectrometry, coupled with
subsequent in-depth examination of the data employing advanced tools such as Proteome
Discoverer and Panther software.

Therefore, a robust protocol based on biotin labelling followed by cell scraping and
neutravidin enrichment was established. Moreover, the glycoproteomic analysis revealed a
notable enrichment of membrane proteins, underscoring the effectiveness of the
established protocol.

Overall, this work has enabled the development of a robust protocol for the isolation of

membrane proteins, which will be useful for subsequent analysis of the cell glycoproteome.

Keywords: Glycoproteomics, Biotinylation, Neutravidin, O-glycans, Gastric Cancer
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1. INTRODUCTION

Proteomic and glycoproteomic analyses of cell lines have emerged as pivotal tools for
understanding cellular processes, revealing crucial insights into the molecular mechanisms
that govern various physiological and pathological conditions (1). Comprehensive studies
have provided insights of the intricate network of proteins and glycoproteins within a cell,
highlighting their functional roles, interactions, and post-translational modifications (2).
Glycosylation, the most frequent post-translational modification, plays a crucial role in
modifying proteins, particularly those found in the cell surface. Alterations in glycosylation
patterns have been implicated in the initiation, progression, and metastasis of tumours,
rendering them pivotal factors to analyse within the scope of cancer biology (3-6).

One of the main challenges in glycoproteomic research lies in the dynamic range of protein
abundance within a cell. Membrane proteins are known to be expressed at much lower
levels than their soluble counterparts, making their detection and characterization
challenging (7). However, mass spectrometry (MS) approaches, coupled with advanced
separation methods, has allowed for comprehensive profiling of cellular membrane
proteomes, thus introducing an additional layer of complexity, englobing the study of
multiple omics fields (8, 9).

In glycoproteomics, biotinylation, a process involving the covalent binding of biotin
molecules to proteins, has proven its utility in selectively labelling and isolating glycoproteins
on the cell surface (10, 11). This technique targets proteins, establishing a covalent linkage
with primary amines of amino acids. Biotinylated proteins can then be separated using an
avidin-based capture/enrichment technique and subsequently analysed, often using mass
spectrometry methods (12). This enables the identification and characterization of the
proteins that have been labelled. Biotin labelling of cell surface proteins has been applied
for in vitro and in vivo profiling of different cell lines and tissues (13-15). This process can
be particularly useful in identifying drug targets and discovering new biomarkers, mostly in
diseases like cancer where glycosylation abnormalities are significant (16, 17). Therefore,
integrating proteomics and glycoproteomics not only advances our understanding of cancer
biology but also unveils precise molecular signatures, contributing to the development of
novel strategies for diagnosis and therapy (1, 6, 18).

Envisaging the development of standardized protocols for isolating membrane-associated
proteins from cellular content, to enable future targeted glycoproteomic studies, this chapter

describes the establishment of a robust protocol for membrane glycoprotein extraction.
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2. MATERIALS AND METHODS

2.1.Cell Culture Conditions

The AGS cell line, derived from human gastric adenocarcinoma, was acquired from the
American Type Culture Collection (ATCC), while the AGS C1GALT1 KO cell lines were
obtained as previously described in Chapter Ill. These cells were cultured at 37°C in a 5%
CO2 humidified atmosphere and atmospheric oxygen, with RPMI Medium 1640 (1X) +
GlutaMAXTM-I (Gibco™, Thermo Fisher Scientific), supplemented with 10% heat-
inactivated FBS (Gibco™, Thermo Fisher Scientific), and 1 % penicillin-streptomycin

(10,000 Units/mL penicillin; 10,000 mg/mL streptomycin; Gibco, Thermo Fisher Scientific).

2.2.Plasma Membrane Protein Enrichment & Glycoproteomics

In order to optimise the biotinylation protocol, two different methods of detaching the
cells were used. In the first one (A), 4 flasks with 60x10° cells (AGS C1GALT1 KO) each
were detached with Versene 1x solution (Gibco; Life Technologies). Subsequently, the cells
were incubated with different concentrations of EZ-link™ Sulfo-NHS-SS-Biotin (Thermo
Fisher Scientific) for 10 minutes at RT. The conditions used were non-biotinylated (control)
and 33.3, 166.7, and 666.7 ug/mL of biotin. In the second method (B), the cells were
incubated for 10 min at RT under previously described conditions while still attached to the
flasks. After incubation with biotin, the cells were subjected to subcellular fractionation and
membrane protein extraction. Cells from group A were resuspended in fractionation buffer
(20 mM HEPES buffer (pH = 7.4), 10 mM KCI, 2 mM MgCI2, 1 mM EDTA, and 1 mM EGTA)
on ice. Cells from group B were detached by scraping with the fractionation buffer on ice.
Cell suspensions from both groups were passed through a 27G needle, left on ice for 20
min, and then centrifuged at 720 g for 5 min at 4°C to remove nuclei. The supernatants
were transferred to new tubes and recentrifuged at 10 000 g for 5 min at 4°C to remove
mitochondria. Samples were then transferred to polycarbonate centrifuge bottles with cap
assemblies and centrifuged for 1 h at 100 000 g at 4°C. The pellets were recovered,
resuspended in the fractionation buffer, and passed through a 25G needle before a new
centrifugation for 1 h at 100 000 g at 4°C. The final pellets corresponding to membrane
proteins were resuspended in an appropriate volume of RIPA buffer and proteinase
inhibitors (1mg /mL aprotinin, 1 mg/mL leupeptin, 35 mg/mL PMSF, 10 mM NaF, 50 mM
NaVOs, 50 mg/mL NasP20-), followed by a brief sonication (10 seconds) to homaogenise the
lysate. The protein content in each sample was estimated using a DC protein assay kit (Bio-

Rad). The protein extracts were further enriched to membrane protein with neutravidin.
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Briefly, Pierce™ High Capacity NeutrAvidin™ Agarose (Thermo Fisher Scientific) was
added to Pierce Spin Columns (Thermo Fisher Scientific). The columns were washed three
times with Dulbecco's Phosphate Buffered Saline (PBS 1x; Thermo Fisher Scientific) and
then the samples were added to the columns and incubated for 1 h at RT. All samples were
eluted with loading buffer, for 5 min at 100°C, followed by a centrifugation at 14 000 g, 1
min at RT. The samples were further separated through SDS-PAGE employing precast
polyacrylamide gels with a gradient of 4-20% (BioRad). The bands were excised from the
gel and proteins were reduced with 5 mM dithiothreitol (DTT; Sigma Aldrich) for 40 min at
60°C, alkylated with 10 mM iodoacetamide (Sigma Aldrich) for 45 min in the dark and
digested with 50 pL of chymotrypsin (Promega) at 37°C, overnight. Samples were analysed
through nanoLC-ESI-MS/MS.

2.3.Fluorescence Immunocytochemistry

After the enrichment of the AGS glycoengineered cells with different concentrations of
EZ-link™ Sulfo-NHS-SS-Biotin  (Thermo Fisher Scientific) (section 2.2), the biotin
internalization by the gastric cancer cells was evaluated, using fluorescence
immunocytochemistry. One million cells of each condition were further fixed with 2%
paraformaldehyde (PFA; Sigma-Aldrich) for 15 min, following immunofluorescent staining
with Streptavidin, Alexa Fluor™ 488 Conjugate (1:1000; Thermo Fisher Scientific) for 15
min, at RT, and CellMask™ staining. Immunofluorescence images were acquired on a Leica

DMI6000 FFW microscope using Las X software (Leica).

2.4.\Western Blot

Extracted proteins were separated through SDS-PAGE employing precast
polyacrylamide gels with a gradient of 4-20% (BioRad). Subsequently, they were
transferred onto a nitrocellulose membrane (GE Healthcare Life Sciences). After blocking
with 5% bovine serum albumin (BSA), the membranes were blotted with p-actin (1.4 ug/mL,
Sigma-Aldrich) for 1 h at room temperature (RT) and incubated with Peroxidase AffiniPure
Goat Anti-Mouse 1gG (1:70000, Jackson ImmunoResearch), as secondary antibody, for 30
minutes at RT. To evaluate nucleolin and B2M expression, the membranes were blocked
with Carbo-free blocking solution 1x, blotted with anti-nucleolin antibody (1:1000; Abcam)
and anti-beta 2 microglobulin antibody (1:2000; Abcam) for 1h at RT, and incubated with
goat anti-rabbit IgG (H+L) HPR conjugate antibody (1:6000, Life Technologies), for 30

minutes at RT. For VVA analysis, the membranes, previously blocked with Carbo-free
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blocking solution 1x, were blotted for the Tn antigen with biotinylated VVA lectin (1:5000,
VectorLabs) for 1 h at room temperature and incubated in the Vectastain Elite ABC reagent,
Peroxidase, R.T.U. The Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare Life Sciences) was used as developing reagent. Data analysis was performed
through Image Lab Software (Bio-Rad) in a ChemiDoc XRS (Bio-Rad). B-actin and VVA

signals were normalized to total protein content.

2.5.Proteomics Data