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"Insanity is doing the same thing over and over again
and expecting different results."
- Albert Einstein

Einstein was obviously not working in life sciences.
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Resumo

O cancro gastrico é uma das principais causas de morte a nivel mundial, afetando todas
as regides socioecondmicas e geograficas. O diagndstico acontece geralmente em
estados avancados e as tentativas de cura falham frequentemente. Por estes motivos,
existe uma necessidade urgente de bons marcadores que permitam o diagndstico
precoce do cancro gastrico. Adicionalmente, sdao necessarios novos marcadores
preditivos para estratificar os pacientes e permitir estratégias clinicas mais
personalizadas. Atualmente, algumas estruturas glicosiladas sdao importantes
indicadores independentes de diagndstico, constituindo também importantes
ferramentas para monitorizar o tratamento e as recidivas. No entanto, a nossa
compreensao das consequéncias fenotipicas das alteracdes de glicosilacdo é ainda muito
reduzida, limitando o potencial da utilizacao das estruturas glicosiladas como

biomarcadores na pratica clinica.

Esta tese teve como objetivo geral caracterizar o papel das alteracdes da glicosilacdo no
cancro gastrico. O trabalho desenvolvido focou-se na expressdo de O-glicanos
truncados e modificados com fucose e acido sialico e procurou compreender o impacto
destas alteracdes ao nivel proteico, da célula tumoral e do tumor. Para alcancar este
objetivo foram utilizadas trés estratégias complementares: (i) utilizacdo de linhas
celulares geneticamente modificadas de forma a mimetizar diferentes glico-fenétipos
malignos para a caracterizacdao de alteracbes de glicosilacdo e identificacdo das
glicoproteinas alvo modificadas; (ii) caracterizacdo do impacto das alteracdoes de
glicosilacdo em glicoproteinas selecionadas com um papel critico na carcinogénese e
progressdao tumoral; (iii) analise de associacdes entre alteracbes da glicosilacao e

caracteristicas do tumor numa série de doentes com carcinoma gastrico.



Neste estudo, observamos que a sobre expressao da sialiltransferase ST3GAL4 em
células de carcinoma gastrico resulta, para além do aumento da expressdo da estrutura
sialil Lewis X, em numerosas alteracdes do glicoma celular. Estas alteracdes incluem a
reducdo da extensdo de O-glicanos, a diminuicio de AN-glicanos bissectados e
concomitante aumento de AN-glicanos ramificados, bem como a transicdo de acidos
sialicos em ligacdo ®2,6 para «2,3 em N-glicanos. Adicionalmente, identificamos
glicoproteinas com glicosilacao alterada nestes modelos celulares e verificamos que
varios alvos relevantes na biologia tumoral eram afetados simultaneamente, incluindo o
Recetor da Insulina, RON, Integrina oV, Integrina «3, Integrina 6, CEACAM1, CEACAM5
e as fosfatases de recetores de tirosina cinase DEP-1 and SAP-1. Verificamos ainda que
a glicosilagdo alterada do recetor tirosina cinase oncogénico RON resulta na sua ativacao

e validamos a co-expressdo de sialyl Lewis X e RON em carcinomas gastricos.

Demonstramos ainda nesta tese que a terminacao precoce de (O-glicanos,
frequentemente observada nos carcinomas gastricos, induziu alteracdes significativas na
glicoproteina CD44. Adicionalmente, demonstramos que o oncogene CD44 é

abundantemente modificado com O-glicanos truncados e que estes afetam as suas

caracteristicas moleculares e a sua colocalizagao com o recetor tirosina cinase RON.

Finalmente, demonstramos novas associacdes entre estruturas glicosiladas bem
caracterizadas, como o sialyl Lewis A or sialyl Tn, as caracteristicas clinico-patoldgicas
dos carcinomas e alteracdes moleculares das células tumorais. Estas analises permitiram
identificar novas associacdes entre a expressdo de sialyl Lewis A e infiltracdo perineural

e mutacdes no gene MLK3, bem como entre a expressao de sialyl Tn e E-caderina.

Em resumo, esta tese permitiu estabelecer um conjunto de novos possiveis

biomarcadores, bem como novas associacdes entre a expressdao de estruturas



glicosiladas e caracteristicas tumorais importantes. Adicionalmente, foram
caracterizados mecanismos moleculares oncogénicos associados a um perfil de
glicosilacao aberrante que constituem a base para novas linhas de investigacdo com

potencial para a utilizacdo de marcadores da glicosilacdo na estratificacao de doentes na

pratica clinica.






Abstract

Gastric cancer is among the leading causes of death worldwide, affecting every
socioeconomic and geographic region. Patients are typically diagnosed in advanced
stages in which curative attempts usually fail. Hence, there are urgent needs for good
diagnostic biomarkers, that enable the early detection of gastric malignancies. In
addition, novel predictive assays are required to stratify patients and tailor their
clinical strategies. Cancer associated glycan epitopes already play a pivotal role as
independent diagnostic indicators and tools to monitor treatment progress and
cancer recurrence. However, our understanding of the phenotypic consequences of
glycan alterations is fairly limited, impeding the use of glycan-based biomarkers to

their full potential in the clinical setting.

In this thesis, we aimed to broadly tackle the role of glycan alterations in gastric
cancer. We focused on the oncogenic expression of sialofucosylated and truncated
O-glycan epitopes, and sought to understand the impact of these alterations at a
tumor, cancer cell and protein level. Three complementary strategies were chosen to
achieve this aim: (i) mimicking different malignant glycophentoypes by
glycoengineered cell models to unravel concomitantly appearing glycan alterations
and to identify altered glycoprotein targets; (ii) dissecting the impact of altered
glycosylation on selected glycoproteins that are key players of carcinogenesis and
cancer progression; (iii) analyzing associations between glycan alterations and tumor

features in a cohort of patients’ carcinomas.

We present that the overexpression of the sialyltransferase ST3GAL4 in gastric
carcinoma cells led, besides the upregulation of the gastric cancer-associated epitope
sialyl Lewis X, to numerous other glycomic changes. These alterations included the
reduction of O-glycan extension, decrease in bisected and increase in branched N-
glycans as well as the transition from «2-6 towards «x2-3 linked sialic acids on N-

glycans. We further determined glycoproteins with altered glycosylation in these cells



and revealed that numerous cancer relevant targets were affected simultaneously;
among them known key players of malignancy such as Insulin receptor, RON, Integrin
oV, Integrin o3, Integrin p6, CEACAM1, CEACAM5 and Receptor-type tyrosine-
protein phosphatases DEP-1 and SAP-1. The oncogenic RON receptor tyrosine kinase
was hyperactived upon this glycosylation alteration and the coexpression of sialyl

Lewis X and RON was found in tumors of gastric cancer patients.

Moreover, we demonstrate in this thesis that the truncation of O-glycans, another
common feature of gastric carcinomas, led to significant changes on the glycoprotein
CD44. We disclose that the oncogene CD44 is a major carrier of truncated O-glycans,
affecting its molecular characteristics and its colocalization with the RON receptor

tyrosine kinase.

We finally show new associations of the well-studied glycan epitopes, such as sialyl
Lewis A or sialyl Tn, with clinicopathological features of the tumor and molecular
alterations of the cancer cells. These associations uncovered novel links between sialyl
Lewis Aexpression and perineural infiltration and MLK3 mutations, as well as between

sialyl Tn and E-cadherin expression.

Overall, this thesis establishes a set of new putative biomarkers and novel
associations between glycan epitopes and tumor features. We deliver an insight into
oncogenic mechanisms of aberrant glycosylation and provide the basis for new lines
of research that ultimately bare the potential to improve the utility of the glycan-

based gastric cancer markers for patient stratification in the clinical setting.
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‘ 1. GENERAL INTRODUCTION

‘ 1.1 CANCER AND GASTRIC CANCER

Cancer continues to be the most formidable challenge in modern medicine, with more
than 8 million deaths worldwide each year [1] and even more than forty years after
declaring “war” on cancer by Richard Nixon’s national cancer act of 1971, still 15% of
worldwide deaths can be attributed to this disease [2]. Cancer is the second leading
cause of death today and knows no boundaries, affecting every region and

socioeconomic level.

Among all cancers, gastric cancer is the fifth most common worldwide with 952,000
cases diagnosed in 2012 and ranks third as cause of cancer-related deaths due to its

usually late diagnosis in advanced stages [1, 3].

11 .1 GENERAL MECHANISMS OF CANCER

The term cancer (also malignant tumor or neoplasia) refers to a large group of
diseases with the defining feature of abnormal cells that grow beyond their usual

boundaries, and thereby invade adjacent tissue and other organs.

Carcinogenesis (the process of cancer development) is a mutation driven, multistep
process (Figure 1) resulting in malignant cells that eventually acquire the following
hallmark abilities: sustained proliferative signaling, avoiding cell death enabling
replicative immortality, evasion of growth suppression and immune destruction,
induction of angiogenesis, genomic instability, acquisition of tumor promoting
inflammation, reprogramming of energy metabolism, invasion and ultimately,

metastasis [4].
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premalignant
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Enabled: Resistant:
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Figure 1. Schematic illustration of the mutation driven turn-over (transformation)
from a normal cell into a malignant cell and the cancer hallmark abilities that are
being acquired.
Normal epithelial cells that accumulate mutations may enter a premalignant
state which is usually accompanied by disordered cellular morphology. These
premalignant cells are poised to become malignant by the acquisition of
additional mutations and ultimately attain a series of hallmark abilities (listed

in the box). Mutation events are indicated by thunderbolts.

1.1.2 EPIDEMOLOGY OF GASTRIC CANCER

Despite being the fifth most common cancer worldwide, the geographic distribution
of gastric cancer is exceptionally heterogeneous (Figure 2). In this regards, whereas
among Asian countries such as China, Japan and Korea, gastric cancer is one of the
most common cancers accounting for 70% of all gastric cancer incidences worldwide,
it ranks only number 15 in cancer incidence rate in the US in the year 2016, being
described as “relatively rare” by the NIH [5]. Between genders the incidence rate shows

also a large discrepancy, with men being around twice as likely to develop this
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malignancy as women [1, 3]. Less developed countries and especially rural areas carry
a greater gastric cancer burden, probably related to environmental and nutritional
factors. Risk factors to develop gastric cancer include diet which is rich in salted and
smoked food and poor in fresh fruits and vegetables, and smoking [6-9]. The
improved food preservation due to refrigeration and decreased tobacco consumption
led to a decline in incidence during the past 80 years [3, 10, 11]. However, the
strongest known risk factor to develop gastric cancer is a Helicobacter pyloriinfection.
This gram-negative bacterium colonizes the human stomach of about half of the
world’s population and is the main cause of chronic gastritis. It is a class | carcinogen,
and its eradication in endemic areas results in the decline of gastric cancer [12, 13].
Only a small subset of people infected with H. pylori develop gastric cancer as the
infection outcome depends on multiple factors, such as host genetic susceptibility,

strain virulence and other environmental factors [14, 15].

Ly J = -
= = !
" N ar e . ~
e Ty N
> 13 P
7213 ) & o
55.72 1 ‘ S
36-55
<38

Figure 2. Estimated gastric cancer mortality worldwide in 2012 for men.
The mortality values are age-standardized and per 100,000 people. Hotspots
for gastric cancer are the Middle East, Central Asia, East Asia, Eastern Europe
and Latin America. Among Western European countries Portugal and Italy carry
the highest cancer burden. lllustration from Globocan 2012 / Cancer Fact Sheet

[1].
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Epstein-Barr Virus (EBV), another ubiquitous pathogen, has also been associated to
gastric cancer [16]. EBV is a DNA virus of the herpes family and about 95% of the world
adult population has been infected and are lifelong carriers of the virus [17]. Around
10% of all gastric cancers are linked to EBV infection by expressing latent EBV genes
and are thought to be derived from monoclonal proliferations of EBV-carrying
epithelia cells. However, the mechanism by which EBV infects and subsequently

contributes to the transformation of gastric epithelial cells remains uncertain [18].

1.1.3 CLASSIFICATION AND PATHOGENESIS

Several systems have been proposed throughout the years for the classification of
gastric cancer. Today the Lauren classification is one of the most commonly used [19],
which divides gastric cancer based on histological features into intestinal and diffuse
type. Around 85% of all gastric cancers can be grouped into one of the two Lauren
types. Intestinal type is in most geographic regions the more frequent subtype and is
composed of well or moderately differentiated tumor cells that form recognizable
glands. This subtype is often derived from preceding premalignant conditions
triggered by H. pyloriinfection and is particularly prevalent in high risk regions and
among elderly men [20]. Diffuse type tumors form the second major group and
consist of poorly adhesive, infiltrative cells that do not form any glands. Malignant
cells of the diffuse type show commonly a loss of expression for the cell-cell adhesion
molecule E-cadherin [21, 22]. The remaining approximately 15% of the cases are
mixed type gastric cancer, displaying features of both, intestinal and diffuse type or
are indeterminate type, rare forms with histological features that resemble neither

intestinal nor diffuse type [23].

Intestinal and diffuse gastric cancer display different carcinogenic pathways. Whereas
the intestinal type progresses through a sequence of well-described histological

stages often initiated by H. pylori infection [24], the diffuse type has no association
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to premalignant lesions and is thought to arise spontaneous (Figure 3) [25]. While
intestinal type gastric cancer preferentially metastasizes haematogenously to the
liver, diffuse type gastric cancer frequently invades the duodenum and metastasize to
peritoneal surfaces. Both types of tumors show an equal incidence of lymph node
metastases and mixed type tumors exhibit the metastatic patterns of both intestinal

and diffuse types [26, 27].

Genetic heterogeneity of the H. pylori genome plays an important role in determining
the outcome of H. pyloriinfection [28]. In particular the presence of virulence factors
CagA and VacA increase the risk for severe gastritis and subsequently gastric cancer
[29, 30]. In addition the expression of carbohydrate adhesion molecules of H. pylori
BabA and SabA were also associated with gastric disease severity [31, 32]. Moreover,
genetic polymorphisms of the host influence the propensity to develop gastric cancer
[28]. In particular, polymorphisms in genes involved in inflammatory response such
as IL-1B, IL-8, IL-10 an TNF-x can play an important role in promoting gastric

carcinogenesis [33].

Recently, the cancer genome atlas (TCGA) research network proposed a novel
classification based on molecular markers for gastric cancer [34]. The TCGA
classification divides gastric cancer in four major genomic subtypes: (i) Epstein-Barr
virus positive tumors, which show increased DNA hypermethylation and amplification
of PD-L1 and 2; (ii) microsatellite unstable tumors, which show very high mutation
rates; (iii) tumors with chromosomal instability, which show increased aneuploidy and
amplification of receptor tyrosine kinases (RTK); (iv) genomically stable tumors, which

consist mainly of diffuse type cancer and show frequent alterations in Rho-GTPases.
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Figure 3. Carcinogenesis of intestinal and diffuse type gastric cancer and frequent

drivers of progression.
Colonization of the stomach with certain virulent H. pylori strains, malnutrition
and smoking can trigger gastritis and eventually chronic inflammation of the
stomach lining. The continuous inflammation over a long period of time may
first result in atrophic gastritis, a condition in which the stomach epithelium
turns dysfunctional and then in intestinal metaplasia, where the gastric
epithelial cells are replaced by intestinal epithelial cells. Intestinal metaplasia
may eventually result in dysplasia, a premalignant condition characterized by
disturbed differentiation and growth of epithelial cells. Genetic factors of the
host may contribute to the progression, and tumors that arise from this
cascade are often of intestinal type. The diffuse type gastric cancer arises
spontaneous through mutations, and are often characterized by dysfunctional
E-cadherin. The distribution of the cancer genome atlas (TCGA) classification
[34] is shown to each histological subtype of the Lauren classification. EBV,
Epstein-Barr virus positive tumor; MSI, microsatellite instable tumors; GS,

genomic stable tumors; CIN, chromosomal instable tumors.
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1.1.4 CURRENT DIAGNOSIS AND TREATMENT

In early stages gastric cancer remains often asymptomatic and therefore undiagnosed.
The most common symptoms that are presented in advanced stages are weight loss,
abdominal pain, nausea and loss of appetite. In the clinical practice, endoscopy
remains the gold standard for the diagnosis, as no specific serological test for the
screening exist. After endoscopic diagnosis with biopsy, staging (Figure 4) is further
determined by endoscopic ultrasound and laparoscopy. Although very early stages
(until TTa) may be removed by endoscopic resection, the majority of patients are
subject to total or partial gastrectomy including the removal of regional lymph nodes

[35].

In addition to surgery, chemotherapy or chemoradiation is usually applied. There is
no global consensus about the optimum strategy. Depending on the country, these
treatments are given either pre-, post- or perioperative with more than a dozen
chemotherapy drugs being approved by national authorities that can be employed
individually or in combination [35]. The exact therapy depends on many factors, such
as patients’ health conditions, location and stage of the tumor as well as country of

treatment [35].

A new trend in cancer management is targeted therapy by applying monoclonal
antibodies or small molecule inhibitors against aberrant molecular alterations of the
given patients’ cancer. In gastric cancer, Trastuzumab and Ramucirumab are two
antibodies currently applied to target the oncogenic overexpression of human
epidermal growth factor receptor 2 (HER2) and vascular endothelial growth factor
receptor (VEGFR), respectively [35]. Numerous other antibodies and small molecule

inhibitors are being evaluated for gastric cancer in ongoing clinical studies [36].
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Figure 4. TNM staging system of gastric cancer according to the 7t edition of the

American Joint Committee on Cancer (AJCC).

For each stage percentage of patients diagnosed and 5-year-survival rates are

shown. The percentages were calculated from 10.601 surgically resected

gastric adenocarcinomas of the Surveillance, Epidemiology, and End Results

(SEER) database and extracted from [37]. T defines tumor invasion as shown at

the right side. N categorizes the amount of lymph node metastases with NO: 0O;

N1: 1-2; N2: 3-6 and N3: >7 lymph nodes. M1 states the presence of distant

metastases or tumor cells in the peritoneal fluid.

The three most used serological biomarker for gastric cancer so far are CA 19.9, CEA

and CA 72.4 [38-40]. CA 19.9 detects the glycan structure sialyl Lewis A, which is

commonly upregulated in gastric cancer. This marker cannot be used for diagnostic

purposes, as benign diseases often overexpress sialyl Lewis A as well, but it is used

in the clinical practice to monitor recurrence and response to therapy in gastric cancer

patients [39, 40]. The CA 72.4 immunological assay detects elevated levels of sialyl

Tn in the serum of gastric cancer patients. Similarly to CA 19.9, precancerous lesions
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elevate STn serum levels and therefore cause a high false-positive rate of the CA 72.4
assay, preventing its application for gastric cancer diagnosis [41, 42]. The detection
of this marker can be used though as an independent prognostic factor associated
with aggressiveness, poor prognosis and tumor recurrence. The CEA serological assay
detects the highly glycosylated CEA protein, which is commonly overexpressed in
gastric cancer. However, sensitivity limitations of the CEA serological assay prevent

early stage disease detection [43].
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1.2 PROTEIN GLYCOSYLATION

Glycosylation is one of the most abundant and diverse forms of post-translational
modifications (PTM) of proteins. In fact, approximately 60% of all naturally occurring
proteins are believed to be glycosylated [44]. In human, around 2% of all genes are
involved in the glycosylation process [45]. Glycosylation is non-template driven,
solely controlled by the complex interplay of glycosyltransferases (monosaccharide
adding enzymes) and glycosidases (glycan cleaving enzymes) and the availability of
their substrates [46]. Ten monosaccharide building blocks are being used in human
for the biosynthesis of glycans with various interlinkage possibilities, resulting in the

vast diversity of glycans that we find (Figure 5, [47]).

We can distinguish between several types of protein glycosylation depending on the
nature of the sugar-peptide bond and the oligosaccharide attached (Figure 5). The
sugar-peptide bond can be N-, O- or C-linked; of which AN-glycosylation (linked to
the amine of asparagine) is the most studied. A variety of saccharides can be linked
to O- (linked to the hydroxyl of usually Serine or Threonine), such as xylose, fucose,
mannose, glucose, N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GIcNAc)
[46]. The work presented in this thesis is focused on N-glycans, O-GalNAc glycans
(also called “mucin type O-glycans” or simply “O-glycans”) and to a lesser extent on

glycosaminoglycans such as heparan sulfate and chondroitin sulfate.
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Mucin type O-Glycan i N-Glycan

Monosaccharide building blocks

@ Glucose, Glc

B N-acetylglucosamine, GIcNAc
other

O-glycans

C-mannose

O Galactose, Gal

D N-acetylgalactosamine, GalNAc
@ Mannose, Man

A Fucose, Fuc

@ sialic acid, Sia

Yr Xylose, Xyl

@ Glucoronic acid, GIcA

& Iduronic acid, IdoA

Figure 5. Types of protein glycosylation and their monosaccharide building blocks.
Most glycosylation types are O-linked to serine, threonine or tyrosine. So far 5
different types of O-linked glycosylation have been identified in humans: O-
GalNAc glycosylation, O-mannosylation, O-glucosyation, O-fucosylation and
O-GlcNAcylation. The glycosaminoglycan structures heparan sulfate, heparin,
chondroitin sulfate and dermatan sulfate are also O-linked via xylose but are
usually not considered O-glycans. N-glycosylation is linked to asparagine and
represents the most studied type of glycosylation. Furthermore, proteins can
be modified with C-linked mannose to tryptophan or C-terminal anchored to
the glycan part of glycosylphosphatidylinositol (GPI). Framed with a red box are

those protein glycosylation types that have been studied in this thesis.

Just as the structures, so are the functions of protein glycosylation manifold. In the
secretory pathway glycosylation is important for protein folding and for the
monitoring of protein folding as well as for protein sorting [48]. Glycans function as
modulator of protein activity and interaction [49, 50]. It protects from proteolysis and
may mask protein domains [51, 52]. Independent of its conjugate, glycans can act as
binding sites for proteins, cells as well as pathogens, and may function as scaffold

and structural element in the extra-cellular space [53-56].
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1.2.1 O-GLYCOSYLATION

Mucin type O-glycosylation (in this thesis henceforth referred to as O-glycosylation)
is initiated in the Golgi by the addition of A-Acetylgalactosamine (GalNAc) to serine
or threonine in a non-consensus-sequence based process by one of 20 polypeptide
GaINAc transferases (ppGalNAcT) [57]. The O-glycosylation pattern and site
occupancy is defined by the tissue specific expression signature of ppGalNACcTs [57].
The term mucin type O-glycosylation is deceptive, as almost every protein that passes
through the secretory pathway can be modified by O-GalNAc [58], however proteins
with serine and threonine rich domains and/or local prolines are more efficiently O-
glycosylated. Therefore, O-glycans often occur densely clustered as it is the case on

mucins [58].

B N-acetylglucosamine, GlcNAc Core structure synthesis Extension Termination
O Galactose, Gal

[ N-acetylgalactosamine, GalNAc LacNAc|: 2 2::
A Fucose, Fuc - B :
Sialic acid, Sia Lewis a/x Lewis b/
y

Tn Core 1 Core 2
o4 PPGaINACT 7 - = | sy Syl

C ; - \ Core 3 Core 4 LacNAc Lewis a/x

2 X :

Figure 6. Major steps of the O-glycan biosynthesis.

Mucin type O-glycosylation is a multistep process initiated by the covalent
addition of GalNAc to serine or threonine by a ppGalNACT, followed by the
formation of a core structure. These core structures are further extended and
finally capped by a terminal structure. For image simplicity not all core and

terminal structures are depicted.

The initial O-GalNAc (known as Tn antigen) is sequentially extended throughout the
Golgi, forming at first a core-structure (Figure 6). There are four common O-glycan
structures in human, numbered from 1 to 4 [59]. The core 1 structure is formed by

the addition of B1-3 linked Gal through the glycosyltransferase C1GalT1 [59]. The
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core 1 structure is also known as T antigen and is under healthy conditions further
modified. This can be either by sialylation leading to sialyl-T and disialyl-T, which are
abundant epitopes on serum proteins, by elongation or by the formation of the core
2 structure [60]. Core 2 is synthesized by the addition of B1-6 GIcNAc to the GalNAc
of core 1 through C2GnT1, 2 or 3 [59]. In the gastric mucosa O-glycans are
predominantly based on core 1 and 2 [61]. Alternatively to the core 1/2 synthesis, Tn
antigen can be basis for the formation of core 3 and 4 by adding 1 or 2 GIcNAc
residues to Tn respectively. Core 3 and 4 can be found in substantial amounts in the
intestine [62], and their expression might therefore arise in the stomach during the
process of intestinal metaplasia. Core structures can be further elongated by
successive addition of GIcNAc and Gal, resulting in N-acetyllactosamine (LacNAc)
units that are interlinked either f1-3 or f1-4 and referred to as type 1 or 2 extension,
respectively. These O-glycans can be additionally decorated with a variety of
functional groups such as fucoses, sialic acids and sulphates, which often precludes

further chain elongation by forming a so called terminal epitope [63].

11.2.2 N-GLYCOSYLATION

The N-glycosylation process starts in the endoplasmic reticulum (ER) by a co-
translational en b/oc transfer of the oligosaccharide precursor to asparagine [64]. The
consensus sequence for the N-glycosylation is Asn-Xxx-Ser/Thr, where Xxx can be
any amino acid except proline. The precursor glycan (Figure 7) is subject to a series
of trimming reactions in the ER and Golgi. The terminal 3 glucoses are essential for
the protein quality control process in the ER and are fully removed as the protein
backbone enters a correctly folded state [48]. Once in the Golgi, x-mannosidase 1
further removes several mannoses with variable efficiency, leaving typically 8 to 5
mannoses behind. The liberation of the lower N-glycan arm allows the addition of a
GlcNAc through GnT-1, which is the prerequisite for x-mannosidase 2 to remove the

remaining 2 mannoses that are not part of the core structure. As the upper N-glycan
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arm is liberated as well the GIcNAc transferase GnT-2 can act to form a complex N-
glycan. Incomplete removal of mannoses results in high-mannose and hybrid N-

glycans (Figure 7) [64].

Core fucose

N-glycan High mannose Hybrid Complex
precursor ‘ ‘ ’ ‘ ‘
o000 000 © o o
Core A # 4 Antenna Bisecting GIcNAc
= ] \ f
l l B1,4 branch 1,6 branch
@ Glucose, Glc
B N-acetylglucosamine, GlcNAc
O Galactose, Gal
@ Mannose, Man
A Fucose, Fuc
@ Sialic acid, Sia

Lower arm Upper arm

Figure 7. N-glycosylation processing.
The precursor N-glycan is transferred to the polypeptide backbone of the
glycoprotein. The precursor is processed as the glycoprotein passes through
the secretory pathway. At first the three glucoses are removed, followed by the
removal of mannoses. Liberating the mannoses of the core structure provides
the basis for the formation of so called antenna, and may result in hybrid or
complex AN-glycans. Further structural elements that can be added to hybrid
and complex MN-glycans are bisecting GIcNAc, core-fucoses and additional
branches. Examples of typical high mannose, hybrid and complex structures

are shown.

Complex AN-glycans formed by GnT-1 and -2 are called bi-antennary. Additional
branches can be initiated by GnT-4 and GnT-5 on the lower and upper arm
respectively to form tri- or tetra—antennary N-glycans [64]. The GIcNAc antennas of
hybrid and complex M-glycans are sequentially elongated forming LacNAc extensions
and decorated with functional groups, such as sialic acids and fucoses, with the

possible formation of terminal epitopes. Unique structural features that can be added
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to N-glycans are the bisecting GIcNAc and the core-fucose (Figure 7) [65]. The
bisecting GIcNAc is added in between the lower and upper N-glycan arm by GnT-3
and is not further modified. It prevents the addition of the upper arm branching by

GnT-5. The core-fucose is added by FuT-8 [66].

N-glycans can modulate the activity and stability of proteins. The potential of M-
glycan to tune protein functions is well exemplified by immunoglobulins, where
different  N-glycan  moieties  significantly  alter  pharmacokinetics and

pharmacodynamics and modulate the triggered immune response [67].

11.2.3 GLYCOSAMINOGLYCANS

Glycosaminoglycans (GAGs) are long unbranched sugar chains consisting of
disaccharide repeats [68]. These disaccharide building blocks contain one N-
acetylhexosamine (such as GIcNAc or GalNAc) and one uronic acid (glucoronic acid or
iduronic acid) or galactose and are frequently sulfated. Based on the composition of
the repeat, GAGs can be grouped into 5 classes: Hyaluronan (HA), chondroitin sulfate

(CS), dermatan sulfate (DS), heparan sulfate/heparin (HS) and keratansulfate (KS).

HA is distinguished from the other GAGs in that it is not covalently attached to any
protein or peptide nor is it sulfated [69]. Further, HA is the only GAG that is not
synthesized in the ER or Golgi, but at the inner surface of the plasma membrane where
the GAG chain grows through the membrane into the extracellular space. It is a major
component of the extracellular matrix (ECM) and anchors a wide range of proteins
[69]. The other classes of GAGs are linked to a protein or peptide, forming a so called

proteoglycan, and are synthesized in the ER and Golgi.
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Figure 8. Glycosaminoglycan chains.
Hyaluronan is the only human GAG that is not protein linked. Its a faithful
GIcNAc B1,4 GlcA B1,3 repeat that is not further modified and may reach up
until 7 MDa. Keratan sulfate is a sulfated poly-LacNAc repeat on AN-glycans
(KS-1) and O-glycans (KS-2). The other GAG chains are attached to a protein
or peptide via the linkage tetra saccharide GIcAB1,3Galf1,3Galf1,4Xyl.
Chondroitin sulfate is a poly sulfated GalNAc 1,4 GlcA B1,3 repeat. Dermatan
sulfate is derived from chondroitin sulfate and has interspersed GalNAc B1,4
IdoA «1,3 dimers. Heparan sulfate is a combination of commonly sulfated
GlcNAc «1,4 GlcA B1,4 dimers and GIcNAc «1,4 IdoA « 1,4 dimers. Sulphate

groups and linkages are indicated by S and prefix, respectively.

Widely expressed in epithelial cells are CS and HS, which dominate mass and
biochemical properties of the carrying protein due to their great length, often over 80
sugar residues, and strong negative charge [70]. CS and HS consist of repeating
sulfate-substituted GaINAc-GlIcA or GIcNAc-GIcA disaccharide respectively (Figure 8).
Both are linked to serine residues in core proteins by way of xylose. A perfect
consensus sequence does not exist, and the decision whether the chain elongates to
heparan sulfate or chondroitin sulfate appears to be manifested at the level of enzyme
recognition of the polypeptide substrate [68]. Heparan sulfate proteoglycans (HSPGs)
are prevalently associated with the cell surface or found in the pericellular matrix [71].

The HSPGs function as major biological modifiers of growth factors such as FGF, VEGF
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and PDGF among others in addition to their ability to interact with each other and with
key constituents of the basement membrane, including various laminins, collagen
type IV, and nidogen [70]. The presentation of growth factors to their receptors is a
major function of cell surface HSPGs. As most Chondroitin-containing proteoglycans
(CSPGs) are secreted, they predominate over HSPGs distal of the cells [71]. These
proteoglycans function as structural constituents of the ECM and provide viscoelastic
properties, retain water, keep osmotic pressure and dictate proper collagen

organization.

1.2.4 ABERRANT GLYCOSYLATION IN GASTRIC CANCER

Protein glycosylation is predominantly found on membrane-bound glycoproteins,
contributing to the glycocalyx, or on secreted glycoproteins, which can become
integral parts of the ECM. Thus protein glycosylation are in the position to mediate
cell adhesion and motility, as well as intracellular signaling events [72]. Changes in
glycosylation associated with oncogenic transformation were first described over
more than six decades ago [73]. Since then, the functional impact of cancer associated
glycan epitopes has been associated with several cancer hallmark abilities such as
tumor cell migration, invasion, proliferation, angiogenesis and metastasis [74]. In this
regard, alterations of protein glycosylation have shown to be able to directly and
indirectly activate cell receptors or facilitate the receptor-ligand interaction [75, 76].
Due to altered glycosylation tumor cells promote interaction with platelets, leukocytes
and endothelial cells leading to increased haematogenous metastatic capacities [77].
Adhesion molecule functions are modulated by glycans. For instance, certain glycan
structures on adhesion molecules decrease cell-cell and cell-matrix adhesion and

promote cancer cell migration [78, 79].
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In gastric cancer, major events of glycan alteration are the altered expression of
ppGalNACTs, truncation of O-glycans, changes in N-glycan branching, and increase

in sialylation and fucosylation (Figure 9).
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Figure 9. Gastric cancer associated glycan alterations.
Transformed cells show numerous alterations of the glycosylation machinery
leading to the expression of aberrant glycan epitopes. Key glycosyltransferases
of this process are shown on the top. Aberrantly expressed glycan epitopes are
on the bottom right as opposed to glycan epitopes associated with healthy

gastric epithelium left. (Extracted from Mereiter et al. 2016 [80])

The expression profile of ppGalNACTs is tissue specific and controls the O-
glycosylation site occupancy and density [57]. The ppGalNACT expression profile
and subcellular localization is altered in cancer [81]. The upregulation of specific
members of this transferase family, such as ppGalNAcT-2, -3, -6 and -10, is

associated with gastric cancer progression [82-85]. These alterations can
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influence O-glycan structures through altering O-glycan density and steric

accessibility [81].

O-GLYCAN TRUNCATION: The truncation of O-glycans results in increased Tn
(GaINAcx1-Ser/Thr) and T antigen (also known as Thomsen-Friedenreich antigen or
core 1 structure, GalB1-3GalNAcx1-Ser/Thr) and their sialylated forms, STn
(Neu5Acx2-6GalNAcx1-Ser/Thr) and ST (Neu5Acx2-3GalB1-3GalNAcx1-Ser/Thr),
respectively [86]. The underlying mechanisms are expression changes of
glycosyltransferases or chaperones, glycosyltransferase relocation to the ER or

aberration of structure and pH of the Golgi [87-91].

The Tn epitope is in the healthy gastric epithelium a biosynthetic intermediate located
in the secretory pathway and is readily elongated before reaching the cell surface. An
increase in Tn and its exposure on cell surface and on secreted proteins is associated
with poor prognosis and survival. Several mechanisms are known that cause an
accumulation of Tn: (i) prevention of core 1 elongation either by a direct down
regulation of the core 1 synthetase (C/GALTI) or by the down regulation of its
dedicated chaperone COSMC [92]; (ii) relocation of ppGalNACcTs from the Golgi to the

ER [87]; (iii) deviation of the normal intra-Golgi pH [88].

The situation is similar for STn, which is absent from healthy gastric epithelium but
occurs highly expressed in most gastric cancers, correlating with cancer cell adhesion,
increased cancer cell invasion, and poor prognosis of the patients [91, 93-95]. The
upregulation of Tn and STn often arise concomitant in cancer since mechanisms that
lead to the accumulation of Tn imply an increase of substrate for the STn biosynthesis.
A pathway that independently of the aforementioned mechanisms of Tn upregulation
can lead to the oncogenic increase of STn is the overexpression of ST6GALNACT [91,

93]. The upregulation of ST6GALNACI1, the sialyltransferase that leads to STn
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formation, can override the normal O-glycan elongation, leading to increased STn

formation and inducing migration and invasion in gastric carcinoma cells [94].

INCREASED N-GLYCAN BRANCHING: Two structural features of complex N-glycans
are the B1,6-branching, catalyzed by the glycosyltransferase GnT-V, and the
bisecting-GIcNAc, added by the glycosyltransferase GnT-Ill. GnT-V is often
upregulated in gastric carcinoma, leading to increased N-glycan branching and
contributes to cancer cell invasion and the formation of metastases [96-98]. Another
mechanism leading to increased branching is the downregulation of GnT-Ill and the
decrease of bisecting-GlcNAc. Bisected A-glycans cannot be modified by GnT-V and
preclude B1,6-branching. The interplay of GnT-Ill and GnT-V determines N-glycan
branching, which has been shown to impact cell-cell and cell-matrix interactions in
gastric cancer [99, 100]. Especially the alterations of branching on the N-glycans of
E-cadherin and integrins have been linked to the migratory capacity of gastric cancer

cells. [78, 79]

TERMINAL SIALYLATION AND SIALYL-LEWIS EPITOPES: The glycans of the healthy
gastric mucosa are often terminated by fucosylated antigens such as Lewis A and
Lewis B in the superficial glands and Lewis X and Y in the deeper glands. In gastric
cancer on the other hand, glycans carry frequently sialylated epitopes and show a
decline in neutral Lewis epitopes. As a terminal event, sialylation caps glycosylation
chains resulting in exposed locations of its negative charge at the forefront of glycans
and first encounter point for adjacent entities. Sialylation has, therefore, been shown
to play important roles in modulating cellular recognition, cell adhesion, and cell
signaling [101]. An increase in global sialylation owing to altered glycosyltransferases
expression, has been closely associated with cancer and commonly described as one
of the main modifications in gastric cancers [102, 103]. The major «2,3-sialylated
antigens associated with cancer are sialyl Lewis A (SLea) and sialyl Lewis X (SLex).

Although these structures can also be present in non-neoplastic cells, SLea and SLex
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have been demonstrated to be highly expressed in many malignant tissues, including
gastric tumors, correlating with poor survival for the patients [42, 104]. SLex functions
as a ligand for selectins [105], cell adhesion molecules that mediate leukocyte-
endothelial binding. In cancer, SLex expression of tumor cells increases the metastatic
potential because of the favorable endothelial arrest of circulating tumor cells [77].
SLea, as previously described, is used as a cancer-associated marker in the clinical
practice [39]. It is assessed by the serological assay CA 19.9 and elevated levels are

associated with poor prognosis in gastric cancer [106].
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1.3 KEY GLYCOPROTEINS IN GASTRIC CANCER

The majority of all secreted and membrane associated proteins is glycosylated. These
glycoproteins and proteoglycans are key in fundamental cellular processes and
contribute therefore often to carcinogenesis and cancer progression. Among the most
frequently altered oncogenes are the receptor tyrosine kinases (RTKs), a family of
glycosylated cell surface receptors whose upregulation and oncogenic activation are
drivers of transformation in gastric cancer [107]. This class of glycoproteins are
triggers of cancer cell migration, tumor growth, epithelial-mesenchymal transition
and angiogenesis. RTKs involved in gastric cancer are human epidermal growth factor
receptor 2 (HER2), epidermal growth factor receptor (EGFR), MET (from mesenchymal-
epithelial transition factor), vascular endothelial growth factor receptor (VEGFR),
fibroblast growth factor receptor 2 (FGFR2), platelet-derived growth factor receptors

(PDGFR) and RON (from Recepteur d'Origine Nantais) [108-114].

Other frequently altered glycoproteins at the forefront of cells are adhesion
molecules, such as integrins, syndecans, cadherins and CD44 [115]. Most of these
adhesion proteins function also as co-receptors and thus have the ability to modulate
signal transduction [116]. The glycoprotein CD44, for instance, incorporates adhesion
and RTK co-receptor functions and finds itself at the intersection of multiple

oncogenic processes [117].

In order to understand the role of glycan alterations in cancer it is of utmost
importance to identify glycoproteins that are modified by aberrant glycosylation and

to unravel their functional implications.
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11.3.1 RON

RON (Recepteur d'Origine Nantais, also known as macrophage stimulating protein
receptor, MSPR and MSTIR) is a receptor tyrosine kinase (RTK) and constitutively
expressed in many epithelia. RON has been shown to be commonly overexpressed
and/or hyper-activated in gastric cancer leading to significantly worse survival rates
of patients [118]. Oncogenic RON expression contributes in tumorigenesis, malignant
progression, angiogenesis and chemoresistance [119-123]. In the last years
numerous companies have been developing small molecules or antibodies to target

RON with several being currently in clinical and pre-clinical trials [124-127].

The mature RON receptor is a single-pass type | transmembrane protein and consists
of a 35 kDa «x-chain and a 145 kDa B-chain linked by a disulphide bond. The B-chain
comprises a large extracellular segment with 3 IPT (immunoglobulin-like-plexin-
transcription) domains, a short transmembrane helix, and a cytoplasmic portion
harboring a tyrosine kinase domain (Figure 10) [128]. RON is normally activated by a
complex interaction with its ligand, the macrophage-stimulating protein (MSP) [129].
Several mechanisms have been identified that by-pass the MSP-dependent RON
activation which are being especially exploited by cancer cells. In this regards, the IPT
domains are of particular importance. Alteration such as deletion and insertions in
the IPT domains are found in cancer and have been shown to cause constitutive

activation of RON [130].
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Figure 10. lllustration of RON receptors and protein domains.

Cleavage site in the SEMA domain leads to formation of x-chain and B-chain,
which remain connected through a disulfide bond. This domain contains the
MSP binding site (highlighted in red). MSP is the major ligand for RON activation
and acts through dimerization of RON receptors. RON contains three IPT
domains in the stem region (highlighted in blue), and a cytosolic protein kinase
domain with 4 phosphotyrosines (highlighted in purple). Putative N-
glycosylation sites are shown. ECD = Extracellular domain; TM =
Transmembrane domain; ICD = Intracellular domain; IPT = immunoglobulin-

like-plexin-transcription.

The RON receptor has 7 putative N-glycosylation sites of which each of the IPT
domains is predicted to carry one. One proven N-glycan site (Asn488) has been

shown to be essential for the proper formation of the MSP-binding groove [131].
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11.3.2 CD44

CD44 is an exceptionally versatile glycoprotein and because of its diversity often
described as a whole protein family encoded by a single gene [132, 133]. The
molecular weight of CD44 varies in human between 80 and more than 250 kDa. This
heterogeneity is generated by alternative splicing, its extensive glycosylation and

proteolytic cleavages.

Alternative splicing allows the insertion of so-called variable exon products in the
extracellular, membrane proximal region. Due to its 9 variable exons, named v2 to
v10, hundreds of splice-variants of CD44 exist, each with a potentially different
function [134-136]. A single cell can express different CD44 isoforms at the same
time and many signaling mechanisms have been shown to alter this splicing signature
[137], making CD44 a sentinel for cellular and environmental alterations. Not
surprising, we therefore find numerous alterations of CD44 splicing in cancer. CD44
came under scrutiny as specific splice variants, such as CD44v3 and CD44v6, were
shown to be highly upregulated in numerous cancers, including gastric cancer [138,

139].

Proteolytic cleavages of CD44 have been emerging as key regulatory events for the
CD44 dependent cell-matrix interaction and signaling pathway. CD44 undergoes
sequential proteolytic cleavages in the ectodomain and intramembranous domain,
resulting in the release of a CD44 intracellular domain (CD44ICD) fragment [140]. The
ectodomain cleavage of CD44 can be triggered by several proteases including MMP9
and ADAM10 and contributes to the regulation of cell attachment to and migration
on HA matrix [141, 142]. The ectodomain cleavage subsequently induces the
intramembranous cleavage, which is mediated by presenilin (PS)-dependent gamma-
secretase. The intramembranous cleavage generates CD44ICD, which is translocated

to the nucleus and activates transcription [143].
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CD44 is highly glycosylated and a major part of its mass is derived from glycans [144,
145]. It has 9 putative N-glycosylation sites and more than 100 O-glycan sites
predicted /n silico. 41 O-glycan sites were recently confirmed [58]. Additionally, CD44

may carry heparan sulfate and chondroitin sulfate chains [146].

CD44 is the main receptor for hyaluronan (HA) [136]. The HA binding site is located
at the N-terminal extracellular part and is constantly expressed in CD44 [147].
Allthough the HA binding domain is not subject to alternative splicing, the different
CD44 splice variants have an impact on HA binding, with some variants leading to a
loss of HA binding and others enhancing it [136, 148]. Glycosylation of CD44 was also
shown to alter HA binding [136, 148, 149]. The CD44-HA interaction regulates cell-
cell and cell-matrix adhesion and thus effects cell migration as well as cell growth
and differentiation [147]. The second major function of CD44 is the modulation of
receptors activation through several mechanisms: (i) Heparansulfate chains of CD44
bind growth factors such as FGF [149, 150]; (ii) CD44 can be platform for MMP7
binding and thereby facilitates proteolytic activation of receptor ligands such as HB-
EGF [151]; (iii) Specific isoforms, such as CD44v6, act directly as co-receptor for Met,
VEGFR-2 and RON [152, 153]; (iv) CD44 supports dimerization of RTKs such as HER2

and HER3 [154].
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‘ 2. AIMS AND OBJECTIVES

‘2.1 RATIONALE AND GENERAL AIMS

Glycosylation alterations are a common feature in gastric cancer, and an increased
body of evidence supports the role of glycan alterations in cancer cell biology,
including the modulation of the process of cancer development and progression. This
altered glycosylation can be found on specific proteins in cancer cells, modulating the
functional role of these proteins and constituting an excellent source of biomarkers

for screening and prognosis purposes.

The general aim of the present work is the characterization of glycosylation
expression profile of gastric cancer cells and the identification of aberrantly
glycosylated glycoprotein targets in order to unravel the role of these glycan

alterations in carcinogenesis and cancer progression.

2.2 SPECIFIC OBJECTIVES

1. CHARACTERIZATION OF GASTRIC CANCER CELL GLYCOPHENOTYPE

The disruption of the glycosylation machinery leads to the synthesis of aberrant
glycan epitopes in gastric cancer. In this process, alterations in expression levels of
glycosyltransferases, such as ST3GAL4 or ST6GALNACT, are commonly involved. In
chapter 2 and 3 we aimed to assess how these glycosyltransferases modulate the
glycome and glycoproteome of cancer cells. We performed N- and O-glycomic
analyses based on mass spectrometry and fluorescent labeled glycans to demonstrate

structural alterations induced by these two sialyltransferases.
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2. UNRAVEL NEW MECHANISMS OF ONCOGENIC RECEPTOR ACTIVATION MEDIATED

BY GLYCOSYLATION MODIFICATION

Glycan alterations are associated with cancer hallmarks, and have been proven to
particularly impact cancer cell adhesion, migration, invasion and metastasis. Despite
the large number of publications that report glycosylation association with the
malignant phenotype, our understanding of the underlying molecular mechanisms is
fairly limited. In chapter 2 and 3 we aimed to identify glycoproteins whose altered
glycosylation contribute to more malignant phenotypes. We applied glycoproteomic
analysis on gastric carcinoma cells with and without ST3GAL4 overexpression and
identified protein targets that were modified with altered N-glycans. We assessed one
of the targets, the RON receptor tyrosine kinase, for functional alterations.
Furthermore, we evaluated the co-expression of RON and SLex in human gastric

carcinomas with prospect of applicability as biomarker.

3. EVALUATE THE BIOLOGICAL IMPACT OF O-GLYCAN TRUNCATION ON CRITICAL

CANCER CELL PROTEINS

The expression of short truncated carbohydrate antigens was one of the first evident
glycan alteration described in cancer. Nowadays, we know that the O-glycan
truncation can be achieved through various mechanisms with each of these
mechanism being accompanied by the expression of a subset of truncated O-glycan
epitopes. Therefore, we hypothesize that not only the expression of truncated glycan
epitopes, but also the lack of O-glycan extension modulates fundamental molecular
properties conveying advantageous cancer phenotypes. In chapter 4, we aimed to
study the effect of truncated O-glycans on two major proteins expressed in
gastrointestinal tissues, CD44 and Syndecan 1. We used three glyco-engineered
gastric cancer «cell line models: overexpressing ST3GAL4, overexpressing

ST6GALNACT or COSMC knock-out for this evaluation. These model cell lines express
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truncated O-glycans induced through different molecular mechanisms and are
therefore of avail in search of fundamental molecular properties that O-glycan

truncation may trigger.

4. DEFINE SPECIFIC GASTRIC GLYCAN SIGNATURE WITH POTENTIAL BIOMARKER

APPLICATIONS

Good gastric cancer biomarkers for prognosis and patient stratification are urgently
needed. Single molecules have not met the clinical requirements of specificity and
sensitivity so far, leading to a paradigm shift in the field. Biomarkers are being
combined to panels, increasing their specificity and enabling alteration signatures to
more reliably predict clinical implications. Glycosylation plays already a pivotal role as
gastric cancer marker, with CA 19.9 (assay for sialyl Lewis A) being an FDA approved
biomarker to follow treatment response and to detect cancer recurrence and CA 72.3
(assay for sialyl Tn) being an assay with predictive potential for the outcome of gastric
cancer patients. However, these biomarkers have limited screening application. To
improve the applicability of glycan alterations as biomarker in gastric cancer we aimed
to examine, in chapter 5, the potential of a panel of glycan alterations for biomarker
application. For this reason we analyzed the expression of Tn, sialyl Tn, sialyl Lewis X
and sialyl Lewis A in a cohort of 80 gastric carcinoma samples and associated the
expression signature to clincopathological data of the patients and molecular

alterations of the tumor cells.
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glycans as modulators of RON receptor tyrosine kinase activation
in cancer” [1].
© 2016 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Specifications Table

Subject area Biology

More specific sub-  Glycobiology in cancer
ject area

Type of data Tables

How data was N-and O-glycome analysed by PGC-LC ESI MS/MS performed on an LTQ ion trap
acquired mass spectrometer and PGC-nanoLC ESI MS/MS performed on an amaZon ETD

Speed ion trap. Sialoproteome performed using Easy-nLC Il system and Orbitrap
Fusion Tribrid system.

Data format Analyzed

Experimental MKN45 cells stably transfected with the full-length ST3GAL4 gene or empty
factors vector (mock).

Experimental MKN45 cells grown in vitro in RPMI medium with 10% FBS.
features

Data source Not applicable
location

Data accessibility ~ Data is within this article.

Value of the data

® Data shows the N- and O-glycome of the MKN45 gastric carcinoma cells and ST3GAL4 sialyl-
transferase overexpressing cells.

e Data provides a list of glycoproteins with altered sialylated N-glycans in ST3GAL4 overexpressing
cells, including several cancer associated proteins.

® These data are valuable as a source for novel biomarkers for gastric cancer.

1. Data

This data article includes the N- and O-glycome of MKN45 cells and assesses the glycosylation
alterations induced by ST3GAL4 overexpression. In addition, we provide the data on the proteins with
significant increased sialylated N-glycans upon ST3GAL4 overexpression.

2. Experimental design, materials and methods

Glycomic and sialoproteomic analyses were performed as described below comparing MKN45
cells stably transfected with the full-length ST3GAL4 gene or empty vector (mock). Glycome data and
statistical evaluation are shown in Tables 1, 2, 3 and 4. Sialoproteome data and statistical evaluation
are shown in Tables 5 and 6.
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3. N-glycomic strategy I: sample preparation and PGC LC-ESI-MS/MS

Frozen cell pellets (107 cells) of mock or ST3GAL4 transfected MKN45 cells [2] were directly
resuspended in 7 M urea, 2 M thiourea, 40 mM Tris, 2% CHAPS, 10 mM DTT and 1% protease inhibitor
(Sigma-Aldrich, St. Louis, MO). The cell membranes were disrupted by 10 times 10 s sonication with
16 amplitudes and 1 min on ice in between, and subsequent shaking at 4 °C overnight. To reduce the
viscosity of the lysates, the DNA was degraded by adding 1 pl benzonase® nuclease (250 units, Sigma-
Aldrich) and 30 min incubation at 37 °C. In order to impair refolding of proteins, 25 mM iodoaceta-
mide were added for alkylation during 1 h in the dark. The lysates were centrifuged for 30 min at
14,000 rpm and the supernatants were transferred to a fresh tube.

Then, solubilized proteins were concentrated by adding 150 ul of supernatant on a 10 kDa cut-off
spinfilter (PALL, Port Washington, NY), spinning down for 5 min with 12,000xg and washing 3 times
with 100 pl 50 mM NH4HCOs, pH 8.4. N-linked oligosaccharides were released in the spinfilter using
20 pl 50 mM NH4HCO5 and PNGase F (5 mU, Prozyme, Hayward, CA) with incubation at 37 °C over-
night. Subsequently, the N-glycans were collected by washing 3 times with 20 pl H,O and dried in
Speedvac. Reactions were quenched with 1 ul of glacial acetic acid and N-glycan samples were
desalted and dried as previously described [3]. N-glycan samples were subjected to LC-ESI-MS/MS
analysis using a 10 cmx250 pm LD. column, prepared in-house, containing 5 um porous graphitized
carbon (PGC) particles (Thermo Scientific, Waltham, MA). Glycans were eluted using a linear gradient
from 0% to 40% acetonitrile in 10 mM NH4HCO5 over 40 min at a flow rate of 10 ul/min. The eluted N-
glycans were detected using a LTQ ion trap mass spectrometer (Thermo Scientific) in negative-ion
mode with an electrospray voltage of 3.5 kV, capillary voltage of —33.0 V and capillary temperature of
300 °C. Air was used as a sheath gas and mass ranges were defined dependent on the specific
structure to be analyzed. The data were processed using the Xcalibur software (version 2.0.7, Thermo
Scientific) and manually interpreted from their MS/MS spectra.

Optionally prior to analysis N-glycan were digested in 50 mM sodium phosphate, pH 6.0 at 37 °C
overnight using sialidase S (4 mU, ProZyme) that releases «2-3 linked non-reducing terminal sialic acids

Table 1
Identified N-glycan structures I.

m/z c - Proposed Mock replicates (n=3) ST3GAL4 replicates (n=3)

z2=1 | z=2 structure % % % | Avg SD % % % | Avg | SD | p-value

708 / HexNAc1Hex3 :"I 0.04 | 0.02 0.2 | 0.09 0.10 0.08 0.08 | 0.03 | 0.06 | 0.03 0.3636

749 / HexNAc2Hex2 .).- 0.36 0.3 0.3 | 0.32 0.03 0.3 0.29 | 0.23 | 0.27 | 0.04 0.0955

895 / HexNAc2Hex2Fucl ./.:\I 1.18 | 0.95 | 1.58 | 1.24 0.32 0.75 0.69 | 1.38 | 0.94 | 0.38 0.181
"

911 / HexNAc2Hex3 0.17 | 0.27 | 1.27 | 0.57 0.61 0.32 0.39 | 0.37 | 0.36 | 0.04 0.3054
|

911 / HexNAc2Hex3 _:\._. 0.02 | 0.03 | 0.45 | 0.17 0.25 0.07 0.09 | 0.13 | 0.10 | 0.03 0.3356

911 / HexNAc2Hex3 :‘.Il 0.1 | 0.09 | 0.04 | 0.08 0.03 0.09 0.09 | 0.06 | 0.08 | 0.02 0.4421

1057 | / HexNAc2Hex3Fucl :. =\- 0.96 | 0.84 | 2.28 | 1.36 0.80 0.75 0.65 | 0.98 | 0.79 | 0.17 0.1719
Som

1073 | / HexNAc2Hex4 @ 0.06 | 0.12 | 0.68 | 0.29 0.34 0.11 0.13 | 0.12 | 0.12 | 0.01 0.2437
|

1073 | / HexNAc2Hex4 [ :DII 03| 0.25 | 0.18 | 0.24 0.06 0.23 0.3 | 0.13 | 0.22 | 0.09 0.3604

onm
1202 | / 2HexNAc3Hex1Sia 0\ [ ] 229 | 2.24 | 6.23 | 3.59 2.29 1.94 3.09 | 3.34 | 279 | 0.75 0.3077
|
1202 | / HexNAc2Hex3Sial ’\ _=\.. 0.29 | 0.21 | 0.69 | 0.40 0.26 0.18 0.28 | 048 | 031 | 0.15 0.33
1235 | / HexNAc2Hex5 =@ :‘.II 0.41 | 0.45 | 0.24 | 0.37 0.11 0.41 0.55 | 0.24 | 0.40 | 0.16 0.3896
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Table 1 (continued )
1235 | / HexNAc2Hex5 =@ :).. 0.2 | 0.17 | 0.09 | 0.15 0.06 0.17 0.21 | 0.07 | 0.15 | 0.07 0.4765
1235 | / HexNAc2Hex5 =@ :?.I. 153 | 1.25 | 2.26 | 1.68 0.52 1.81 1.8 | 255 | 2.05 | 0.43 0.1974
1364 | 681 HexNAc2Hex4Sial 0\ E.. 1.2 | 1.28 | 2.29 | 1.59 0.61 0.85 128 | 1.25 | 1.13 | 0.24 0.1592
1397 | 698 HexNAc2Hex6 0.26 | 0.24 | 0.28 | 0.26 0.02 0.3 0.33 | 0.25 | 0.29 | 0.04 0.1463
1397 | 698 HexNAc2Hex6 9.32 | 8.64 | 7.54 | 8.50 0.90 7.52 8.27 | 6.52 | 7.44 | 0.88 0.1082
1422 | 711 HexNAc3Hex4Fucl na na | 1.29 | 1.29 / na na | 0.49 | 0.49 / n/a
1422 | 711 HexNAc3Hex4Fucl na na | 041 | 0.41 / na na | 0.22 | 0.22 / n/a
1438 | 719 HexNAc3Hex5 na na | 0.31 | 0.31 / na na 0.2 | 0.20 / n/a
1559 | 779 HexNAc2Hex7 «“@ :... 0.25 | 0.24 | 0.17 | 0.22 0.04 0.32 0.37 | 0.19 | 0.29 | 0.09 0.1542
1559 | 779 HexNAc2Hex7 ~«@ :).. 6.14 | 6.24 | 4.61 | 5.66 0.91 4.72 5.47 | 3.41 | 453 | 1.04 0.116
1559 | 779 HexNAc2Hex7 ~@ ::..- 3.71 | 3.39 | 3.28 | 3.46 0.22 3.15 345 | 279 | 3.13 | 0.33 0.1173
1567 | 783 HexNAc3Hex3Sial na na 0.6 | 0.60 / 0 0 0 | 0.00 | 0.00 n/a
1567 | 783 HexNAc3Hex4Sial na na 0.7 | 0.70 / na na | 0.63 | 0.63 / n/a
1584 | 792 HexNAc3Hex5Fucl na na | 0.63 | 0.63 / na na | 0.57 | 0.57 / n/a
1600 | 800 HexNAc3Hex6 na na | 0.52 | 0.52 / na na | 0.59 | 0.59 / n/a
1713 | 856 HexNAc3Hex4SialFucl 7.34 | 542 | 825 | 7.00 1.44 4.71 3.79 | 694 | 515 | 1.62 0.1067
1721 | 860 HexNAc2Hex8 9.65 | 9.88 | 6.89 | 8.81 1.66 8.53 | 10.15 | 5.82 | 8.17 | 2.19 0.3544
1729 | 864 HexNAc3Hex5Sial 0.95 | 1.59 | 3.19 | 1.91 1.15 1.19 148 | 1.77 | 1.48 | 0.29 0.2944
1729 | 864 HexNAc3Hex5Sial 0.96 11136 | 111 0.22 1.02 0.89 | 1.15 | 1.02 | 0.13 0.2978
. #DIV/
1729 | 864 HexNAc3Hex5Sial na na 0.8 | 0.80 ol na na | 1.09 | 1.09 / n/a
M !
[}
e
1729 | 864 HexNAc3Hex5Sial 4 0 0 0 | 0.00 0.00 na na | 0.58 | 0.58 / n/a
&
(€]
1746 | 873 HexNAc3Hex6Fucl .;:\.:\ na na | 0.41 | 0.41 / na na | 032 | 0.32 / n/a
n
1787 | 893 HexNAc4Hex5Fucl '}‘h 0.39 | 041 1.7 | 0.83 0.75 0.38 0.27 | 0.63 | 0.43 | 0.18 0.2247
| |

52



Chapter Il

818 S. Mereiter et al. / Data in Brief 7 (2016) 814-833

Table 1 (continued )

/ 922 HexNAc5Hex5 0.06 0.1 | 0.09 | 0.08 0.02 0 0.01 0 | 0.00 | 0.01 0'0051
/ 937 HexNAc3Hex5SialFucl 1.74 | 145 | 1.48 | 1.56 0.16 1.83 13| 204 | 1.72 | 0.38 0.2703
/ 941 HexNAc2Hex9 3.31 | 336 | 263 | 3.10 0.41 3.32 3.74 | 2.36 | 3.14 | 0.71 0.4687
/ 945 | HexNAc3Hex6Sial 144 | 131 | 1.12 | 1.29 016 | 1.51 | 1.32 | 1.62 | 1.48 | 0.15 | 0.1024
] ] I
/ 945 HexNAc3Hex6Sial M 0.04 | 0.03 0 | 0.02 0.02 0.3 0.27 | 0.35 | 0.31 | 0.04 008(32
4
/ 966 HexNAc4Hex5Sial .\”'E>.. 0.87 | 0.78 | 0.71 | 0.79 0.08 0.98 0.96 | 0.73 | 0.89 | 0.14 0.1706
-
[
" D\
/ 995 HexNAc5Hex5Fucl | 3 2 na na | 0.74 | 0.74 / na na | 0.15 | 0.15 / n/a
|
X upn
/ 1010 | HexNAc3Hex5Sia2 7.58 | 9.96 | 7.37 | 8.30 1.44 5.23 711 | 6.89 | 6.41 | 1.03 0.0723
0\
|
/ 1010 | HexNAc3Hex5Sia2 :/\ ot 3.17 | 3.43 | 1.89 | 2.83 0.82 5.67 6.23 | 6.69 | 6.20 | 0.51 0'00—:‘:
i |
uon
/ 1010 | HexNAc3Hex5Sia2 0/ 1.24 1.1 | 0.25 | 0.86 0.54 3.07 2.89 | 4.24 | 3.40 | 0.73 0'0023
9 |
&
/ 1018 | HexNAc3Hex6SialFucl .\:::’;. 1.04 | 0.82 | 0.86 | 0.91 0.12 0.96 0.98 | 1.07 | 1.00 | 0.06 0.1464
5 |
S2onn
/ 1022 | HexNAc2Hex10 PP 0.37 | 0.38 | 0.38 | 0.38 0.01 0.39 0.37 | 0.39 | 0.38 | 0.01 0.2191
®
[J
/ 1039 | HexNAc4Hex5SialFucl ’\E)h 3.73 | 332 | 5.22 | 4.09 1.00 3.86 345 | 557 | 429 | 1.12 0.4133
2 |
E):\l 0.0389
/ 1039 | HexNAc4Hex5SialFucl 0.19 | 0.06 | 0.55 | 0.27 0.25 0.97 0.62 | 1.51 | 1.03 | 0.45 o
ol
&
. 0.0189
/ 1067 | HexNAc5Hex5Sial | 3 2} | 0.45 | 0.56 na | 0.51 0.08 0.1 0.04 na | 0.07 | 0.04 P
*os
/ 1111 | HexNAc4Hex5Sia2 ®: 1.78 | 2.37 na | 2.08 0.42 0.09 0.15 na | 0.12 | 0.04 0'0462
3
/ 1111 | HexNAc4Hex5Sia2 . 5.39 | 5.23 na | 531 0.11 5.49 7.31 na | 6.40 | 1.29 0.2209
+3
/ 1111 | HexNAc4Hex5Sia2 ¢ 1.74 | 1.92 na | 1.83 0.13 2.18 14 na | 1.79 | 0.55 0.4677
ok
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Table 1 (continued )
. @
/ 1111 | HexNAc4Hex5Sia2 * =,Dll 018 | 02| nalo19| o001| 141] 098| na| 120|030 o0.0668
eHm
/ 1140 | HexNAcSHex5SialFucl ] :\ 201 | 254 | na | 2.28 037 | 033 | 024 | na| 029|006 0'0382
% | |
.
/ 1184 | HexNAc4Hex5Sia2Fucl ' h 9.37 9| 791|876 0.76 | 7.41| 595 | 7.95 | 7.10 | 1.03 0'047‘2
’\'I
/ 1184 | HexNAc4Hex5Sia2Fucl :/\ - h 2.52 | 2.81 | 2.25 | 2.53 028 | 7.47 | 487 | 7.03 | 6.46 | 1.39 0'0172
on
[
) SOupmEm 0.0057
/ 1184 | HexNAc4HexSSia2Fucl | & @ 0.38 | 0.54 | 0.23 | 0.38 0.16 | 622 | 433|588 | 548 | 1.01 .
|
&
[
- >
/ 1213 | HexNAcSHex5SialFuc2 b/i/.li 1.27 | 1.06 | 0.85 | 1.06 021 012 0.1 0| 007 | 006 O'OO:f
*
o |
.
/ 1213 | HexNAc5Hex5Sia2 EoEE 1.08 | 1.13 | 0.98 | 1.06 0.08 | 017 | o0.18 0012|010 0-0223
*om
/ 1221 | HexNAcSHex6sialFucl | & .E)a 096 | 1.02 | na | 099 0.04| 099 | 075 | na| 087|017 | 02474
|
o »
/ 1286 | HexNAc5Hex5Sia2Fucl I/.I‘ na na | 2.76 | 2.76 / 0 0 0 | 0.00 | 0.00 n/a
*« @
on
Total: | 100 | 100 | 100 100 | 100 | 100

Structures are represented by the mass to charge ratio (m/z) in which they were identified and quantified, by monosaccharide
composition and proposed structure based on MS/MS analyses. The relative quantities were determined by base-peak intensity
of extracted ion chromatograms. The average value (Avg) and standard deviation (SD) of triplicates are shown, as well as the p-
value (t-test; *p <0.05; **p<0.01; ***p <0.001). Increased or decreased relative abundance are shown in red or blue,
respectively. Structures marked as not analyzed (na) were either not detected or overlapped with other structures in given
sample, precluding their quantification. Unknown linkage is represented by “?”.

(recombinant sialidase from Streptococcus pneumoniae, expressed in Escherichia coli) and sialidase A
(5 mU, ProZyme) that releases a2-3/6/8 linked non-reducing terminal sialic acid (recombinant gene
from Arthrobacter ureafaciens, expressed in Escherichia coli) to confirm sialic acid linkage.

All analyzes were performed in three independent replicates and results were subjected to sta-
tistical analyses (Average, standard deviation and unpaired t-test) Table 1.

4. N-glycomic strategy II: sample preparation and PGC nanoLC-ESI MS/MS

Frozen cell pellets (107 cells) of mock or ST3GAL4 transfected MKN45 cells were directly resus-
pended in 2 mL of lysis buffer (50 mM Tris—HCl, 100 mM NacCl, 1 mM EDTA and protease inhibitor at
pH 7.4) and stored on ice for 20 min. The cells were lysed using a Polytron homogenizer for at least
three times for 10s in a cold room. Cellular debris and unlysed cells were sedimented by cen-
trifugation at 2000g for 20 min at 4 °C. The supernatant was collected and the pellets resuspended in
1 mL of lysis buffer and centrifuged again at 2000g for 20 min at 4 °C. All the supernatants were
combined, diluted in 20 mM Tris-HCl (pH 7.4) and ultracentrifuged at 120,000g for 90 min at 4 °C.
The supernatant was separated from the pellet containing the cell membrane proteins. The mem-
brane proteins were resuspended with 150 pL of 100 mM ammonium bicarbonate buffer and lyo-
philized overnight. The dried samples were solubilized in 50 pL of 8 M urea and 10 pL aliquots were
dot-blotted onto PVDF membranes as described previously [4]. N- and O-glycan release as well as
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Table 2
Identified N-glycan structures II.
[M-H]- Composition Proposed structure mock | ST3GAL4 | ST3GAL4/mock
[ 0.26 0.23 0.91
1073.44 HexNAc2Hex4 [ = ‘ -l
0.35 0.31 0.87
1235.48 HexNAc2Hex5 @ | L 3 |
0.47 0.59 1.25
1235.5 HexNAc2Hex5 2@ s 5 |
1.21 1.30 1.08
1235.54 HexNAc2Hex5 @ | i 3|
\ 0.37 0.31 0.83
1397.52 HexNAc2Hex6 .—"
\ 4.06 2.67 0.66
1397.56 HexNAc2Hex6 @
‘ L 3
2.18 1.72 0.79
1559.64 HexNAc2Hex7 «@ L |
4.66 3.36 0.72
1559.69 HexNAc2Hex7 @ L3 |
1.61 1.52 0.94
1713.82 HexNAc3Hex4SialFucl .\ :> =\.
o |
0.06 0.11 1.84
1721.69 HexNAc2Hex8 @
0.21 0.16 0.80
1721.72 HexNAc2Hex8 @ o
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1721.78 HexNAc2Hex8 ® 1436 1298 090
. exNAc2Hex: am
|
. | =-m 0.43 0.41 0.95
1729.76 HexNAc3Hex5Sial [ .\
( -l
S .\ 0.87 0.69 0.80
1787.79 HexNAc4Hex5Fucl ¢ .> =
on
. 2.99 2.51 0.84
1875.78 HexNAc3Hex5SialFucl [ = ‘\
o8 |
. h 0.00 0.63 /
1875.89 HexNAc3Hex5SialFucl [
./">
11.94 11.97 1.00
1883.74 HexNAc2Hex9 @ =a
2.40 2.19 091
1883.75 HexNAc2Hex9 @ L 3 |
. 2.26 211 0.93
1891.78 HexNAc3Hex6Sial
0\ L 3 |
O
. @ 0.97 0.65 0.67
1932.80 HexNAc4Hex5Sial .\
© '\ 0.85 0.00 0.00
1990.84 HexNAc5Hex5Fucl non
@
2037.83 HexNAc3Hex6SialFucl '\. 123 090 073
E exNAc3Hex6SialFuc .\ =
O
@
2.05 2.16 1.05
2045.73 HexNAc1Hex10 [}
. | 0.49 0.28 0.57
2053.70 HexNAc3Hex7SialFucl Q—‘.\ >'>;\.
O
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0.91 1.20 1.32
2078.80 HexNAc4Hex5SialFucl
1.48 0.58 0.39
2078.85 HexNAc4Hex5SialFucl
. 11.24 7.82 0.70
2078.90 HexNAc4Hex5SialFucl
) '\ 1.07 0.00 0.00
2119.83 HexNAc5Hex4SialFucl mon
*o
. 1.38 1.62 1.17
2223.85 HexNAc4Hex5Sia2
. 0.00 0.45 /
2223.87 HexNAc4Hex5Sia2
. 0.34 0.72 2.12
2223.89 HexNAc4Hex5Sia2
5.64 3.56 0.63
2224.92 HexNAc4Hex5SialFuc2 C :\.
O
) o ) 0.28 0.00 0.00
2281.82 HexNAc5Hex5SialFucl |
om
) ¢ '\. 1.97 0.32 0.16
2281.89 HexNAc5Hex5SialFucl | 5 &
“on
|
| C § » 131 6.45 4.93
2369.88 HexNAc4Hex5Sia2Fucl 29| h
e
) ./' h 0.00 5.26 /
2369.91 HexNAc4Hex5Sia2Fucl
e
‘\'w 8.23 8.53 1.04
2369.97 HexNAc4Hex5Sia2Fucl ‘\ h
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p } 0.16 0.14 0.90
2410.85 HexNAcSHexdsia2Fuc | & i:(\*h
[ |
*
] 0.00 0.49
2410.91 HexNAc5Hex4Sia2Fucl ‘1. h /
¢ m
_ 0.35 0.00 0.00
2426.89 HexNAc5Hex5Sia2 | Bo¥ ¥ |
) o V\. 1.29 0.10 0.07
2427.87 HexNAc5Hex5SialFuc2 > | 5 3
‘\,:—l
|
o b 0.17 0.35 2.05
2443.86 HexNAcSHex6SialFucl | g | © >;\'
om
O 0.00 0.10
2443.87 HexNAc5Hex6SialFucl *« ?z\. /
o8 |
|
g );\. 0.41 0.15 0.38
2443.89 HexNAc5Hex6SialFucl : } -
o= |
|
0.54 0.46 0.84
2443.90 HexNAc5Hex6SialFucl f} ‘:)L
lom
|
g 1.21 1.58 1.31
2443.91 HexNAcSHex6Sialfucl | g | ‘:> me
lom
|
| O 1.12 0.00 0.00
2443.95 HexNACSHex6SialFucl gd| ‘> ==
o
5 0.00 0.84
2444.17 HexNAc5Hex6SialFucl :/ E>'h /
o8 |
. i ? h 0.00 0.55 /
2515.91 HexNAc4Hex5Sia2Fuc2 |2
./,1
r's
. 0.00 0.91
2516.01 HexNAc4Hex5Sia2Fuc2 :\ "}"l\. /
s |
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« €
¢ 1.81 0.25 0.14
2572.95 HexNAc5Hex5Sia2Fucl L ;\I
‘\ -l
RN
. 0.00 1.16
2572.97 HexNAc5Hex5Sia2Fucl L :/. -\. !
¥ |
¢
> 0.00 1.37
2572.97 HexNAc5Hex5Sia2Fucl L] o h /
4 -
[}
0.00 0.33
2662.01 HexNAc4Hex5Sia2Fuc3 :(// )h !
%P n
o 072 072 0.99
2734.91 HexNAc5Hex6Sia2Fucl L = h
¢ |
ha 0.33 0.40 121
2734.96 HexNAc5Hex6Sia2Fucl w|O® h i : .
|
X omem 038 0.67 174
2734.96 HexNAc5Hex6Sia2Fucl L p-5u
“\od
Y
Xlo ; 0.44 0.18 0.40
2734.99 HexNAcSHexesiazFuct | O-m |~ =u - : -
¥lom
RN
> 0.00 0.45
2735.00 HexNAc5Hex6Sia2Fucl - ? .\. /
¢ g
0\
. 2 o h 0.51 0.40 0.79
2735.03 HexNAc5Hex6Sia2Fucl &
n
v
) o :) [} ] 0.00 0.60 /
2735.04 HexNAc5Hex6Sia2Fucl L P
‘/ |
Q
*om) 031 0.00 0.00
2735.08 HexNAc5Hex6Sia2Fucl s :/':\.
*lom
L]
™o 0.00 0.48
2880.98 HexNAc5Hex6Sia2Fuc2 . .> :\. !
*lon
AN M.
8 0.00 0.78
3025.85 HexNAc5Hex6Sia3Fucl * } = /
*Om |
* |
| O 0.14 0.27 1.97
3026.03 HexNAc5Hex6Sia3Fucl | ?h
Lace pped

Structures are represented by their [M-H] value and charge state in which they were identified and quantified, by mono-
saccharide composition and proposed structure based on MS/MS analyzes. The relative quantities were determined by base-
peak intensity of extracted ion chromatograms. The ratio of glycan abundance in ST3GAL4 transfected cells relative to mock
transfected is shown on the right column. Increases or decreases larger than 2 fold in glycan abundance are highlighted red or

blue, respectively.
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PGC-nanoLC ESI MS/MS analysis on an amaZon ETD Speed ion trap (Bruker, Bremen, Germany) were
performed as described in detail previously [4,5] (Table 2).

5. O-glycomic strategy I: sample preparation and LC-ESI-MS/MS

After the removal of N-glycan, as previously described in “1. N-glycomic strategy I: Sample pre-
paration and LC-ESI-MS/MS”, the O-linked glycans were released from retained glycoproteins in
spinfilter using reductive p-elimination (0.5 M NaBH,4, 50 mM NaOH at 50 °C, 16 h). Reactions were
quenched with 1 pl of glacial acetic acid and glycan samples were desalted and dried as previously
described [3]. Glycans were subjected to LC-ESI-MS/MS analysis using a 10 cmx250 pm 1.D. column,
prepared in-house, containing 5 pum porous graphitized carbon (PGC) particles (Thermo Scientific.
Waltham. MA). Glycans were eluted using a linear gradient from 0% to 40% acetonitrile in 10 mM
NH4HCOs over 40 min at a flow rate of 10 ul/min. The eluted O-glycans were detected using a LTQ ion
trap mass spectrometer (Thermo Scientific) in negative-ion mode with an electrospray voltage of
3.5 kV, capillary voltage of —33.0 V and capillary temperature of 300 °C. Air was used as a sheath gas
and mass ranges were defined dependent on the specific structure to be analyzed. The data were
processed using the Xcalibur software (version 2.0.7. Thermo Scientific) and manually interpreted
from their MS/MS spectra (Table 3).

6. O-glycomic strategy II: sample preparation and PGC nanoLC-ESI MS/MS

Sample preparation and analysis were performed as previously described in Section 2. “N-gly-
comic strategy II: Sample preparation and PGC nanoLC-ESI MS/MS” (Table 4).
7. Sialoproteomic analysis
7.1. Cell lysis, protein digestion and iTRAQ labeling

Cell pellets were redissolved in ice-cold Na,CO3 buffer (0.1 M, pH 11) supplemented with protease
inhibitor (Roche complete EDTA free), PhosSTOP phosphatase inhibitor cocktail (Roche) and 10 mM
sodium pervanadate on ice. The suspensions were tip probe sonicated for 20 s (amplitude=50%)
twice and incubated at 4 °C for 1 h. The lysates were then centrifuged at 100,000 x g for 90 min at

4 °C to enrich membrane proteins (pellet). The pellets were washed with 50 mM triethylammonium

Table 3
Identified O-glycan structures I.

m/z Mock replicates (n=3] ST3GALA4 replicates (n=3
f Composition Proposed : (r=2) : =3 -
z=1 2=2 P structure % % % Avg sD % % % Avg sD p
value
384 / HexNAclHex1 (¢ 3.52 0.91 0.95 1.79 | 1.50 2.65 | 1.65 1.8 2.03 | 0.54 | 0.407
513 / HexNAc1Sial * ] 1.52 0.83 0.93 1.09 | 0.37 0.74 | 1.39 | 0.73 0.95 | 0.38 | 0.336
587 / HexNAc2Hex1 e 1.62 0 0 0.54 | 0.94 134 0 0 0.45 | 0.77 | 0.450
587 / HexNAc2Hex1 j 0.94 0 0 0.31 | 0.54 0.6 0 0 0.20 | 0.35 | 0.390

*

675 / HexNAclHex1Sial / 4.79 2.22 1.79 293 | 1.62 377 | 213 | 241 2.77 | 0.88 | 0.444
. 7 0.024
675 / HexNAclHex1Sial ./ 6.13 8.1 5.79 6.67 | 1.25 9.5 | 8.99 9.9 9.46 | 0.46 o
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Table 3 (continued )

n
743 |/ | HexNAc2Hex2 ) 359 | 084 | 06| 168|166 29 |038|o08s| 137|134 0409
749 |/ | HexNAc2Hex2 - 165 | 088 | 034 | 09 | 066 065| 05| 057 | 057 0080210
878 |/ | HexNAc2Hexisial S e 6.38 | 3.46 | 216 | 400 | 2.16 [ 6.05 | 444 | 343 | 464 | 132 | 0344
vy
895 |/ | HexNAc2Hex2Fucl LS 0.74 0 o| 025|043 035| o o 0120200334
o
.
966 |/ | HexNAciHexisia2 J 377 | 1125 | 905 | 802 384 | 632|904 |93 | 825 | 1.68 | 0.466
¥
1040 | /| HexNAc2HexSial ¢ (/ 809 | 282 | 12| 404|360 911|304 |493| 5693110290
1040 | /| HexNAc2Hex2sial & ? 11.86 | 3.85 | 205 | 592 | 522 | 1198 | 577 | 699 | 825 | 3.29 | 0.278
1114 | /| HexNAc3Hex3 - (/ I R 0 o| os9|102| 027 o o] 0090160244
1114 | /| HexNAC3Hex3 n| ‘/ | os7 0 o| 029 [os0| 015| o o] 005|o00s] 0248
M
1186 | / | HexNAc2Hex2SialFucl ) 0.27 0 o| 009|016 037| o o o012|021]0419
./
1186 | /| HexNAc2Hex2SialFucl f»ﬂ/ 2.26 0 o| 075|130 14| o o] 038| 066|034
. N 0.005
1331 | 665 | HexNAc2Hex2Sia2 > 22.75 | 15.58 | 15.81 | 18.05 | 4.07 | 41.62 | 415 | 42.3 | 4181 | 043 | OO0
1477 | 738 | HexNAc2Hex2Sia2Fucl ‘/’{ 0 0 o| 000|000 048| o o 016 028|021
1696 | 848 | HexNAc3Hex3Sia2 S !/ 0| 8781134 | 671|595 0399|464 | 288|251 0061
1696 | 848 | HexNAC3Hex3Sia2 S k/ 0| 709 | 1078 | 596 | 5.48 0865|674 | 5134540314
. ¢ | OB 0.033
/| 1030 | HexNAcaHexasia2 »& 7| 938 | 1842 | 2207 | 1662 | 653 0851|534 462|430 ;
2x
0.016
/| 1213 | HexNAcSHexssia2 8- ‘/ 8.09 | 1496 | 15.15 | 1273 | 4.02 o| of o 000|000 :
y
Total: | 100 | 100 | 100 100 | 100 | 100

Structures are represented by the mass to charge ratio (m/z) in which they were identified and quantified, by monosaccharide
composition and proposed structure based on MS/MS analyzes. The relative quantities were determined by base-peak intensity
of extracted ion chromatograms. The average value (Avg) and standard deviation (SD) of triplicates are shown, as well as the p-
value (t-test; *p < 0.05; **p < 0.01). Increased or decreased relative abundance are shown in red or blue, respectively. Unknown
linkage is represented by “?”.

bicarbonate (TEAB) to remove any remaining soluble protein. Membrane fraction was resuspended
directly in 6 M urea and 2 M thiourea, reduced in 10 mM DTT for 30 min and then alkylated in 20 mM
IAA for 30 min at room temperature in the dark.

Samples were incubated with endoproteinase Lys-C (Wako, Osaka, Japan) for 2 h (1:100 w/w).
Following the incubation, the samples were diluted 8 times with 50 mM TEAB (pH 8) and trypsin was
added at a ratio of 1:50 (w/w) and left overnight at room temperature. Trypsin digestion was stopped by
the addition of 2% formic acid and then the samples were centrifuged at 14,000 x g for 10 min to
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precipitate any lipids present in the sample. The supernatant was purified using in-house packed staged
tips with a mixture of Poros R2 and Oligo R3 reversed phase resins (Applied Biosystem, Foster City, CA,
USA). Briefly, a small plug of C18 material (3 M Empore) was inserted in the end of a P200 tips, followed
by packing of the stage tip with the resins (resuspended in 100% ACN) by applying gentle air pressure.
The acidified samples were loaded onto the micro-column after equilibration of the column with 0.1%
trifluoroacetic acid (TFA), washed twice with 0.1% TFA and peptides were eluted with 60% ACN/0.1% TFA.
A small amount of purified peptides (1 pl) from each sample was subjected to Qubit assay to determine
the concentration, while the remaining samples were dried by vacuum centrifugation. Afterwards,
peptides were redissolved in dissolution buffer and a total of 150 pg for each condition was labeled with
4-plex iTRAQ™ (Applied Biosystems, Foster City, CA) as described by the manufacturer. After labeling,
the samples were mixed 1:1:1:1 and lyophilized by vacuum centrifugation.

7.2. Sialic acid containing glycopeptide enrichment by TiSH protocol

The method used for sialylated glycopeptides enrichment is a modification of the TiSH protocol [6]
described in [7,8]. Briefly, samples were resuspended in loading buffer (1 M glycolic acid, 80% ACN, 5%

Table 4
Identified O-glycan structures II.
[M-H]- z | Composition Type Assigned structures | Mock | ST3GAL4 | ST3GAL4/mock
]
675.30 | 1 | HexNAclHex1Sial core 1 /‘) 0.00 1.48 /
L
* 1.1
67531 | 1 | HexNAclHex1Sial core 1 ] 0.00 17 /
749.40 | 1 | HexNAc2Hex2 core 2 R/ 0.00 0.00 /
0.00 0.36 /

895.39 1 | HexNAc2Hex2Fucl corel/3 | /

) Y 0.00 0.09 /
966.40 1 | HexNAclHex1Sia2 core 1 e

. 18.81 17.40 0.93
1040.43 | 1 | HexNAc2Hex2Sial corel /

. o 233 1.44 0.62
1040.43 | 1 | HexNAc2Hex2Sial core 2 L 4 ) J

. 5 ] 6.65 7.91 1.19
1040.44 | 1 | HexNAc2Hex2Sial core 2 (

. 3.05 4.29 1.40
1186.49 | 1 | HexNAc2Hex2SialFucl | core2/4 | /

. 0.51 0.15 0.30
1186.52 | 1 | HexNAc2Hex2SialFucl | core2/4 | /

) 0.00 2.47 /
1227.53 | 1 | HexNAc3Hex1SialFucl | core2/4 | /

) ‘ 0.00 1.32 /
1331.49 | 1 | HexNAc2Hex2Sia2 core 2 *

. 0.99 0.20 0.20
1331.52 | 1 | HexNAc2Hex2Sia2 core 2 /
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Table 4 (continued )

) = 2.90 1.01 0.35
1331.57 | 1 | HexNAc2Hex2Sia2 core 2 - | )

X 26.90 45.91 1.71
1389.56 | 1 | HexNAc3Hex2SialFucl | core2/4 | /

. 0.00 0.00 /
1389.58 | 1 | HexNAc3Hex2SialFucl | core2/4 | /

] 0.00 0.10 /
1405.55 | 1 | HexNAc3Hex3Sial core2/4 | /

] 0.00 1.10 /
1405.55 | 1 | HexNAc3Hex3Sial core2/4 | /

] 0.00 0.00 /
1405.58 | 1 | HexNAc3Hex3Sial core2/4 /

] 1.84 0.31 0.17
1405.59 | 1 | HexNAc3Hex3Sial core2/4 | /

. 3.01 0.57 0.19
1477.56 | 1 | HexNAc2Hex2Sia2Fucl | core2/4 | /

X 1.28 0.00 0.00
1477.58 | 1 | HexNAc2Hex2Sia2Fucl | core2/4 | /

. 1.49 0.17 0.11
1477.60 | 1 | HexNAc2Hex2Sia2Fucl | core2/4 | /

. 0.00 2.17 /
1696.62 | 2 | HexNAc3Hex3Sia2 core2/4 | /

) [ om 1.81 0.00 0.00
1696.63 | 2 | HexNAc3Hex3Sia2 core 2 2x 9| J |

O

X 0.60 0.00 0.00
1696.66 | 2 | HexNAc3Hex3Sia2 core2/4 | /

. 1.46 0.00 0.00
2061.76 | 2 | HexNAc4Hex4Sia2 core2/4 | /

X 1.61 0.44 0.27
2061.79 | 2 | HexNAc4Hex4Sia2 core2/4 | /

X 10.19 4.86 0.48
2061.80 | 2 | HexNAc4Hex4Sia2 core2/4 |/

Total: 100 100

Structures are represented by their [M-H] value and charge state in which they were identified and quantified, by mono-
saccharide composition, type of core and proposed structure based on MS/MS analyzes. The relative quantities were deter-
mined by base-peak intensity of extracted ion chromatograms. The ratio of glycan abundance in ST3GAL4 transfected cells
relative to mock transfected is shown on the right column. Increases or decreases greater than 1.5 fold in glycan abundance are
highlighted red or blue, respectively.

TFA) and incubated with TiO, beads (GL Sciences, Japan, 10 pm; using a total of 0.6 mg TiO, beads per
100 pg of peptides). The supernatant containing the un-modified peptides was carefully separated.
The TiO, beads were sequentially washed with loading buffer, washing buffer 1 (80% ACN, 1% TFA)
and washing buffer 2 (20% ACN, 0.1% TFA), saving the washings with the previous supernatant. The
bound peptides were eluted with 1.5% ammonium hydroxide by shaking for 15 min. The eluted
fraction containing the phosphopeptides and sialylated glycopeptides was dried by vacuum cen-
trifugation and subjected to an enzymatic deglycosylation in 20 mM TEAB buffer using 500 U of
PNGase F (New England Biolabs, Ipswich, MA) and 0.1 U of Sialidase A (Prozyme, Hayward, CA)
overnight at 37 °C.
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Table 6
Proteins with decreased N-glycan sialylation.

Accession number  Protein name Sequence N-glycan site  ST3GallV/Mock  Limma & rank
(p-value)
014672 Disintegrin and metal- NdeISQVLEK N439 0.57 0.0149

loproteinase domain-
containing protein 10

P07602 Proactivator NdeSTKQEILAALEK  N426 0.57 0.0474
polypeptide

List of significantly decreased sialylated N-glycan modified peptides in the ST3GAL4 overexpressing cells compared to mock
control shown with accession number, protein name, peptide sequence and the identified N-glycan site, fold in increase and the
p-value.

To separate phosphorylated peptides and formerly glycosylated peptides, the samples were sub-
jected to a second TiO, enrichment procedure to separate phosphorylated from deglycosylated
peptides. The supernatant containing the deglycosylated peptides was saved and the beads were
washed with 50% ACN, 0.1% TFA. The washing was added to the supernatant. The deglycosylated
fraction was desalted on Oligo R3 staged tip column and dried prior to the HILIC fractionation [7]. All
fractions were dried by vacuum centrifugation prior nLC-MS/MS analysis.

7.3. Sialic acid containing glycopeptide analysis by nLC-MS/MS

Samples were resuspended in 6 pL of 0.1% TFA for analysis. Peptides were loaded on an in-house
packed Reprosil-Pur C18-AQ (2 cmx100 um, 5 um; Dr. Maisch GmbH, Germany) pre-column and
separated on an in-house packed Reprosil-Pur C18-AQ (17 cmx75 um, 3 pm; Dr. Maisch GmbH,
Germany) column using an Easy-nLC II system (Thermo Scientific, Bremen, Germany) and eluted at a
flow of 250 nL/min. Mobile phase was 95% acetonitrile (B) and water (A) both containing 0.1% formic
acid. Depending on the samples, gradient was from 1% to 30% solvent B in 80 or 110 min, 30-50% B in
10 min, 50-100% B in 5 min and 8 min at 100% B. Mass spectrometric analyses were performed in an
Orbitrap Fusion Tribrid system (Thermo Scientific, Bremen, Germany). MS scans (400-1200 m/z) were
acquired in the orbitrap at a resolution of 120000 at 200 m/z for a AGC target of 5 x 10° ions and a
maximum injection time of 60 ms. Data-dependent HCD MS/MS analysis at top speed of the most
intense ions were performed at a resolution of 30000 at 200 m/z for a AGC target of 5 x 10* and a
maximum injection time of 150 ms using the quadrupole to isolate the ions and an isolation window
of 1.2 m/z, a NCE of 38% and a dynamic exclusion of 20 s.

The raw data were processed and quantified by Proteome Discoverer (version 1.4.1.14, Thermo
Scientific) against SwissProt and Uniprot human reference databases by using Mascot (v2.3.02, Matrix
Science Ltd, London, UK) and Sequest HT, respectively. Database searches were performed using the
following parameters: precursor mass tolerance of 10 ppm, product ion mass tolerance of 0.02 Da,
1 missed cleavages for trypsin, carbamidomethylation of Cys and iTRAQ labeling on protein
N-terminal and Lys as fixed modifications, and phosphorylation on S/T/Y and deamidation of Asn as
dynamic modifications. The iTRAQ datasets were quantified using the centroid peak intensity with
the “reporter ions quantifier” node. Only peptides with up to a g-value of 0.01 (Percolator), Mascot
and Sequest HT rank 1, Sequest HT ACn of 0.1, cut-off value of Mascot score > 18 and a cut-off value
of XCorr score for charge states of +1, +2, +3, and +4 higher than 1.5, 2, 2.25 and 2.5, respectively,
were considered for further analysis.

7.4. Data normalization and significance analysis
Three biological replicates were analyzed and submitted to the statistical analysis. The log2 values
of the measured intensities were normalized by the median. Modified peptides were merged with the

R Rollup function (http://www.omics.pnl.gov) allowing for one-hit-wonders and using the mean of
the normalized intensities for each peptide. Quantification of proteins was obtained by merging the

66


http://www.omics.pnl.gov

Chapter Il

832 S. Mereiter et al. / Data in Brief 7 (2016) 814-833

un-modified peptides with the R Rollup function considering at least 2 unique peptides not allowing
for one-hit-wonders and using the mean of the intensities. Then the mean over the experimental
conditions for each peptide in each replicate was subtracted in order to merge data from different
iTRAQ runs. Formerly sialylated glycopeptides containing the consensus motif for N-linked glycosy-
lation (NXS/T/C; where X # P) were normalized based on the protein expression in each of the
replicates. Significant up/down-regulations between experimental conditions were calculated
allowing a false discovery rate of 0.05. Therefore, we applied combined limma and rank product tests
[9], subsequently corrected for multiple testing according to Storey.

Since spontaneous deamidation is frequently observed for asparagine residues, especially when
the C-terminal amino acid is glycine (NG), the sites with NGS/T/C are considered as only potential
glycosylation. However, in order to reduce the contribution from spontaneous deamidation in the
final list, we sort first for the N-linked consensus site (NXS/T/C) and then we filter for proteins that
are membrane-associated in order to exclude intracellular proteins that are not N-linked glycosy-
lated (Tables 5 and 6).
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Chapter I

ADDITIONAL RESULTS:
N- AND O-GLYCOMIC ANALYSIS OF MKN45 GASTRIC CARCINOMA
CELLS OVEREXPRESSING THE SIALYLTRANSFERASE ST6GALNACI

1. Material and methods

1.1 Cell culture

The gastric carcinoma cell line MKN45 was obtained from the Japanese Cancer
Research Bank (Tsukuba, Japan) and was stably transfected with the full length human
ST6GALNACT gene and the corresponding empty vector pcDNA3.1 (mock) as
previously shown [1]. The cells were grown in monolayer culture in uncoated cell
culture flasks. Cells were maintained at 37°C in an atmosphere of 5% CO2, in RPMI
1640 GlutaMAX, HEPES medium supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin and in the presence of 0.5 mg/mL G418 (all from Invitrogen,

Waltham, MA). Cell culture medium was replaced every two days.

1.2 Sample preparation and analysis

Samples were prepared and analyzed as described previously in this chapter. Briefly,
frozen cell pellets (107 cells) of ST6GALNACT transfected cells or mock were directly
resuspended in 7 M urea, 2 M thiourea, 40 mM Tris, 2% CHAPS, 10 mM DTT and 1%
protease inhibitor (Sigma-Aldrich, St. Louis, MO). The cell membranes were disrupted
by sonication and the viscosity of the lysates was reduced by benzonase® nuclease
(250 units, Sigma-Aldrich). lodoacetamide was added and supernatants collected. V-
linked oligosaccharides of the supernatant glycoproteins were released on 10 kDa
cut-off spinfilter (PALL, Port Washington, NY) by PNGase F (Prozyme, Hayward, CA).
The released NV-glycans were collected, dried in Speedvac and overnight reduced with
0.5 M NaBH4, 10 mM NaOH. O-linked oligosaccharides were released from retained
glycoproteins in spinfilter by reductive B-elimination (0.5 M NaBH4, 50 mM NaOH).

Reactions were quenched with 1 pl of glacial acetic acid and N- and O-glycans were
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desalted and dried. Released glycans were analyzed by LC-ESI-MS/MS using a column
containing 5 pm porous graphitized carbon (PGC) particles (Thermo Scientific,
Waltham, MA). Glycans were eluted using an acetonitrile gradient in 10 mM NH4HCO:s.
The eluted M- and O-glycans were detected using a LTQ ion trap mass spectrometer
(Thermo Scientific) in negative-ion mode of electrospray ionization. The data were
processed using the Xcalibur software (version 2.0.7, Thermo Scientific) and manually
interpreted from their MS/MS spectra. Structural information on sialic acid linkage
were inferred from the in depth structural elucidation on MKN45 cells (chapter 2.1).
The identified glycan structures were quantified by the area under the peak at the

extracted ion chromatogram.

2. Results

We identified 18 N-glycan structures in both ST6GALNACT transfected cells and mock
control, covering pauci-mannose, oligo-mannosidic, hybrid and complex N-glycans
(table 1). The same A-glycan structures were identified in both cell lines, and only
limited quantitative differences were detected, indicating no effect of ST6GALNACI

overexpression on the N-glycome.

The O-glycomic analysis revealed 19 O-glycan structures, including STn, core 1, core
2 and core 3 structures (table 2). Most structures identified had terminal sialic acids
with core 2 structures being the most elongated. ST6GALNACT overexpressing cells
showed in accordance with previous results a significant increase in STn. In addition,
as a result of ST6GALNAC1 overexpression the «2,6-ST structure seemed to be
slightly increased. Surprisingly, we also found a significant increase in unsialylated

and monosialylated core 2 structures.
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Table 2: Identified O-linked glycans of STEGALNACT and mock transfected cells. For each structure theoretical and detected mass of singly charged
(sc) and doubly charged (dc) ion, retention time (rt) of elution, area under the peak (intensity) and relative abundance (%) are displayed.

Theoretical mass Composition Proposed structure Detected mass Mock ST6GALNAC1
sc dc sc dc rt (min) Intensity % rt (min) Intensity % Ratio
384,15 / HexNAc1Hex1 o 384,09 / 5,64-6,41 33872,4 1,3% 5,02-5,55 57664 2,3% 1,74
513,19 / HexNAc1Sial %, 513,09 / 11,95-12,18 5238,8 0,2% 14,27-14,82 61897,6 2,5% 12,09
587,23 / HexNAc2Hex1 - 587,11 / 0,0% 18,64-19,11 19113,5 0,8%
675,25 / HexNAclHex1Sial ouL 675,11 / 13,59-14,07 80399,9 3,2% 16,06-16,61 168817,6 6,8% 2,15
675,25 / HexNAc1Hex1Sial O\H 675,12 / 16,25-16,79 288041,6 11,3% 18,72-19,27 285753,6 11,5% 1,01
733,29 / HexNAc2Hex1Fucl el I 733,07 / 16,95-17,11 7194 0,3% 20,12-20,27 10173,6 0,4% 1,45
749,28 / HexNAc2Hex2 . ) 749,09 / 15,63-15,79 6359,4 0,2% 18,80-19,11 63956 2,6% 10,29
749,28 / HexNAc2Hex2 \-\D ) 749,09 / 16,48-16,64 5402,7 0,2% 19,65-19,81 15597,3 0,6% 2,95
749,28 / HexNAc2Hex2 i\,h. 749,09 / 16,95-17,11 15933,3 0,6% 20,12-20,35 23124,4 0,9% 1,48
878,36 / HexNAc2Hex1Sial o\.\_l\ 878,11 / 24,81-25,38 27052,8 1,1% 26,47-26,80 49573 2,0% 1,87
895,34 / HexNAc2Hex2Fucl ur 895,08 / 13,28-13,59 3933 0,2% 16,53-16,85 14475 0,6% 3,77
966,34 / HexNAclHex1Sia2 oﬂ 966 / 20,08-21,28 375865,6 14,8% 21,28-22,23 191331,4 7,7% 0,52
&
1040,38 / HexNAc2Hex2Sial o\_.:J | 1040,08 / 21,51-22,00 60053,7 2,4% 23,51-23,99 168144,9 6,8% 2,86
1040,38 / HexNAc2Hex2Sial o\?!kﬁr 1040,05 / 22,48-23,22 132493 5,2% 24,32-24,72 56116,8 2,3% 0,43
1040,38 / HexNAc2Hex2Sial «,..;J | 1040 / 24,56-24,65 34399,6 1,4% 25,99-26,39 156181,8 6,3% 4,64
1114,42 / HexNAc3Hex3 -m _ -V 1114,09 / 20,24-20,55 5890,5 0,2% 22,96-23,28 30929 1,2% 5,37
1331,47 665,23 HexNAc2Hex2Sia2 e ﬁ_ / 665,13 28,57-29,28 154088 6,1% 29,77-30,50 160701 6,5% 1,07
¥
2061,74 1030,37 HexNAc4Hex4Sia2 AL / 1030,13 33,41-36,42 700233,6 27,5% 33,56-35,22 471209,2 18,9% 0,69
i
2426,87 1212,93 HexNAc5Hex5Sia2 " / 1212,45 34,79-37,72 610155,9 24,0% 34,44-38,07 484536 19,5% 0,81
Total: 2546608 100% 2489296 100%
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3. Discussion

The sialyltransferase ST6GALNACT catalyzes the addition of x2,6 linked sialic acid to
the Tn antigen, leading to the formation of sialyl Tn (STn). We demonstrate here, in
accordance to previous results, that the overexpression of ST6GALNACT leads to
increased levels of STn. We also found an increase in ST with «2,6-linked sialic acid
in cells with ST6GALNACT overexpression. This is according to expectation as
ST6GALNACT has slightly overlapping substrate specificities with ST6GALNAC2, the
major enzyme responsible for the formation of x2,6-ST [1, 2]. Reciprocally, we found
disialyl-T slightly decreased as «2,6-ST precludes the addition of «2,3-linked sialic
acid [2].

Furthermore, unsialylated and monosialylated core 2 structures were increased and
disialylated core 2 structures decreased. Direct interaction of ST6GALNACT1 and core-
2 synthases have never been reported to our knowledge. We hypothesize that the
increased formation of STn reduced the amount and availability of the sialyl-CMP
donor in the Golgi apparatus. The reduction of available sialyl-CMP could explain the
decline of other completely sialylated structures and the increase of unsialylated and
incomplete sialylated structures. Minor alterations in amounts of sialylated A-glycans

were detected, with most of them being slightly reduced.

Increase of ST6GALNACT expression increased the formation of STn and changed
indirectly the abundance of several other O-glycan structures likewise. This
underlines that numerous glycan structures are affected when single enzymes of the
glycosylation machinery are changed. It also highlights the imperative of glycomic
evaluation when biological conclusions are to be drawn from glycoengineered cell

lines.
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Even more than four decades after declaring “war” on cancer at least
7 million patients die annually from the consequences of this disease,
which represents 15% of all deaths worldwide [1,2]. Gastric cancer is glob-
ally the fifth most common cancer with near 1 million cases diagnosed in
2012 [3] and represents the third most common cause of cancer-related
death. Due to its usually late diagnosis in already advanced stages it re-
mains difficult to treat even in developed countries. Nowadays, there is
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no specific serological assay for the screening and diagnosis of gastric can-
cer, and endoscopy remains the gold standard in the clinical practice.
However, the SLe? glycan antigen CA19-9 is currently used for monitoring
gastric cancer patients' response to treatment and recurrence [4,5].

One of the most abundant forms of posttranslational modifications
(PTM) of proteins is glycosylation, which is a complex process coordinat-
ed by the interplay of numerous glycosyltransferases and glycosidases,
resulting in a vast diversity of structures. In cancer the disruption of the
glycosylation machinery leads to aberrant expression of short truncated
carbohydrate chains, known as cancer-associated simple carbohydrate
antigens, and to altered expression of terminal sialylated chains [6,7].
These cancer-associated antigens are detected in different types of carci-
nomas and are associated with disease prognosis, constituting a pool of
potential cancer biomarkers, especially when combined with information
on the carrying proteins.

It has been long recognized that each cancer patient is different
regarding prognosis, clinical presentation, tumor response and toler-
ance to treatment. With the constant improvement in sequencing and
other large-scale analytical technologies, molecular tumor profiling
has become unprecedentedly feasible [8]. This enables the identifica-
tion of the unique combination of alterations, especially that of well-
established cancer-related genes, for each patient and personalize their
treatment. This customized attempt of tackling cancer has been on the
focus of researchers for a long time, but for many cancer-associated
alterations the understanding of the biological consequences and
therapy-response implications lags behind [9].

One typical target of the personalized therapy strategies is the inhibi-
tion of activated signaling pathways, either by interfering directly with
the receptor activation or interrupting the downstream signaling cascade
by blocking specific GTPases [10]. Receptors such as EGFR, c-MET and
RON (Recepteur d'Origine Nantais) can be targeted by small molecules
or monoclonal antibodies that act as inhibitors by blocking ligand binding
and signaling or by antibodies that tag tumor cells for immune response
[10,11]. For instance, the RON receptor tyrosine kinase (also known as
macrophage-stimulating protein receptor (MSPR) or MST1R) is constitu-
tively transcribed in many epithelial cells but commonly shows aberrant
activation in various tumors due to overexpression and generation of
oncogenic variants. Currently several therapeutic agents and monoclonal
antibodies targeting RON are tested in clinical and preclinical phases [12].

Therefore, two main goals in gastric cancer research are the discovery
of new biomarkers for early diagnosis [5] and the elucidation of altered
mechanisms that can be targeted for the development of novel directed
and personalized treatments.

In the present work, we have performed a comprehensive analysis
of cellular clones derived from MKN45 gastric carcinoma cells over-
expressing the human «2,3-sialyltransferase ST3GAL4. The N- and
0-glycomic, sialoproteomic and gene expression analysis were per-
formed using a combination of high-throughput methods which revealed
several cancer-associated glycomic alterations and generated a list of 47
putative glycoprotein targets with altered glycosylation in gastric cancer
cells. Further characterization of one of the targets, the RON receptor
tyrosine kinase, confirmed the altered glycosylation and revealed an
increased activation of this oncogene in the gastric cancer cells. Finally,
we demonstrate that this altered glycosylation of RON receptor tyrosine
kinase occurs in human gastric tumors, showing that glycosylation alter-
ations are an alternative pathway for cancer cells to activate receptors
that lead to malignant growth, and which can be targets for personalized
therapy in gastric cancer patients.

2. Material and Methods
2.1. Cell culture
The gastric carcinoma cell line MKN45 was obtained from

the Japanese Cancer Research Bank (Tsukuba, Japan) and was stably
transfected with the full length human ST3GAL4 gene and the

corresponding empty vector pcDNA3.1 (Mock) as previously shown
[13]. The cells were grown in monolayer culture in uncoated cell culture
flasks or cell culture flasks coated with fibronectin or collagen IV (BD
BioCoat, BD Biosciences, Franklin Lakes, NJ). Cells were maintained at
37 °Cin an atmosphere of 5% CO,, in RPMI 1640 GlutaMAX, HEPES medi-
um supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin and in the presence of 0.5 mg/mL G418 (all from Invitrogen,
Waltham, MA). Cell culture medium was replaced every two days.

2.2. Quantitative real-time PCR (RT-PCR)

Total RNA extracts from mock and ST3GAL4 transfected cell lysates
were isolated with TRI Reagent (Sigma-Aldrich, St. Louis, MO) and
converted into cDNA using the SuperScript® Il Reverse Transcriptase
(Invitrogen) according to the manufacturer's protocol. The following
primers for ST3GAL4 were used applying the protocol previously de-
scribed [13]: for5’-cctggtagctttcaaggeaatg-3’; revs/-cctttcgcacccgettet-
3'. Expression level of 18S rRNA was used for mRNA expression normal-
ization (for5’-cgccgctagaggtgaaattc-3'; rev5/-cattcttggeaaatgetttcg-3').

2.3. RNA next generation sequencing

Total RNA was extracted as previously described in Section 2.2. The
mRNAs of over 20,000 primed targets were sequenced by using lon
AmpliSeq Transcriptome Human Gene Expression Kit. The lon Chef
system was used for templating and the loaded chips sequenced using
the Ion Proton System (both from Life Technologies). Sequencing data
was automatically transfered to the dedicated Ion Torrent server to
generate sequencing reads. Reads quality and trimming was performed
using Torrent Server v4.2 before read alignment using TMAP 4.2. The TS
plugin CoverageAnalysis v4.2 was used to generate reads count. The
sequencing was performed in duplicates and sequence reads were
normalized to the total read count.

2.4. Immunofluorescence (IF)

Cells were grown in 15 p-Chamber 12 well glass slides (IBIDI,
Martinsried, Germany) and either fixed with 4% paraformaldehyde
(PFA) or cold acetone for 15 and 5 min, respectively. The IF protocol
performed was as previously described [13] using the antibodies and
dilutions noted in Table 1. Samples were examined under a Zeiss
Imager.Z1 Axio fluorescence microscope (Zeiss, Welwyn Garden
City, UK). Images were acquired using a Zeiss Axio cam MRm and
the AxioVision Release 4.8.1 software.

2.5. Protein and phosphoprotein arrays

Confluent cells were lysed in lysis buffer 17 or 6 (R&D Systems,
McKinley Place, MN) supplemented with 1 mM sodium orthovanadate,
1 mM phenylmethanesulfonylfluoride (PMSF) and protease inhibitor
cocktail (Roche, Basel, Switzerland). The protein concentrations of
lysates were determined by the DC protein assay (BioRad, Hercules,
CA) and the recommended total protein amounts were used for the
human non-haematopoietic soluble receptor array, human phospho-
RTK array kit and human phospho-kinase array (R&D Systems). The
array protocols were performed according to manufacturer's instructions.

2.6. Western (WB) and Lectin blotting (LB)

Proteins were obtained from total cell lysates as previously
described in Section 2.5. Total lysates were denatured and charged
using Laemmli buffer, separated by SDS-PAGE and blotted onto a
nitrocellulose membrane (GE Healthcare, Chalfont, UK) in a semi-dry
system (BioRad). Membranes were incubated with primary antibodies
overnight at 4 °C or with biotinylated lectins for 2 h at room tempera-
ture (Table 1). Secondary antibodies or avidin (ABC Standard Kit, Vector
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Laboratories, Burlingame, CA) conjugated with peroxidase were incu-
bated for 1 h at room temperature. Target proteins were revealed by
chemiluminescence using the ECL Western blotting detection reagent
and films (both from GE Healthcare).

2.7. In situ proximity ligation assay (PLA)

In situ Proximity Ligation Assay (PLA) was performed in acetone
fixed cells as described in 2.4 or in paraffin sections from human gastric
carcinoma tissues for the detection of co-expression in proximity of
SLe* and RON. PLA was performed adapting the procedure previously
described [14]. Duolink II reagents (Olink Bioscience, Uppsala, Sweden)
were used according to the manufacture instructions. Paraffin sections
were dewaxed, rehydrated, antigen retrieval using sodium citrate buffer
(10 mM, pH 6.0) was performed before sections were incubated with
blocking solution (Olink Bioscience) for 30 min at 37 °C. Primary
antibodies against SLe* and RON were used in equal concentrations
as for IF (Table 1) and incubated overnight at 4 °C. Antibodies conjugated
with oligonucleotides were utilized as secondary probes (DU092001
and DU092005 from Olink Bioscience). Ligation and amplification
were performed at 37 °C for 30 min or 120 min respectively and cell
nuclei were visualized by DAPI (Sigma-Aldrich, 0.4 mg/ml). Samples
were examined under a Zeiss Imager.Z1 Axio fluorescence microscope
(Zeiss, Welwyn Garden City, UK) equipped with DAPI, FITC and Texas
Red filters. Proximity ligation assays products are seen as bright red
fluorescent dots. Images were acquired using a Zeiss Axio cam MRm
and the AxioVision Rel. 4.8 software. The resulting images were modified
using Image] as follows: background with radius 5 was subtracted from
the red channel of the RGB images and a multiply filter of 10 was applied.
The result was intensity-scaled to suit printing demands.

2.8. Immunohistochemistry (IHC)

Tissue samples from gastric carcinoma patients were obtained
from the archives of the Portuguese Institute of Oncology (IPO),
Porto, Portugal. All procedures were performed after patient's written
informed consent and approved by the local Ethical committee. All
clinicopathological information was obtained from patients' clinical
records. Expression of SLe* and RON were evaluated in 15 cases of
human gastric carcinomas (10 cases of intestinal subtype and 5 cases
of diffuse subtype according to Lauren's classification [15]). Paraffin
sections were dewaxed, rehydrated and antigen retrieval was carried
out by microwave treatment in sodium citrate buffer (10 mM, pH 6.0)
for 20 min. Endogenous peroxidases were blocked with 3% hydrogen
peroxide (H,0,) in methanol. Tissue sections were further blocked
for 30 min with normal goat serum in PBS with 10% BSA, followed
by incubation with primary antibodies against SLe® and RON
(Table 1) overnight at 4 °C. Biotin-labeled secondary antibodies
(Dako, Glostrup, Denmark) were applied for 30 min and the ABC kit
(Vector Labs, Burlingame, CA) for 30 min. Finally, sections were stained
by 3,3’-diaminobenzidine tetrahydrochloride (DAB) and counter-
stained with Mayers' hematoxylin solution. Slides were examined
using a Zeiss Optical Microscope.

2.9. Sample preparation for LC-ESI-MS/MS and HILIC-FLD-UPLC analyses

Frozen cell pellets (107 cells) were directly resuspended in 7 M urea, 2
M thiourea, 40 mM Tris, 2% CHAPS, 10 mM DTT and 1% protease inhibitor
(Sigma-Aldrich, St. Louis, MO). The cell membranes were disrupted by 10
times 10 sec sonication with 16 amplitudes and 1 minute on ice in be-
tween, and subsequent shaking at 4 °C overnight. To reduce the viscosity
of the lysates, the DNA was degraded by adding 1 1l benzonase® nuclease
(250 units, Sigma-Aldrich) and 30 min incubation at 37 °C. In order to im-
pair refolding of proteins, 25 mM iodoacetamide were added for alkyl-
ation during 1 h in the dark. The lysates were centrifuged for 30 min
with 14,000 rpm and the supernatants transferred to a fresh tube.

Then, solubilized proteins were concentrated by adding 150 pl of
supernatant on a 10 kDa cut-off spinfilter (PALL, Port Washington,
NY), spinning down for 5 min with 12,000 x g and washing 3 times
with 100 pl 50 mM NH4HCOs, pH 8.4. N-linked oligosaccharides were
released in the spinfilter using 20 pl 50 mM NH4HCO3; and PNGase F
(5 mU, Prozyme, Hayward, CA) with incubation at 37 °C overnight.
Subsequently, the N-glycans were collected by washing 3 times with
20wl H,0 and dried in Speedvac. For UPLC analysis samples were further
processed as described below and for LC-ESI-MS/MS analysis samples
were reduced with 0.5 M NaBH,4, 10 mM NaOH at 50 °C overnight. The
O-linked glycans were released from retained glycoproteins in spinfilter
using reductive R-elimination (0.5 M NaBH4, 50 mM NaOH at 50 °C,
16 h). Reactions were quenched with 1 pl of glacial acetic acid and
glycan (both N-glycans and O-glycans) samples were desalted and
dried as previously described [16] and subjected to LC-ESI-MS/MS
analysis.

2.10. LC-ESI-MS/MSS for N- and O-glycomic analysis

Released glycans were analyzed by LC-ESI-MS/MS using a 10 cm x
250 pm L.D. column, prepared in-house, containing 5 pm porous graph-
itized carbon (PGC) particles (Thermo Scientific, Waltham, MA).
Glycans were eluted using a linear gradient from 0 to 40% acetonitrile
in 10 mM NH4HCO3 over 40 min at a flow rate of 10 pl/min. The eluted
N- and O-glycans were detected using a LTQ ion trap mass spectrometer
(Thermo Scientific) in negative-ion mode with an electrospray voltage
of 3.5 kV, capillary voltage of —33.0 V and capillary temperature of
300 °C. Air was used as a sheath gas and mass ranges were defined
dependent on the specific structure to be analyzed. The data were
processed using the Xcalibur software (version 2.0.7, Thermo Scientific)
and manually interpreted from their MS/MS spectra.

2.11. Ultra performance liquid chromatography (UPLC)

Released N-glycans were labeled by reductive amination with the
fluorophore 2-aminobenzamide (2-AB) (Sigma-Aldrich, St.Louis, MO)
with sodium cyanoborohydride in 30% v/v acetic acid in DMSO at
65 °C for 2 h. Excess of 2-AB reagent was removed on Glycoworks
HILIC cartridges according to the manufacturer's instructions (Waters,
Milford, MA) and then concentrated to dryness in speed-vac.

Hydrophilic interaction liquid chromatography (HILIC) of fluo-
rescently labeled N-glycans was carried out on a 1.7 um BEH glycan
column (2.1 mm x 15 mm, Waters, Milford, MA) and analyzed using

Table 1

Antibodies and lectins.
Antibody/lectin Manufacturer Type Dil. for WB Dil. for IHC/IF Ref.
KM93; Anti-SLe* Millipore, Billerica, MA Mouse IgM 1:500 1:60 [22]
C-20, Anti-RON Santa Cruz Biotechnology, Dallas, TX Rabbit IgG 1:1000 1:60
Anti-p-RON Santa Cruz Biotechnology Rabbit IgG 1:1000 1:60
SNA, biotinylated Vector Laboratories, Burlingame, CA Lectin 1:600 [80]
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Waters ACQUITY UPLC® I-class with fluorescence detection. The column
temperature was kept at 40 °C and the flow rate set to 0.561 mL/min
using a linear gradient of 50 mM ammonium formate (pH 4.4) against
acetonitrile with ammonium formate increasing from 30% to 47% over a
25 min period. An injection volume of 25 pL sample prepared in 70% v/v
acetonitrile was used throughout. Fluorescence detection was achieved
using excitation and emission wavelengths of 330 nm and 420 nm,
respectively.

The 2-AB labeled glycans were digested in 10 puL of 50 mM sodium
phosphate, pH 6.0 at 37 °C overnight using sialidase S (4 mU,
ProZyme) that releases a2-3 linked non-reducing terminal sialic
acids (recombinant sialidase from Streptococcus pneumoniae,
expressed in Escherichia coli) and sialidase A (5 mU, ProZyme) that
releases a2-3/6/8 linked non-reducing terminal sialic acid (recombi-
nant gene from Arthrobacter ureafaciens, expressed in Escherichia
coli) to confirm sialic acid linkage. After incubation, enzymes
were removed by filtration through a 10 kDa cut-off spinfilter
(PALL, Port Washington, NY) and the N-glycans were analysed by
HILIC-FLD-UPLC. The system was calibrated by running an external
standard of 2AB-dextran ladder (2AB-glucose homopolymer,
Ludger, Oxfordshire, UK) alongside the sample runs. A fifth-order
polynomial distribution curve was fitted to the dextran ladder and
used to allocate GU values from retention times (using Empower 3
software from Waters) [17].

2.12. Cell lysis, protein digestion and iTRAQ labeling

Cell pellets were redissolved in ice-cold Na,CO3 buffer (0.1 M, pH
11) supplemented with protease inhibitor (Roche complete EDTA
free), PhosSTOP phosphatase inhibitor cocktail (Roche) and 10 mM
sodium pervanadate on ice. The suspensions were tip probe sonicated
for 20 s (amplitude = 50%) twice and incubated at 4 °C for 1 h. The
lysates were then centrifuged at 100,000 x g for 90 min at 4 °C to
separate soluble proteins from membrane proteins (pellet). The pellets
were washed with 50 mM triethylammonium bicarbonate (TEAB) to
remove any remaining soluble protein. The supernatants containing
soluble proteins were concentrated using 10 kDa cutoff Amicon ultra
centrifugal filters units (Millipore, Billerica, MA. USA) while membrane
fractions were resuspended directly in 6 M urea and 2 M thiourea.

Soluble and membrane fractions were both reduced in 10 mM DTT for
30 min and then alkylated in 20 mM IAA for 30 min at room tempera-
ture in the dark.

Samples were incubated with endoproteinase Lys-C (Wako, Osaka,
Japan) for 2 h (1:100 w/w). Following the incubation, the samples
were diluted 8 times with 50 mM TEAB (pH 8) and trypsin was added
ataratio of 1:50 (w/w) and left overnight at room temperature. Trypsin
digestion was stopped by the addition of 2% formic acid and then the
samples were centrifuged at 14,000 x g for 10 min to precipitate any
lipids present in the sample. The supernatant was purified using
in-house packed staged tips with a mixture of Poros R2 and Oligo R3
reversed phase resins (Applied Biosystem, Foster City, CA, USA). Briefly,
a small plug of C18 material (3 M Empore) was inserted in the end of a
P200 tip, followed by packing of the stage tip with the resins
(resuspended in 100% ACN) by applying gentle air pressure. The
acidified samples were loaded onto the micro-column after equili-
bration of the column with 0.1% trifluoroacetic acid (TFA), washed
twice with 0.1% TFA and peptides were eluted with 60% ACN/0.1%
TFA. A small amount of purified peptides (1 pl) from each sample
was subjected to Qubit assay to determine the concentration,
while the remaining samples were dried by vacuum centrifugation.
Afterwards, peptides were redissolved in dissolution buffer and a
total of 150 pg for each condition was labeled with 4-plex iTRAQ™
(Applied Biosystems, Foster City, CA) as described by the manufacturer.
After labeling, the samples were mixed 1:1:1:1 and lyophilized by
vacuum centrifugation.

2.13. Sialic acid containing glycopeptide enrichment by TiSH protocol

The method used for sialylated glycopeptides enrichment is a mod-
ification of the TiSH protocol [18] described in [19]. Briefly, samples
were resuspended in loading buffer (1 M glycolic acid, 80% ACN, 5%
TFA) and incubated with TiO, beads (GL Sciences, Japan, 10 um; using
a total of 0.6 mg TiO, beads per 100 pg of peptides). The supernatant
containing the unmodified peptides was carefully separated.
The TiO, beads were sequentially washed with loading buffer, wash-
ing buffer 1 (80% ACN, 1% TFA) and washing buffer 2 (20% ACN, 0.1%
TFA), saving the washings with the previous supernatant. The bound
peptides were eluted with 1.5% ammonium hydroxide by shaking for
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15 min. The eluted fraction containing the phosphopeptides and
sialylated glycopeptides was dried by vacuum centrifugation
and subjected to an enzymatic deglycosylation in 20 mM TEAB
buffer using 500 U of PNGase F (New England Biolabs, Ipswich,
MA) and 0.1 U of Sialidase A (Prozyme, Hayward, CA) overnight
at 37 °C.

To separate phosphorylated peptides and formerly glycosylated
peptides, the samples were subjected to a second TiO, enrichment
procedure to separate phosphorylated from deglycosylated peptides.
The supernatant containing the deglycosylated peptides was saved
and the beads were washed with 50% ACN, 0.1% TFA. The washing was
added to the supernatant. The deglycosylated fraction was desalted on
Oligo R3 staged tip column and dried prior to the HILIC fractionation
[19]. All fractions were dried by vacuum centrifugation prior nLC-MS/
MS analysis.

2.14. Sialic acid containing glycopeptide analysis by nLC-MS/MS

Samples were resuspended in 6 pL of 0.1% TFA for analysis. Peptides
were loaded on an in-house packed Reprosil-Pur C18-AQ (2 cm x
100 pm, 5 pm; Dr. Maisch GmbH, Germany) pre-column and separated
on an in-house packed Reprosil-Pur C18-AQ (17 cm X 75 pum, 3 pm; Dr.
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Maisch GmbH, Germany) column using an Easy-nLC II system (Thermo
Scientific, Bremen, Germany) and eluted at a flow of 250 nL/min. Mobile
phase was 95% acetonitrile (B) and water (A) both containing 0.1%
formic acid. Depending on the samples, gradient was from 1% to 30%
solvent B in 80 or 110 min, 30 - 50% B in 10 min, 50 - 100% B in 5 min
and 8 min at 100% B. Mass spectrometric analyses were performed in
an Orbitrap Fusion Tribrid system (Thermo Scientific, Bremen,
Germany). MS scans (400 - 1200 m/z) were acquired in the orbitrap at
a resolution of 120000 at 200 m/z for a AGC target of 5 x 10° ions and
a maximum injection time of 60 ms. Data-dependent HCD MS/MS
analysis at top speed of the most intense ions were performed at a
resolution of 30,000 at 200 m/z for a AGC target of 5 x 10* and a
maximum injection time of 150 ms using the quadrupole to isolate
the ions and an isolation window of 1.2 m/z, a NCE of 38% and a dynamic
exclusion of 20 s.

The raw data were processed and quantified by Proteome Dis-
coverer (version 1.4.1.14, Thermo Scientific) against SwissProt and
Uniprot human reference database by using Mascot (v2.3.02, Matrix
Science Ltd, London, UK) and Sequest HT, respectively. Database
searches were performed using the following parameters: precursor
mass tolerance of 10 ppm, product ion mass tolerance of 0.02 Da, 1
missed cleavages for trypsin, carbamidomethylation of Cys and iTRAQ
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labelling on protein N-terminal and Lys as fixed modifications, and
phosphorylation on S/T/Y and deamidation of Asn as dynamic modifica-
tions. The iTRAQ datasets were quantified using the centroid peak
intensity with the “reporter ions quantifier” node. Only peptides with
up to a g-value of 0.01 (Percolator), Mascot and Sequest HT rank 1,
Sequest HT ACn of 0.1, cut off value of Mascot score > 18 and a cut-off
value of XCorr score for charge states of + 1, +2, 43, and +4 higher
than 1.5, 2, 2.25 and 2.5, respectively, were considered for further analysis.

2.15. Data normalization and significance analysis

Three biological replicates were analysed and submitted to the
statistical analysis. The log2 values of the measured intensities were
normalized by the median. Modified peptides were merged with the R
Rollup function (http://www.omics.pnl.gov) allowing for one-hit-
wonders and using the mean of the normalized intensities for each
peptide. Quantification of proteins was obtained by merging the un-
modified peptides with the R Rollup function considering at least 2
unique peptides not allowing for one-hit-wonders and using the mean
of the intensities. Then the mean over the experimental conditions for
each peptide in each replicate was subtracted in order to merge data
from different iTRAQ runs. Formerly sialylated glycopeptides containing
the consensus motif for N-linked glycosylation (NXS/T/C; where X #
P) were normalized based on the protein expression in each of the
replicates. Significant up/down-regulations between experimental con-
ditions were calculated allowing a false discovery rate of 0.05. Therefore,
we applied combined limma and rank product tests [20], subsequently
corrected for multiple testing according to Storey.

Since spontaneous deamidation is frequently observed for aspar-
agine residues, especially when the C-terminal amino acid is glycine
(NG), the sites with NGS/T/C are considered as only potential
glycosylation. However, in order to reduce the contribution from
spontaneous deamidation in the final list, we sort first for the N-linked
consensus site (NXS/T/C) and then we filter for proteins that are
membrane-associated in order to exclude intracellular proteins that are
not N-linked glycosylated.

3. Results
3.1. Overexpression of ST3GAL4 leads to increased expression of SLeX

The gastric cancer cell line MKN45 shows low expression levels of
the sialyltransferase ST3GAL4 and of the terminal glycan epitope sialyl
Lewis X (SLeX) [13]. We have generated clones of MKN45 cells that
were stably transfected with the full length ST3GAL4 resulting in
approximately 150 times upregulation of this gene expression (Fig. 1a).
ST3GAL4 has been described to be upregulated in the context of gastric
cancer and catalyzes the sialylation of Gal31-3GalNAc on O-glycans
and of type 2 (Galp1-4GIcNAc3-) extensions on both N- and O-glycans,
an intermediate epitope in the biosynthesis of SLe* [21-23]. As a
consequence of the increased expression of ST3GAL4, the terminal
glycan epitope SLe* is overexpressed (Fig. 1). Previous studies on
this cell line have demonstrated increased invasive potential both
in vitro and in vivo compared to the mock transfected control cell
line [24].

3.2. The N-glycome of ST3GAL4 overexpressing cells is specifically altered in
a2-6/3 linked sialic acid content, bisecting and branched structures

To assess the full extent of glycomic alterations in our cell line model
we performed a whole N-glycomic analysis based on LC-ESI-MS/MS
(Table 1 in [25]), to gain semi-quantitative and detailed structural
information, and HILIC-FLD-UPLC for quantitative comparisons. The
HILIC-FLD-UPLC spectra shows no alteration in the major peaks, which
are of high-mannose nature and expectedly unaffected by alterations
in sialyltransferase levels. This was confirmed by LC-ESI-MS/MS analysis
(Fig. 2a and b). Moreover, the total amount of sialylated structures was
not significantly altered (Fig. 2c). It should be noted that the structural
analysis revealed also several truncated glycans (Table 1 in [25]) previ-
ously described in the MKN4S5 cell line as free N-glycans [26]. Alterations
in free N-glycans are in conformity with their non-truncated equiva-
lents and are thus not further described in this study.

Despite the overall similarity of the N-glycome of cancer cells
expressing ST3GAL4 and the control cell line, detailed analysis revealed
several specific alterations in the cancer cells expressing ST3GAL4. Our
results showed that the sialic acids linked a2-6 were reduced and the
«a2-3 linked reciprocally increased, indicating a shift of linkage in the
ST3GAL4 transfected cells (Fig. 3). Nevertheless, a2-6 linked sialic acid
structures remain a large component of the ST3GAL4 cells' glycome.
Since expression levels of sialyltransferases of the ST6 family are unal-
tered as shown by RNASeq (Supplementary table 1) we hypothesize
that the observed isomeric change may be due to competition for the
acceptor substrate.

Additionally, bisecting N-glycan structures were significantly
decreased (Fig. 4). The presence of bisecting N-acetylglucosamine
excludes the possibility of adding a 31-6 branched arm to the complex
N-glycan and therefore often inversely correlates with the amount of
large branched structures [27,28]. In our cancer cell line model, the
amount of large and presumably branched complex N-glycans is
increased (Fig. 4).

3.3. O-glycomic analysis reveals an increase in truncated O-glycans

Mucin type O-glycosylation is commonly altered in cancer with
truncation as the most common aberration [29]. MKN45, as a gastric ep-
ithelial derived cancer cell line, produces mainly core 2 O-glycans [30].
Our analyses showed high amounts of sialylated O-glycans in the
MKN45 cell line with the majority of structures being decorated with
at least one sialic acid (Table 3 in [25]). However, the overexpression
of ST3GALA4 leads to an earlier termination by sialylation and thus, to
the formation of truncated O-glycans (Fig. 5). This is mainly due to the
increase in doubly sialylated core 2 structure which accounts for more
than 40% of the total O-glycan amount in our transfected cells. On the
other hand, O-glycans composed of more than 2 N-acetylhexosamines
or hexoses were reduced by approximately 30% (Fig. 5).

3.4. Identification of over 40 glycoproteins with altered glycosylation

The sialoproteomic analysis performed on protein extracts of
ST3GAL4 and mock transfected cells revealed glycoproteins that display
aberrant glycosylation. The analysis quantified 1566 unique glycopep-
tides of which 69 had a significantly altered abundance in sialylated

Fig. 3. Sialylation of N-glycans in ST3GAL4 overexpressing cells shows a shift from «2-6 linked towards c2-3 linked. A. Relative quantification of disialylated biantennary structures illustrates
the general trend that 0:2-6 linked sialic acids are reduced whereas «2-3 linked are increased. The quantifications are established by base-peak intensity of extracted ion chromatograms from
LC-ESI-MS performed in three biological replicates and presented as average 4- SD. Statistical significance was determined by unpaired student's t-test (p-value *<0.05; **<0.01). B. Extracted ion-
chromatogram for m/z 1184 shows the relative increase of disialylated biantennary structures with «2-3 linked sialic acids when compared to o2-6 linked. Structures were assigned by a
combination of MS2 spectra (shown below) and o2-3 specific sialidase treatment. C, D. Quantitative HILIC-FLD-UPLC of 2-AB labeled N-glycans confirm that a2-3 carrying species are increased
and a2-6 are decreased in ST3GAL4 compared to mock transfected cells. Sialic acid linkage was determined by Sialidase A (releases c2-3,6,8) and Sialidase S (releases o2-3) sialidase treatment
experiments. EU: Emission unit. E. Sambucus nigra (SNA, binds a2-6 linked sialic acid) lectin blot reveals that especially proteins in the higher molecular mass area (>75kDa) are significantly less

decorated with a2,6-linked sialic acid.
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Fig. 4. Bisecting structures are significantly reduced and large branched N-glycans are increased in ST3GAL4 overexpressing cells. A. Quantification of relative abundance of bisecting struc-
tures shows significant reduction of all examined structures. The glycans were quantified with base-peak intensity of extracted ion chromatograms from LC-ESI-MS performed in three
biological replicates. Statistical significance was determined by unpaired student's t-test (p-value *<0.05; **<0.01; ***<0.001). B. The N-glycan HILIC-FLD-UPLC data reveals an increase
in very large, putative highly branched, a2-3 sialylated N-glycans (framed area) in ST3GAL4 overexpressing cells. These structures correspond to approximately 4% of the total N-
glycome. EU: emission units. C. Core fucosylated, tetrasialylated, tetraantennary structures (depicted on the right side) are very abundant in ST3GAL4 overexpressing cells but are not de-
tectable in the mock control as shown by extracted ion chromatogram of [M-2H] ion of m/z 1840. The two peaks in the upper panel correspond to isomers of the depicted structure. An-
notation is based on fragmentation spectra and glycosidase digestion experiments. Relative amount was determined by base-peak intensity and is shown above the corresponding peaks.

N-glycosylation. Of those glycopeptides two showed a decrease in
sialylation and the remaining 67 an increase in ST3GAL4 transfected
cells, corresponding to an overall total of 47 glycoproteins (Table 5
and 6 in [25]). Many of the identified glycoproteins have established
functions in cellular signaling as either receptors or receptor interacting
proteins, in cellular adhesion and migration, or are proteases (Fig. 6).
Among the identified glycoproteins, many well characterized targets
that are described to be altered in the context of gastric carcinogenesis
were found, such as insulin receptor, CEACAM1, CEA, various integrins
and RON [12,31-33].

3.5. Activation of altered glycosylated RON receptor tyrosine kinase

Given that the sialoproteomic analysis pointed out a potential alter-
ation of the RON receptor tyrosine kinase glycosylation, we investigated
this further, especially since this protein has been shown to be hyper-
activated in the context of gastric cancer, contributing in tumorigenesis,
malignant progression, angiogenesis, chemoresistance and correlating
with bad prognosis [34-38]. Several mechanisms, including overex-
pression of this receptor and generation of oncogenic variants, have
been described that can account for aberrant activation of RON,

however, there are cases in which the cause for this abnormal activation
remains unknown [38-40]. Comparative analysis between ST3GAL4
overexpressing cells and the mock transfected cells revealed that the
expression of RON is unaltered at both RNA (Supplementary table
1) and protein levels (Fig. 7), but shows around 4.5 times increased re-
ceptor activation in ST3GAL4 overexpressing cells (Fig. 7a, b), as mea-
sured by the increase of phosphorylation of RON. The activated
phosphorylated RON protein was observed on the plasma membrane
coinciding with the expected localization of fully glycosylated RON
(Fig. 7c).

3.6. Altered glycosylation of RON in gastric cancer

In order to confirm the altered glycosylation of RON in the cell line
model we used in situ proximity ligation assay (PLA). We demonstrated
that RON is aberrantly glycosylated carrying the SLeX epitope in
ST3GALA transfected cells (Fig. 8). The localization of RON receptor dec-
orated with SLe* was observed in the cellular membrane. To assess
whether the modification of RON occurs also in gastric carcinoma tis-
sues we screened 15 human gastric tumor samples for the evaluation
of the expression of RON and SLe*. Of these 15 cases, 8 that showed

84



Chapter Ill

S. Mereiter et al. / Biochimica et Biophysica Acta 1860 (2016) 1795-1808 1803
A »— Fuc, Fucose mock B ST3GAL4
60 - [~ GalNAc, N-acetylgalactosamine
©O— Gal, Galactose
B GIcNAc, N-acetylglucosamine -
50 4 +— sia, Sialic acid d s o e
X

= Linkage' i ?S

@© -0

-g -0 O~ ~ f>\<l g
3 30 1 Qﬁ;‘ %if‘ A . o
< -0~ v

)]

[

o | ~0 e

~ - — | —— I

R AR A LI IR C g e o (90 @O x‘-" P anE0 (280 o T (0 (008> 0°
m/z
. k
moc ST3GAL4

O-glycans that contain
more than 2 HexNAc (long)

/m U O-glycans that contain
" 2 or less HexNAc (short)
M/ Core 2 O-glycan structure

HexNAc2Hex2Sia2 (1331 m/z)

l——————————————————-l

B

ezl

S el :>Qgr9
S i Sl ﬁmg

Fig. 5. Increase in disialylated core 2 structures in ST3GAL4 overexpressing cells leads to earlier termination and thus truncation of O-glycan structures. A. Relative abundance of all structurally
characterized O-glycan compounds. Diagram is ordered from left to right by mass. Simple O-glycan residues show no significant alteration. Terminated unextended disialylated core 2 structures
[M -H] ion of m/z 1331 are significantly increased and as a consequence extended structures are reduced in ST3GAL4 overexpressing cells. The quantifications are established by base-peak
intensity of extracted ion chromatograms from LC-ESI-MS performed in three biological replicates and presented as average + SD. B. Pie-diagram illustrates the approximately equal distribution
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expression of both antigens were further analyzed by PLA (Supple- 4. Discussion
mentary table 2). All evaluated cases showed PLA positivity signal
with 2 cases displaying a high number of signal corresponding The altered glycosylation observed in gastric cancer with overex-

to co-expression in proximity of RON and SLe*. The tumor adjacent pression of a2-3 sialylated glycans, including the SLe* epitope, has
mucosa did not show any PLA signal and represents an internal long been associated with aggressive features of the disease and poor
control (Fig. 8). prognosis for the patients [5,7,41-43]. However, the biological role of
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Fig. 6. Representation of the biological functions of the proteins identified with increased
sialylation on their N-glycans in ST3GAL4 transfected cells. Functional clustering reveals that
most of the proteins found with increased sialylated N-glycans are involved in signaling,
adhesion and migration processes. Remarkably many of these targets have been described
to be often altered in gastric cancer. The 47 proteins with significantly increased sialylation
were classified according to their main function described in Uniprot (www.uniprot.org).

these sialylated glycans remains to be fully understood. In this study, the
detailed molecular characterization of gastric cancer cells displaying al-
tered sialylated terminal glycan structures revealed how these
glycosylation modifications can lead to functional changes that confer
advantage to cancer cells.

mock

4.1. Glycosylation alterations induced by ST3GAL4 overexpression

The sialyltransferase ST3GAL4, encoded by the ST3GAL4 gene, cata-
lyzes the addition of a2-3-sialic acid to type 2 extension chains
(GalR1,4GIcNAcP1-R) generating the precursor of SLeX [13,21]. In our
study we demonstrated that the overexpression of ST3GALA4, in accor-
dance to its substrate specificity, leads to a broad range of glycomic alter-
ations on both N- and O-glycans. Importantly, ST3GAL4 overexpression
induces the expression of SLe* which has been described to be
commonly upregulated in gastric cancer [41,44,45]. Further, we
demonstrated for the first time in a gastric cancer context that the
upregulation of ST3GAL4, an a2-3 sialyltransferase, not only increases
the amount of a2-3 linked sialic acid, but as a consequence, reduces
the amount of ai2-6-linked sialic acid expressed by the cancer cell, as
it has been previously reported in a pancreatic cancer cell line model
[46]. The expression levels of other sialyltransferases remained unal-
tered (Supplementary table 1) supporting the assumption that this
linkage-shift is rooted in competition for the same asialylated substrate.
Although the general amount of sialylated glycans is described to
increase in the context of transformation and malignancy [47,48], it is
known that the linkage type is of particular importance. Interestingly,
the upregulation of a2-6 sialylation has been shown to increase
the adhesion of colon and breast cancer cells to extra cellular matrix
components and to reduce the invasive capacity of colon and glioma
cancer cell lines [49-51]. Similarly, the increased invasive capacity of
ST3GAL4 overexpressing cells previously described [24] could also
result from the reduction of o2-6 linked sialic acid modified
structures.
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Fig. 7. Receptor tyrosine kinase RON is activated in ST3GAL4 overexpressing cells. A. RON shows approximately 4.5 fold increased activation in ST3GAL4 overexpressing cells as indicated
by phospho-RTK array results. The optical density of p-RON signal was measured in duplicates. Average values, with standard deviation are shown. The receptor activation of ST3GAL4
transfected cells is shown relative to the mock control cells. B. Western blot for RON and phosphorylated RON (p-RON) confirms the increased phosphorylation of RON in ST3GAL4
overexpressing cells and shows no difference in total RON receptor amount. C. Inmunofluorescence images of cells stained for RON show cytoplasmic and membrane localization of
the receptor with similar amounts for both, ST3GAL4 transfected and control cell lines. In contrast, activated RON is localized at the plasma membrane and strongly increased in cells

overexpressing ST3GAL4.
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Our results also showed an almost complete loss of all bisected N-
glycan structures in cancer cells overexpressing ST3GAL4. A correlation
between sialylation and the activity of GnT-III, the GIcNAc-transferase
that leads to the synthesis of bisected N-glycans, has to our knowledge
never been reported. Sialyltransferases are normally located in the
trans-Golgi and the sialylation resembles a capping event for mature
complex and hybrid N-glycans [52], on the other hand the GnT-III is
localized in the medial-Golgi and acts early on the biosynthesis of
complex N-glycans [53]. It is important to consider that the subcellular
localization of glycosyltransferases and the organization of the secretory
compartments are often altered in the context of cancer [54] and this
may lead to deviations of the conventional sequential biosynthesis
pathway. Moreover, it is known that bisected structures are often
reduced in malignancy and this reduction is correlated with tumor
progression and poorer prognosis [27,55,56]. Our results showed that
N-glycans from ST3GAL4 transfected cells display a higher degree of
branching resulting in enlargement and increased complexity of struc-
tures. In addition, no differences were observed on GnT-V, which is
the GlcNAc-transferase that catalyzes the formation of 31-6 branched
N-glycans, and GnT-III expression levels (Supplementary table 1).
These enzymes are known to act mutually exclusive on their common
glycan acceptor substrate [28,53,56], and therefore the increased
branched N-glycans could stem from the reduced amount of bisected
structures.

Regarding O-glycosylation, we demonstrated that ST3GAL4 upregu-
lation can also lead to the increased truncation of otherwise elongated
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O-glycans. The accumulation of short truncated O-glycans like simple
carbohydrate antigens are a common feature of gastrointestinal cancer
[57]. Our results show that the biosynthesis of early sialylated core-2
structures preclude further elongation of the O-glycan chain.

Our data indicates, for the first time, that several cancer relevant
glycomic alterations, such as truncation of O-glycans, reduction of
bisected N-glycans, increase of «2-3 sialylation and branching, might
not be independent events but may arise coordinated in gastric cancer.
The observed changes were further confirmed in an additional glycomic
analysis performed in parallel (Tables 2 and 4 in [25]) [58,59]. These
glycophenotypic alterations may result from genetic and epigenetic
alterations, as well as from tumor microenvironment modifications,
occurring in the cancer context [60-63].

4.2. Target proteins displaying aberrant sialylation and its biological
implications

In addition, our results revealed that even though the total amount
of sialylated N-glycans is not significantly increased, 47 glycoproteins
showed significantly increased sialylation in a site specific manner in
ST3GALA4 overexpressing cancer cells. Considering that only proteins
that are translated into the ER are N-glycosylated and that only those
proteins that are conveyed through the Golgi-network undergo
addition of sialic acids [64], it is not surprising that especially transmem-
brane proteins were found to be affected by the increased sialylation.
Furthermore, an interesting observation is that mainly proteins involved

PLA Ron-SLex 50 ym

PLA Ron-SLex

L N
PLA Ron-SLex:

Fig. 8. Receptor tyrosine kinase RON is aberrantly glycosylated with SLe* in gastric cancer. A. The mock transfected cell line is largely negative in the PLA for RON and SLe*. On the other
hand ST3GAL4 overexpressing cells show strong PLA signal, confirming altered glycosylation of the RON receptor in these cells. The PLA signal is shown in red and nuclei in blue. B.
Screening of gastric tumor samples with IHC for RON or SLe* (left panel) and PLA for RON and SLe (right panel). Adjacent mucosa is negative for SLe* and expresses low level of RON
as shown by [HC. The PLA experiment shows no signal in the adjacent mucosa and resembles an internal negative control. The selected cases of intestinal type GC and diffuse type GC
are positive for SLeX and RON. Evaluation of colocalization by PLA reveals that RON is a carrier of SLe in gastric carcinomas. The PLA signal is shown in red and nuclei in blue. Tissue
autofluoresence has been used to visualize the tissue structure (green).
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in cellular adherence and signaling were affected by this altered glyco-
sylation. Important targets included key players in malignancy, such as
integrins, which are known to mediate the interaction of cancer cells to
the extracellular matrix [33]. Integrin glycosylation has been shown to
modulate the cell adhesion to fibronectin and to affect cancer cell inva-
sion and metastasis [65].

In this study we only considered for validation unique peptide se-
quences that contained N-glycosylation sites. The majority of enriched
peptides, due to increased sialylation on O-glycans or due to common
amino acid sequences, were excluded from the analysis. With our ap-
proach we could not distinguish between sialic acid linkage and there-
fore the generation of information of glycopeptides with specific
increases of a2-3 sialic acids was precluded. Nonetheless, our approach
allowed to identify numerous targets showing altered glycosylation that
can be used for follow-up studies. Further, it illustrates that alterations
of a single glycosyltransferase can affect a multitude of cancer relevant
targets.

4.3. Receptor glycosylation as a modulator of activity in cancer

Receptor tyrosine kinases are glycoproteins and key players of trans-
formation and malignant growth [66]. Glycosylation alterations have
been demonstrated to modulate receptor activity [24,67,68]. In the
present study we have focused on the alterations leading to the receptor
RON activation. In the last years several efforts have been made to target
RON in cancer patients. Currently several tyrosine kinase inhibitors and
monoclonal antibodies against RON are applied in clinical or pre-clinical
trials for therapeutic efficacy [69-76]. Our screening revealed that this
receptor, which has been described to be an oncogene in gastric cancer
[12], showed an altered glycosylation and concomitant increased acti-
vation. RON presents 3 immunoglobulin-like plexin and transcription
(IPT) domains that have been described as a cause for constitutive acti-
vation in cancer when altered [39,77]. We demonstrated that Asn841
shows increased sialylation in cells overexpressing ST3GAL4 (Table 5
in [25]). The Asn841 is located in one of the IPT domains and therefore
may underlie the increased activation of this cellular RTK. Further anal-
ysis by proximity ligation assay confirmed the glycosylation of RON
with SLe® in human gastric carcinoma tissues. These observations sup-
port that the altered glycosylation observed in this receptor in gastric
cancer may lead to its dysfunctional oncogenic activation and therefore
modulating the more aggressive cancer phenotype associated with SLe*
expressing tumors. Further studies are warranted to evaluate the bio-
marker potential of RON glycosylation profile for gastric cancer staging,
prognosis and therapeutic response.

4.4. Potential application in cancer therapy and future outlook

Hyper-activation of RTKs due to their upregulation or mutations are
common oncogenic events that modern medicine tries to evaluate in
the process of tumor screening to design a personalized treatment via
inhibitors [9]. However, the present screening methods mostly rely on
identifying mutations or gene amplifications [78,79], and therefore,
are not considering post-translational modifications, such as glycosyla-
tion, as potential activators in a cancer context. We demonstrated in this
work that aberrant glycosylation is an alternative route of RTK activa-
tion in cancer, emphasizing the necessity for its evaluation in tumor
characterization and patient profiling.

A common drawback of whole glycome analysis is its intrinsic
complexity, delaying its application in the clinical routine. Much
has to be done to simplify and standardize such glycome analysis
and to improve our understanding of glycosylation alterations on
specific targets. However, the present work demonstrates the importance
of such approaches in addressing complex diseases in combination with
large scale genomics, transcriptomics and proteomics. We are convinced
that the screening of specific target proteins for glycan alterations can
be a future corner stone of clinical tumor characterization complementing

the conventional methods and therefore leading to improved molecular
characterization of cancers for a better diagnosis, prognosis and
therapeutics.
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Abstract

CD44 is a highly heterogeneous glycoprotein and among the most frequently
overexpressed proteins in gastric cancer. It is a central player of many cellular
mechanisms, such as cell receptor activation and cellular adhesion, and hence a
potent driver of malignancy. Even though CD44 is carrier of AN-glycans, Heparan
sulfate, Chondroitin sulfate and is particular extensively O-glycosylated, the intrinsic
diversity of CD44 has been mainly attributed to alternative splicing. In this work we
demonstrate that the truncation of O-linked glycosylation, as it can be found in
virtually all gastric carcinomas, significantly affects CD44 molecular appearance and
function. We show that CD44 was the single major carrier of truncated O-glycans in
our gastric carcinoma cell models and that the truncation of O-glycans by several
means alters its molecular mass and recognition by site-specific antibodies. CD44
has previously been described to act through its variant form v6 as co-receptor for
the RON receptor tyrosine kinase activation. We present that the truncation of O-
glycans significantly increases the colocalization between CD44v6 and RON. We
therefore conclude that O-glycan truncation conveys advantageous cancer
phenotypes through its impact on CD44 and its increased interaction with oncogenic

receptors.
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1. Introduction

CD44 is a highly heterogeneous transmembrane protein, ranging in molecular weight
from 50 to over 230 kDa kDa [1]. This diversity has been mainly attributed to
alternative splicing at the extracellular stem region and its susceptibility to proteolytic
cleavage at the transmembrane adjoining sites, but also to its extensive glycosylation

[2-4].

CD44 is a key player of cellular adhesion and signal transduction by multiple means:
(i) it is the main receptor of hyaluronan, one of the chief components of the
extracellular matrix [5], (ii) it may carry heparan sulfate and chondroitin sulfate chains
which are docking sites for various growth factors and proteases [6] and (iii) it is co-
receptor to cell surface receptor tyrosine kinases (RTKs), such as MET, RON and HER2
[7, 8]. The execution of these functions can vary significantly among different CD44
isoforms. For instance, the efficiency of CD44 to bind hyaluronan is controlled by the
alternatively spliced variable (v) chains and its glycosylation status [9, 10]. Further,
the single heparan sulfate chain of CD44 is linked to the variant chain v3 and the
peptide sequence that acts as co-receptor of MET and RON is encoded in the v6
variant exon [7, 11]. In gastric cancer, CD44 is commonly upregulated and its variant
form CD44v6 frequently de novo expressed. Cancer cells that overexpress CD44 and
CD44v6 display a significant increase in metastatic potential and are associated with
poor survival of the patients [12-14]. Its central role in both regulating cellular
adhesion and receptor activation has been shown to contribute to several cancer

hallmark abilities.

The alterations of CD44 protein levels indicated by antibody binding assays often do
not correlate at RNA level, which frequently leads to inconsistent results [15]. In the

present work, we demonstrate that alterations in the glycosylation machinery can

94



Chapter IV

have a severe impact on the molecular characteristics of CD44 leading to differential
molecular weight and affecting its recognition by antibodies. We additionally show
functional implication of the alterations of CD44 such as increased colocalization with

the RON receptor tyrosine kinase.

2. Material and methods

2.1 Cell lines

The gastric carcinoma cell line MKN45 was obtained from the Japanese Cancer
Research Bank (Tsukuba, Japan) and was stably transfected with the full length human
ST3GAL4 gene (ST3GAL4), the full length human ST6GALNACT (ST3GalNAc-I) gene or
the corresponding empty vector pcDNA3.1 (Mock) as previously described [16, 17].
The truncated O-glycan SimpleCells were obtained by targeting the COSMC gene of
MKN45 cells by zinc-finger nuclease as previously described [18, 19]. All cells were
grown in monolayer in uncoated cell culture flasks. Cells were maintained at 37°C in
an atmosphere of 5% CO_, in RPMI 1640 GlutaMAX, HEPES medium supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin and in the presence of 0.5
mg/ml G418 (all from Invitrogen, Waltham, MA). Cell culture medium was replaced

every two days.

2.2 Western blotting and immunoprecipitation

Western blotting (WB) experiments were performed as previously described in [20].
Briefly, cells were washed twice with PBS and directly collected in lysis buffer 17 (R&D
Systems, McKinley Place, MN) supplemented with T mM sodium orthovanadate, 1 mM
phenylmethanesulfonylfluoride (PMSF) and protease inhibitor cocktail (Roche, Basel,
Switzerland). The protein concentrations of lysates were determined by the DC protein
assay (BioRad, Hercules, CA) and 500 ug of lysate were used for immunoprecipitation
(IP) with protein G fast flow sepharose beads (GE healthcare, Little Chalfont, UK). The

antibodies used for WB and IP are shown in table 1.
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Table 1. Antibodies used for western blotting and immunoprecipitation

Targeted epitope Clone name Manufacturer WBdil. [P dil. IF/PLA dil.

CD44 156/3C11 Cell Signaling  1:1000 1:60 1:400
CD44v6 MA54 Invitrogen 1:1000 / 1:100
RON C-20 Sant Cruz / / 1:60

Biotechnology

Syndecan 1 B-A38 Abcam 1:125 / /
Heparan Sulfate 10E4 USBiological 1:5000 / /
Chondroitin Sulfate A-7 Sant Cruz 1:100 / /

Biotechnology
Sialyl Tn (STn) TKH2 [21] 1:3 / 1:3

Sialyl Lewis X (SLex) = CSLEX-1 BD Biosciences / / 1:80

2.3 iTraq based proteomics

Proteomic analysis was performed as described in [20]. Briefly, cell pellets were
dissolved in ice-cold Na,COs buffer (0.1 M, pH 11) supplemented with protease
inhibitor (Roche complete EDTA free), PhosSTOP phosphatase inhibitor cocktail
(Roche) and 10 mM sodium pervanadate. The suspensions were sonicated and the
soluble fraction was separated from the membrane fraction. The membrane fraction
was resuspended in 6 M urea and 2 M thiourea. Soluble and membrane fractions were
both reduced with dithiothreitol and alkylated with iodoacetamide. Samples were
digested with endoproteinase Lys-C (Wako, Osaka, Japan) and then with trypsin. The
digests were purified using in-house packed staged tips with a mixture of Poros R2
and Oligo R3 reversed phase resins (Applied Biosystem, Foster City, CA, USA). Samples
were dried and resuspended in dissolution buffer. A total of 150 ug for each condition
was labeled with 4-plex iTRAQ™ (Applied Biosystems, Foster City, CA) as described

by the manufacturer.
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Peptides were loaded on an in-house packed Reprosil-Pur C18-AQ (2 cm x 100 ym,
5 um; Dr. Maisch GmbH, Germany) pre-column and separated on an in-house packed
Reprosil-Pur C18-AQ (17 cm x 75 pym, 3 pum; Dr. Maisch GmbH, Germany) column
using an Easy-nLC Il system (Thermo Scientific, Bremen, Germany) and eluted at a
flow of 250 nL/min. Mass spectrometric analyses were performed in an Orbitrap
Fusion Tribrid system (Thermo Scientific, Bremen, Germany). The raw data were
processed and quantified by Proteome Discoverer (version 1.4.1.14, Thermo
Scientific) against SwissProt and Uniprot human reference database by using Mascot
(v2.3.02, Matrix Science Ltd, London, UK) and Sequest HT, respectively. The iTRAQ
datasets were quantified using the centroid peak intensity with the “reporter ions
quantifier” node. For the quantitative comparison of CD44 we normalized unique
CD44 peptides derived from mock lysates to 1 and determined the relative quantity

of the same peptides derived from ST3GAL4 transfected cells.

2.4 Transcriptomics

The transcriptomic analysis was performed as previously described [20]. Briefly, total
RNA extracts from cell lysates were isolated with TRl Reagent (Sigma-Aldrich, St.
Louis, MO). The mRNAs of over 20,000 primed targets were sequenced by using lon
AmpliSeq Transcriptome Human Gene Expression Kit (Life Technologies, Carlsbad,
CA). The lon Chef system was used for templating and the loaded chips sequenced
using the lon Proton System (both from Life Technologies). Sequencing data was
automatically transferred to the dedicated lon Torrent server to generate sequencing
reads. Reads quality and trimming was performed using Torrent Server v4.2 before
read alignment with TMAP 4.2. The TS plugin CoverageAnalysis v4.2 was used to
generate reads count. The sequencing was performed in duplicates and sequence

reads were normalized to the total read count.
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2.5 PCR

Total RNA extracts from mock and ST3GAL4 transfected cell lysates were isolated with
TRI Reagent (Sigma-Aldrich, St. Louis, MO) and converted into cDNA using the
SuperScript® Il Reverse Transcriptase (Invitrogen) according to the manufacturer’s
protocol. The primer sequence and conditions were previously described in [22]. The

following CD44 primers were applied:

(A) 5’AGTCACAGACCTGCCCAATGCCTTT3’;

(B) 3’TTTGCTCCACCTTCTTGACTCCCATGS’;

(C) 5’GGGAGCCAAATGAAGAAAATGAAGATGAAAGS’;

(D) 3’GGTGCCTGTCTCTTTCATCTTCATTTTCTTCATTTS’;

(E) 3’TCTGTTGCCAAACCACTGTTCCTTCTGS’.

2.6 Deglycosylation

The glycosaminoglycans were removed from cell lysates by applying Chondroitinase
ABC (120 mU/ml), Heparinase | (2,5 mU/ml) and Heparinase Ill (2,5 mU/ml) all from
Sigma Aldrich per 550 pug protein lysate, the reaction mix was supplemented by 50
UM calcium acetate and incubated overnight at 37°C in a final volume of 250 pl. N-
and O-glycans were removed on-beads after IP of target proteins by sequential
application of Neuraminidase (Sigma-Aldrich, St.Louis, MO) for 2h at pH 5 and 37°C,
and Protein Deglycosylation Mix containing PNGase F, O-glycosidase, Neuraminidase,
B1-4 Galactosidase and B-N-Acetylglucosaminidase (New England Biolabs, Ipswich,

MA) as described by manufacturer, overnight at pH 7 and 37°C.

2.7 In silico analysis
The /n silico N-glycosylation site prediction was performed with NetNGlyc 1.0

software (http://www.cbs.dtu.dk/services/NetNGlyc/; [23]). N-glycosylation sites

with proline at the N+1 position or negative prediction results were excluded. The O-

glycosylation sites were predicted by NetOGlyc 4.0
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(http://www.cbs.dtu.dk/services /NetOGlyc/; [24]). Only O-glycosylation sites with a

score higher than 0.5 were considered. Experimentally confirmed O-glycosylation

sites were extracted from Glycodomainviewer (http://glycodomain.glycomics.ku.dk/;

[24]).

2.8 Immunofluorescence (IF) and /n situ proximity ligation assay (PLA)

Cells were grown in 15 p-Chamber 12 well glass slides (IBIDI, Martinsried, Germany)
and fixed with cold acetone for 5 min. The IF and PLA protocol was performed as
previously described [20] using the antibodies and dilutions noted in table 1. Samples
were examined under a Zeiss Imager.Z1 Axio fluorescence microscope (Zeiss, Welwyn
Garden City, UK). Images were acquired using a Zeiss Axio cam MRm and the

AxioVision Release 4.8.1 software.

3. Results

3.1 In silico analysis of CD44

CD44 has 11 N-glycosylation sequons (N-X-T/S) in the extracellular domain, two of
which (N172 and N328) are unlikely glycosylated due to proline at N+1 position.
Among the remaining 9 sequons, the sites N25, N57, N110, N120, N599 and N636
showed a positive outcome in the /n silico N-glycosylation prediction (Table 2) and
N25, N57, N100, N110 and N120 were previously experimentally confirmed by other
authors [25]. In addition, CD44 has numerous O-glycosylation sites. The /n silico
prediction resulted in 146 O-glycosylation sites, 41 of them have been previously
experimentally proven in other studies [24]. The O-glycosylation sites are primarily
found in the stem region of CD44, flanked by N-glycosylation sites at the N-terminal
domain and adjacent to the transmembrane domain (Fig 1). CD44 may also carry

chondroitin sulfate (CS) at S180 and heparan sulfate (HS) at S293 or S295 [26-28].
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Site In silico prediction Experimental demonstrated
N25 +++ Described in [25]

N57 +++ Described in [25]

N100 - Described in [25]

N110 ++ Described in [25]

N120 + Described in [25]

N350 -

N548 -

N599 ++

N636 +

Table 2. N-glycosylation sites of CD44.
Human CD44 asparagines within the AN-glycosylation consensus

sequence are shown with their /n silico prediction scores.
indicates improbable and “+”, “++” and “+++” probable N-
glycosylation sites with increasing confidence. N-glycosylation sites

that were experimentally demonstrated are shown in the right

column.
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Figure 1. CD44 glycoprotein depiction including its isoforms and post-translational

modifications.

Amino acid positions are annotated between brackets. The full length protein

stretches 742 amino acids with the first 20 amino acids being however cleaved

as part of the signal peptide. Disulfide bridges are illustrated in orange. Amino

acids whose mutations lead to loss of hyaluronan binding are annotated as

critical HA-binding residues and shown in red. Potential palmitoylation of the

cytosolic domain is not shown. HA-BD: Hyaluronan binding domain; ECD:

Extracellular domain; TM: Transmembrane domain; ICD: Intracellular domain;

ERM-BD: Ezrin-radixin-moesin binding domain; ankryn-BD: Ankryn binding

domain; CS: Chondroitin sulfate; HS: Heparan sulfate.
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3.2 The modification of the glycosylation machinery has a big impact on CD44

molecular features.

To test whether O-glycan truncation has an impact on CD44 features, we performed
a comparative analysis on three different glycoengineered cell line models derived
from MKN45 gastric carcinoma cells (WT): namely ST3GAL4 overexpressing (ST3),
ST6GALNACT overexpressing (ST6) and COSMC knock-out MKN45 cells (SC), and their
respective control cell lines. Whereas the control MKN45 cells expressed
predominantly CD44 with molecular weight above 150 kDa (heavy CD44, Fig 2A), the
glycoengineered cell line models expressed a CD44 protein with less than 150 kDa
(light CD44). The light CD44 was approximately 50 - 70 kDa smaller than the heavy
CD44 and presented a more defined band indicating a more homogenous CD44
isoform. The observed expression of light CD44 was independent of confluency status
of the cultured cells (data not shown). Total mRNA levels for CD44 were unaltered in
all cell line models (Fig 2B), and proteomic analysis of the ST3 cell line further
supported no changes in total CD44 protein levels (Fig 2C). A WB analysis specific for
the v6 splice variant did not present the light CD44 band (Fig 2D), indicating an
absence of the v6 exon in the light CD44. Despite the different CD44v6 WB pattern
displayed by the different cell line models, IF showed similar intensities and

subcellular localization (Fig 2E).
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Figure 2. CD44 expression in different glycoengineered cell line models.

A. Western blot analysis of CD44 expressed by the different cell line models.
Same amounts of protein were loaded for all samples. B. Transcriptomic data
on CD44 mRNA levels of the cell line models. C. Quantitative proteomic
evaluation of CD44 peptides from membrane and soluble fractions of M3 and
ST3 cells. The CD44 protein coverage of membrane and soluble fraction was
18.9% and 6.3%, respectively. D. Western blot analysis of CD44v6 expressed by
the different cell line models. Same amount of protein were loaded for all
samples. E. Immunofluorescence analysis of CD44v6 (green) expression of M3,
ST3, M6 and ST6 cell line models. Data is shown from MKN45 wild type (WT),
SimpleCells (SC), ST3GAL4 transfected (ST3), ST6GALNAC1 transfected (ST6)

and empty vector transfected control cell lines (M3 and M6).
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3.3 CD44 splicing is unaffected in our glycoengineered cell line models

To assess if changes in the molecular mass of CD44 and CD44v6 stem from
alterations in alternative splicing machinery we evaluated the expression levels of
splicing factors ESRP1, ESRP2, RBM5, RBM6, SRSF1, SRSF6, hnRNPM, SND1, TRA2B and
SRSF2 that have been described to induce differential splicing of CD44 (Fig 3) [29].
Expression levels of all splicing factors were remarkably uniform among the
glycoengineered cell lines and their controls. In addition, we evaluated different CD44
transcripts by a series of PCRs that span different number of variable chains (Fig 4A).

No differences in CD44 cDNA length and abundance became evident (Fig 4B).

60 -

50 4

e
o
1

Normalized read count
N w
o o
1 1
—
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I
:[ I i

ESRP1  ESRP2  RBMS RBM6  SRSF1 SRSF6  hnRNPM SND1  TRA2B  SRSF2

BWT mSC mM3 mST3 mM6 mST6

Figure 3. Expression levels of factors involved in CD44 alternative splicing.
The mRNA levels of ESRP1, ESRP2, RBM5, RBM6, SRSF1, SRSF6, hnRNPM, SND1,
TRA2B and SRSF2 splicing factors were analysed in duplicates. Average and
standard deviation are shown for MKN45 wild type (WT), SimpleCells (SC),
ST3GAL4 transfected (ST3), ST6GALNACT1 transfected (ST6) and empty vector

transfected control cell lines (M3 and M6).
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Figure 4. PCR analyses of CD44 transcripts.
A. A series of PCR analyses were performed using primers flanking different
variant regions within CD44 transcript. Extracted from [22]. B. PCR products of
primer pairs (shown at left) resolved in 2% of agarose gels. No differences
between the transcripts of ST3GAL4 overexpressing cells (ST3) and mock
control (M3) were detected. mRNA from Colo 205 cell line was used as a control

(Ctrl) and two independent M3 an ST3 samples were loaded for analysis.
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3.4 CD44 as the major carrier of STn

The overexpression of the sialyltransferase ST6GALNACT (ST6) or the knock-out of
COSMC (SC) resulted in the overexpression of the truncated O-glycan epitope STn in
these gastric cell line models [16, 19]. The IP for CD44 showed that the light CD44
is the major carrier of STn in these cell lines (Fig 5).

A B

IP:CD44 W sC IP:CD44 g ST6
WB: CD44 STn CD44 STn

L IP. SSISGSIP L IP [SiSssiP

Th
L IP L IP L IP IP
kDa kDa & i
*

250 - : 250- a !

h e “
150 - 150 — ' '

-

WB:  CD44 STn CD44 S

100- | 100 -
75 — 3 75—
- Qi ol W [.§

Figure 5. STn expression on CD44.

Western blotting for CD44 and STn in total cell lysate (L) and
immunoprecipitated CD44 (IP) from MKN45 SC and WT (A) or ST6GALNACI

overexpressing cells (§T6) and mock control (M6) (B).
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3.5 Heparan sulfate and chondroitin sulfate are unaltered on CD44 in the

glycoengineered cell line models

Despite the different alterations induced in the three models, we observed a similar
shift in electrophoretic behaviour of CD44. We therefore hypothesized that the
underlying mechanisms that account for the loss of molecular weight are equal among
our models. Since we ruled out that this effect was due to alternative splicing,
glycosylation remained as the only posttranslational modification that could provide
such high molecular weight differences between the heavy and light CD44. Alterations
in  occupancy and structure of these chains can significantly influence
glycoprotein/proteoglycan molecular weight. To test whether this drastic shift was
caused by differential addition of the glycosaminoglycans heparan sulfate (HS) and
chondroitin sulfate (CS), we performed complete digestion of HS, CS or both on cell
lysates (Fig 6). The efficiency of these digestions was shown by the loss of HS-specific
and CS-specific antibody binding as shown by dot-blot analysis (Fig 6A). As additional
control of HS digestion, Syndecan 1 which is known to carry HS [30] was evaluated.
The WB detection of Syndecan 1 at under 100 kDa demonstrates the efficient release
of HS (Fig 6B). The digestion of HS and CS had no significant effect on CD44 and
therefore excludes alterations in glycosaminoglycan occupancy or length as the cause
for the difference between light and heavy CD44 (Fig 6C). Interestingly, Syndecan 1
showed a sharper band with lower molecular weight in the ST6 cell model compared
to the control (Fig 6B). This difference in molecular weight is similar to what was
observed for CD44. Syndecan 1 is a highly O-glycosylated protein, but unlike CD44,
Syndecan 1 has no alternative spliced isoforms. This further indicates the involvement

of O-glycosylation in the change of molecular weight in these cell line models.
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Figure 6. Single and combined digestions of heparan sulfate and chondroitin sulfate.

A. Dot-blot of cell lysates tested with anti-HS or anti-CS antibody. B. Syndecan
1 Western blotting with lysates of M6 and ST6. C. Western blotting analysis of
CD44 and CD44v6 in cell line models before and after CS and HS digestion.

ChABC: chondroitinase ABC; CS: chondroitin sulfate; Hep: heparinase; HS:

heparan sulfate.
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3.6 N- and O-glycosylation digestion of CD44

Enzymatic deglycosylation of CD44 was performed in order to evaluate whether the
different molecular weight of light and heavy CD44 arose from differences in A- and
O-glycosylation. The deglycosylation protocol was optimized using the ST6 cell line
(Fig 7A and B). The double treatment with Neuraminidase and Deglycosylation Mix
(containing PNGase F, O-glycosidase, Neuraminidase, B1-4 Galactosidase and B-N-
Acetylglucosaminidase) was found most efficient. Applied on CD44 of M6, the
deglycosylation treatment reduced the molecular weight significantly by around
50kDa, aligning it to the light CD44 of ST6 (Fig 7C). The molecular weight of the light
CD44 from ST6 was additionally reduced after the deglycosylation by approximately

25kDa.
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Figure 7. M- and O-glycosylation digestions of CD44.
A. and B. Optimization of enzymatic deglycosylation process on
immunoprecipitated CD44 from ST6 cells analysed by Western blotting for
CD44 and STn. C. Removal of M- and O-glycosylation from CD44 of ST6 and

M6 cell line models. L: Whole cell lysate; F: Flow through; IP:

Immunoprecipitation;
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3.7 Altered glycosylation increases CD44v6 and RON colocalization

CD44v6 is one of the co-receptor of the RON receptor tyrosine kinase. The oncogenic
hyperactivation of RON has been described as a common event in various cancers,
such as pancreatic cancer and gastric cancer [31]. In these cancers, CD44, and in
particular the isoform v6, is often overexpressed. In order to test if the altered
glycosylation of CD44 influences the v6 association with RON, we performed a series
of /n situ proximity ligation assay (PLA) experiments. ST3 and M3 have previously
been described to be SLex positive and negative, respectively [17, 20]. In accordance,
the results of the PLA of ST3 cells showed colocalization of CD44v6 and SLex (Fig 8A).
In agreement with the statement of CD44 being the major carrier of STn in ST6 cells,
the PLA displayed colocalization between CD44v6 and STn (Fig 8B). Finally, we
performed a PLA for CD44v6 and RON. Remarkably, the association between CD44v6
and RON was significantly more frequent in cells expressing light CD44 (ST3 and ST6)

than in cells with heavy CD44 (M3 and M®6) (Fig 8C).
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ST3

PLA: CD44v6/SLe*

PLA: CD44v6/STn
w

ST6

ST3

PLA: CD44v6/RON

M6 ST6

Figure 8. Colocalization analyses of CD44v6 with glycan epitopes and RON.
A. In situ proximity ligation assay (PLA) of CD44v6 and SLex in M3 and ST3
cells. B. PLA of CD44v6 and STn in M6 and ST6 cells. C. PLA of CD44v6 and
RON in M3 and ST3 (top panel) and M6 and ST6 (bottom panel). Concomitantly,
the colocalization between CD44v6 and RON is highly increased. Red dots
represent conjugation events due to close molecular proximity of the two

tested antigens. The magnification is 200x and nuclei are shown in blue.
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4. Discussion

CD44 is a multi-functional transmembrane protein that is abundantly decorated by a
variety of glycan moieties. The modulation of glycosylation of CD44 has been shown
to alter its function as hyaluronan receptor [10, 25]. In gastric cancer, high expression
levels of CD44 are found in about half of all primary tumors and are associated with
the presence of distant metastases, tumor recurrence and increased mortality [32].
Moreover, an increasing body of evidence demonstrates that CD44 is a gastric cancer
stem cell marker, since CD44 expressing cancer cells are competent to perform self-
renewal and to produce differentiated progeny [13]. CD44 has been shown to act as
co-receptor for several receptor tyrosine kinases and to elevate cancer cell resistance
to therapy. In particular, the variant form CD44v6 was directly linked to RON receptor
tyrosine kinase activation [7]. In this manuscript we studied if cancer associated
glycan alterations, namely O-glycan truncation, can alter molecular features of CD44

in gastric cancer and modulate its function to act as co-receptor to RON.

We performed a comparative analysis on three differently glycoengineered cell line
models: ST3GAL4 overexpressing (ST3), ST6GALNACT overexpressing (ST6) and
COSMC knock-out (SC), and compared them to their unmodified mock and WT cell
lines. Although a different gene was targeted, the truncation of O-glycans was a

common feature of the three cell line models.

ST3GALA4 is a sialyltransferase that affects both M- and O-glycans. The upregulation
of ST3GAL4 in MKN45 leads to an increase of 2,3 and a decrease of «2,6 sialylation
on N-glycans and significantly decreases the amount of bisected structures [20, 33].
On O-glycans ST3GAL4 leads to the earlier termination due to the increase of one
specific structure: the di-sialylated core 2 structure [20, 33]. Both the overexpression

of ST6GALNACT1 and the COSMC deletion induce alteration on O-glycans and lead to
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an upregulation of STn by two differential mechanisms. ST6GALNACI is a
sialyltransferase that adds sialic acid to the Tn epitope to form STn and leads thereby
to the early termination of the O-glycan chains [16]. COSMC on the other hand is the
chaperone of the core 1 galactosyltransferase (C1GALT1). Without its chaperone
C1GALTT1 is dysfunctional and fails elongating the Tn antigen to core 1. In SC the lack

of COSMC causes the accumulation of Tn and STn antigens [19, 34].

The four mechanisms that may contribute to major changes of CD44 are (i) alternative
splicing, (ii) proteolytic cleavage, (iiij N- and O-glycosylation and (iv)
glycosaminoglycan chains. MKN45 expresses mostly CD44v8-10 splicing isoforms,
known as CD44E because of its common expression in epithelial cells, but also CD44s
(without variant chains) and CD44v6 [12]. As the staining intensity and subcellular
localization for CD44v6 remained similar among the cell line models (Fig 2 E) we
presume that levels of CD44v6 remain unaltered. This was further supported by PCR
analyses showing equal results for all tested splice variations including v3 and v6 (Fig
4). Furthermore, although transcriptomic analysis of the cells showed in general very
different expression profiles among the glycoengineered cell lines (data not shown),
CD44 expression levels remained equal (Fig 2 B). Furthermore, splicing factors known
to modulate CD44 isoforms [29] were unaltered at mRNA level such as ESRP1, ESRP2,

RBMS5, RBM6, SRSF1, SRSF6, hnRNPM, SND1, TRA2B, SRSF2 (Fig 3).

On the other hand, the shift in the molecular weight of CD44 could have been caused
by a proteolytic cleavage resulting in the sequential release of the extracellular
domain (ECD) and the intracellular domain (ICD). Several proteases can be involved in
the shedding of the ECD, such as membrane type 1-matrix metalloproteinase (MT1-
MMP) and disintegrin and metalloproteinase domain-containing proteins 10 and 17
(ADAM-10 and ADAM-17) [35, 36]. For some proteases the cleavage sites have been
confined to the stem region which releases the ectodomain of CD44. Interestingly, it

has been shown that the proteolytic cleavage can be triggered by the binding of CD44
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[37]. In that sense, the modulation of the CD44 interaction with other proteins and
glycosaminoglycans is expected to alter the cleavage susceptibility. Considering that
the methodology employed in this work analysed the membrane associated CD44, the
proteolytic cleavage followed by the shedding of the ectodomain can be precluded as
the cause of the shift from heavy CD44 (more than 150 kDa) to light CD44 (between

100 and 150 kDa) observed in this work.

We also ruled out that alterations in glycosaminoglycans accounted for the light
version of CD44. However, our results point towards the truncation of O-glycosylation
as the underlying mechanism for the expression of the light CD44 isoform. This is
supported by a similar result observed for the highly O-glycosylated proteoglycan
Syndecan 1 (Fig 6B). The extracellular domain of Syndecan 1 consists of 56 serine or
threonine out of a total 232 amino acids, with the majority (50) being predicted to be
O-glycosylated (data not shown). In accordance with our hypothesis that the lower
molecular weight form of CD44 stems from the truncation of O-glycans, we observe

a lower molecular weight form of Syndecan 1 as well.

We have not completely equalized the electrophoretic behaviour of CD44 from
glycoengineered and control cell lines. This is likely due to incomplete release of O-
glycans from our samples by the enzymatic O-glycan removal. Presently, no single
glycosidase can release all O-glycans. We have therefore used a serial digest with
Neuraminidase followed by an enzyme mix containing PNGase F, O-glycosidase,
Neuraminidase, PB1-4 Galactosidase and B-N-Acetylglucosaminidase. We
demonstrated that Neuraminidase and PNGase F treatment were successful in
removing sialic acids and NM-glycans, respectively. Given that high density of extended
O-glycans entails considerable resistance to glycosidases a chemical approach for
glycan removal should be carried out in the future to obtain a fully deglycosylated

protein.
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Alterations of the glycosylation machinery leading to the truncation of O-glycans are
a common feature in cancer. In this work we demonstrated the big impact that O-
glycan truncation has on CD44, a key player of cell-matrix interaction and receptor
activation. CD44 is among the most amplified genes in gastric cancer, indicating its
central role in this malignancy [38, 39]. In addition, CD44 shows frequently de novo
expression of the v6 splice variant in gastric cancer [12]. The expression of CD44v6
facilitates the receptor tyrosine kinase activation of RON by a yet unknown mechanism
[7]. We revealed here that the truncation of O-glycan leads to increased colocalization
between CD44v6 and RON. These results show that the aberration of O-glycans
presents a novel oncogenic mechanism of RON activation mediated by CD44. CD44
is also involved in the activation of other receptor tyrosine kinases, such as MET and
EGFR [7, 8]. The expression of truncated glycan epitopes bares therefore the potential
to be used in the future as biomarker for patient treatment stratification with tyrosine

kinase inhibitors.
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Abstract

Malignancies of the stomach remain to be the third leading cause of cancer deaths
worldwide. Patients are typically diagnosed in advanced stages in which curative
attempts are often failing. Predictive biomarkers are needed for the stratification of
patients and the improvement of patient outcome. Cancer associated glycan epitopes
already play a pivotal role as independent diagnostic and predictive biomarkers and
for monitoring treatment progress and cancer recurrence. However, the association
of these glycan epitopes with other molecular alterations and clinical parameters is
not understood yet. In an attempt to link the expression of glycan epitopes with other
indicative factors of the tumor we first characterized the expression of sialyl Lewis a
(SLea), sialyl Lewis x (SLex), sialyl Tn (STn) and Tn in a series of gastric carcinomas. We
found that 61%, 43%, 46% and 83% of the cases expressed SLea, SLex, STn and Tn in
more than a quarter of the tumor area, respectively. The epitopes of SLe2and SLexas
well as STn and Tn were statistically coexpressed. We then studied the association
between glycan markers and 57 other variables of the patients, including clinical data,

markers of genetic screening, family history, surgical data, histopathological
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classifications and blood biomarkers. We thereby identified that SLea expression is a
prerequisite of nerve infiltration of tumor cells and that the absence of SLe2 goes
together with MLK3 mutation and microsatellite instability. Furthermore, an inverse
correlation between SLex and CA125 became evident. Finally, we describe in this work
a completely new negative association between STn and E-cadherin expression.
Overall, this work provides a list of novel associations that puts glycan alteration into
context with other malignant processes and is a first step to improve their utility as

gastric cancer marker for patient stratification in the clinical setting.
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1. Introduction

Gastric cancer remains the fifth most common cancer and the third leading cause of
cancer death worldwide [1]. The absence of symptoms in early stages and the lack of
good diagnostic biomarkers lead to usually late diagnosis of this disease. Surgical
resection of the stomach (gastrectomy) remains the best curative attempt to treat
gastric cancer [2]. However, the surgical intervention frequently fails to cure patients
that present advanced stages. Gastric cancer rapidly spreads to local lymph nodes,
invades into adjacent organs and ultimately metastasizes to other peritoneal surfaces
and to the liver [2]. Therefore, aggressive therapies including chemotherapy,

radiotherapy and targeted therapy are usually being applied [2].

Thus, there is a demand in the clinical setting for prognostic biomarkers that predict
disease course, cancer recurrence, molecular tumor subtype, preferred sites of
metastasis and way of spread. In addition, biomarkers for treatment stratification are
needed to improve personalized medical approaches. These demands could be met
by unraveling associations between immunohistological markers and pathological
features of the cancer. In general, identification of oncogenic changes that are
concomitant with the expression of cancer biomarkers would improve our

comprehension of the disease and facilitate future clinical applications.

Glycans represent an ideal type of molecule for biomarker application [3, 4].
Glycosylation is abundantly presented on the cell surface of cells and is altered in the
course of carcinogenesis, leading to the expression of abnormal glycan epitopes [5].
These glycoconjugates are commonly shed and secreted into the blood stream where
they can be detected by minimal invasive serological assays. Therefore, glycosylation
plays a pivotal role as gastric cancer marker, with several assays for glycan epitopes

being in clinical use, such as CA 19.9 and CA 72.4 [6]. The CA 19.9 clinical assay,
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which evaluates sialyl Lewis A (SLe2) expression levels, is being used to monitor
treatment response and to detect cancer recurrence [7]. The CA 72.4 clinical assay,
which evaluates sialyl Tn (STn) expression levels, has prognostic potential for the
outcome of gastric cancer patients [8]. In addition, other glycan epitopes such as sialyl
lewis X (SLex) and Tn are abnormally expressed in gastric cancer [9]. The de novo
expression of SLex and the overexpression of Tn have been associated with poor
prognosis of patients [10, 11]. Great progress has been made in recent years in the

field of immune therapy by targeting the ectopic expression of the Tn antigen [12].

In this work we aimed to assess the expression profile of the gastric cancer associated
glycan markers and their association with patients’ clinical data and molecular
features of their tumors. For this purpose, we evaluated the epitopes SLe3, SLex, STn
and Tn in a series of 80 formalin fixed paraffin embedded gastric carcinomas. The
generated antigen expression profiles were used for cutting edge association analysis
with KEM® (Knowledge Extraction and Management) using a total of 57

clinicopathological and molecular variables of the patients.
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2. Material and methods

2.1 Immunohistochemistry

Formalin fixed paraffin embedded (FFPE) tissue samples from 80 gastric carcinomas
were provided by department of surgical oncology of the University of Siena (Italy).
All procedures were performed after patients’ written informed consent and approved
by the local ethical committee. FFPE blocks were cut into 3 pm sections and mounted
onto glass slides. The sections were dewaxed, rehydrated and endogenous
peroxidases were blocked with 3% hydrogen peroxide (H.0;) in methanol. Tissue
sections were blocked for 30 min with normal rabbit serum in PBS with 10% BSA.
Primary antibodies were incubated overnight at 4°C (Table 1). Biotin-labeled
secondary antibodies (Dako, Glostrup, Denmark) were applied for 30 min and the ABC
kit (Vector Labs, Burlingame, CA) for 30 min. In case of the single chain variable
fragment (scFv) G2D11 the tissue samples were incubated with a mouse anti-His-tag
antibody for 30 min before applying the biotin-labeled antibody. Finally, sections
were stained by 3,3’-diaminobenzidine tetrahydrochloride (DAB) and counterstained
with Gill's hematoxylin solution. Slides were examined using a Zeiss Optical
Microscope. The cases included all gastric cancer subtypes of the Lauren classification

and all stages (Table 2).

Table 1. Antibodies used in this study.
Targeted epitope Antibody Manufacturer Antibody type Dilution Ref.

SLea CA19.9 Santa Cruz Mouse IgG 1 1:500 [13]
SLex CSLEX-1  BD Biosciences Mouse IgM 1:80 [14]
STn B72.3 / Mouse IgG 1 1:5 [15]
Tn G2D11 / scFv 2.5 yg/ml
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Table 2. Clinical characteristics of gastric cancer cohort of this study.
Gender

Female 34 (42%)
Male 46 (58%)
Age
Range 30-89
Median 72
Subtype (Lauren)
Intestinal 53 (66%)
Diffuse 18 (23%)
Mixed 5 (6%)
Not classified | 4 (5%)
Stage
'A 1 (1%) 11 (14%)
IB 10 (13%)
Il 3 (4%)
A 9 (11%) 16 (20%)
IIB 4 (5%)
A 8 (10%)
B 12 (15%) 41 (51%)
[][@ 21 (26%)
v 12 (15%) 12 (15%)

2.2 Co-expression analysis and association rules:

The co-expression of antigens was calculated by x2 statistical test. Association rules
were established by KEM® (Knowledge Extraction and Management) decision support
technology [16]. The proprietary data mining tool KEM® is based on the Formal
Concept Analysis (FCA) and founded on the Galois lattices theory [17]. The sets of
formal concepts and their connections were visualized in a condensed representation
(hierarchical lattice) by extracting non-redundant groups of variables and accounting
for missing values in the data [18, 19]. IHC variables were discretized for the KEM®

data mining analysis.
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The association rule is an implication XY, with X being the antecedent and Y the
consequent of the rule, that allows inferring X as an explanation of Y. Four main
quality measures were used: support, probability, lift and P-value. These quality
measures are described below, by considering a dataset composed by N patients with
nx, Ny and nxy as the numbers of patients satisfying the antecedent X of a rule, the
consequent Y or both parts of the rule, respectively. P-values were calculated by using
a Fisher exact test. Support, which represents the generality of the rule, was defined
as the number of records satisfying both the antecedent and the consequent of the
rule: Support(X - Y) =nyy. Probability was defined as the percentage of the

characterized patients verifying the rule. It represents the predictive ability of the

association rule and is given by: Probability(X - Y) = ? Lift was defined as the ratio
X

of observed support to that expected if X and Y were independent. It measures the

performance of a rule to identify a subgroup from a larger population:

Lift (X > Y) = X

nxxn,,’
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3. Results

3.1 Profiling of Glycosignature

The sialylated antigens SLea, SLex and STn were evaluated using antigen specific
monoclonal antibodies CA19.9, CSLEX-1 and B72.3 respectively (Table 1, 3). The
normal mucosas adjacent to tumors were negative for all three sialylated antigens,
underlining their absence from the healthy gastric epithelium. Highly inflamed gastric
epithelia with high amount of infiltrating immune cells were frequently SLex positive.
Intestinal metaplasia (IM), in particular the secretory vesicles of goblet cells, showed

strong positivity for SLeaand STn and in some cases sparse staining for SLex.

Table 3. Number of cases per category of glycan epitope distribution.

Slea Slex STn mn

Negative 11 3 1 0

< Rare (Sparse cells) 13 22 16 1
S | <25% 7 20 14 12
3 | 25-50% 19 10 14 19
8 | 75-50% 10 8 7 22
Q| >75% 19 16 5 24
Total 79 79 57 78

Evaluation of gastric carcinomas revealed that 86% of all tumors were positive for SLea
(Fig 1) with typically cytoplasmic and membranous staining and often strong positivity
for what appears to be secreted proteins. SLe2 positivity involving more than 25% of

the tumor area was observed for 61% of all tumors (Fig 1).

Most tumors were positive for SLex. Of the 96% SLex positive carcinomas, 53% showed
staining in minor tumor areas (<25%) or sparse cells and 43% showed area-wide SLex

expression involving more than 25% of the tumor area (Fig 2). The SLex epitope was
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typically located at the cytoplasm and membrane and often included what appeared

to be secreted proteins present in the extracellular mucus.

The truncated O-glycan epitope STn was detected in 98% of all evaluated tumors (Fig
3). Similar to SLex, most STn positive cases, namely 53%, showed staining in confined
regions of the whole tumor (<25%) or in sparse tumor cells. The remaining 45% cases
showed area-wide STn expression involving more than 25% of the tumor area. The
subcellular localization of the STn epitope was equal as for SLe2 and SLex, including
the cytoplasm, the membrane and secreted proteins. Interestingly, among the
evaluated sialylated epitopes, STn showed clearly the fewest cases characterized for

>75% cancer cell positivity.

The fourth evaluated antigen was the Tn antigen. This truncated O-glycan was
evaluated by the highly Tn specific single-chain variable fragment (scFv) G2-D11
(unpublished data, manuscript in preparation). The Tn epitope is an intermediate
product of the normal O-glycan biosynthesis. Epithelial cells of adjacent normal
mucosa and IM showed therefore punctuated Tn staining in the perinuclear region,
presumably cis-Golgi. Vesicles of goblet cells were negative, proving no cross
reactivity of G2-D11 with STn. All assessed gastric carcinomas were to some amount
Tn positive and 71% showed overexpression of Tn (Fig 4). Additionally, cancer cells
showed deviation from non-malignant epithelial cells in subcellular localization of the
Tn antigen. The Tn staining of carcinoma cells was not restricted to perinuclear
compartments but was found in the cytoplasm and stretched commonly out over the

cellular frontiers including membrane and on what appeared to be secreted proteins.
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Figure 1. SLe2 profiling of gastric carcinomas.
A. SLeastaining of intestinal metaplasia (IM) and adjacent gastric mucosa (GM)
at 50x magnification. B. Diagram of SlLea staining in gastric carcinomas. The
extent of SLea positivity was categorized for each tumor into negative (neg) and
positive for sparse cells (rare), less than 25% (<25), 25 to 50%, (25-50), 50 to
75% (75-50) and more than 75% (75) tumor area. The bars and their respective
percentage show the distribution of the evaluated tumors among these
categories. C. D. Two representative SLea positive carcinomas at 50x and 400x

magnification.
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Figure 2. SLex profiling of gastric carcinomas.
A. SLexstaining of intestinal metaplasia (IM) and adjacent gastric mucosa (GM)
at 50x magnification and GM also at 200x magnification. B. Diagram of SLex
staining in gastric carcinomas. The extent of SLex positivity was categorized for
each tumor into negative (neg) and positive for sparse cells (rare), less than
25% (<25), 25 to 50%, (25-50), 50 to 75% (75-50) and more than 75% (75)
tumor area. The bars and their respective percentage show the distribution of
the evaluated tumors among these categories. C. D. Two representative SLex

positive carcinomas at 50x and 400x magnification.

133



Mereiter S, PhD Thesis

30% B
neg

W rare
20%
W <25%

M 25-50%
10%
W 50-75%

2% W >75%

0%

Figure 3. STn profiling of gastric carcinomas.
A. STn staining of intestinal metaplasia (IM) and adjacent gastric mucosa (GM)
at 50x magnification. B. Diagram of STn staining in gastric carcinomas. The
extent of STn positivity was categorized for each tumor into negative (neg) and
positive for sparse cells (rare), less than 25% (<25), 25 to 50%, (25-50), 50 to
75% (75-50) and more than 75% (75) tumor area. The bars and their respective
percentage show the distribution of the evaluated tumors among these
categories. C. D. Two representative STn positive carcinomas at 50x and 400x

magnification.
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Figure 4. Tn profiling of gastric carcinomas.
A. Tn staining of intestinal metaplasia (IM) at 50x and 400x magnification. B.
Diagram of Tn staining in gastric carcinomas. The extent of Tn positivity was
categorized for each tumor into negative (neg) and positive for sparse cells
(rare), less than 25% (<25), 25 to 50%, (25-50), 50 to 75% (75-50) and more
than 75% (75) tumor area. The bars and their respective percentage show the
distribution of the evaluated tumors among these categories. C. A
representative Tn positive carcinomas at 100x and 400x magnification. D.
Diagram of Tn staining intensity in gastric carcinomas, divided into the
categories low, moderate and high expression. Cases categorized as low
expression resemble similar or weaker staining intensities than that of the
adjacent mucosa. Moderate and high expression contain cases that showed

stronger Tn staining than normal mucosa does.
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3.2 Co-expression of glycomarkers

All four analyzed glycomarkers were overexpressed or de novo expressed in gastric
carcinomas. Among them, Tn presented the highest number of tumor positivity, but
was also the only of the four markers that was present by default in the healthy gastric
mucosa. Comparing the de novo expressed epitopes, SLe2 was most frequently
presenting more than 50% tumor positivity in gastric cancer, followed by SLex (Fig 5A).
The formation of SLe2and SLex seems to occur partly coordinated in cancer as these
two epitopes showed significant association in their expression (Fig 5B). Among the
four analyzed epitopes STn had the least cases with more than 50% tumor positivity
and Tn the most. Remarkably, a highly significant association was still evident for STn
and Tn (Fig 5C). Especially, STn positivity seems to strongly imply Tn positivity. Out
of 14 cases with over 50% STn positivity only a single case did not also show over 50%
Tn positivity, but was 25-50% positive for Tn. These associations are probably based
on overlapping molecular mechanisms that can lead to the upregulation of SLe2 and

SLexor Tn and STn. No other marker correlations reached significance.
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A SLe? SLe STn Tn
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B >50% W >75% m>50% W >75% B >50% W >75% m>50% W >75%
B SLe® and SLe* coexpression c Tn and STn coexpression
SLe? SLe* n STn
1
n=78 n=>57
SLe? >50% SLe® <50% Tn >50% Tn <50%
SLe* >50% 15 9 STn >50% 12 1
SLe* <50% 14 40 STn <50% 20 24
X% p =0.002 x%: p =0.003

Figure 5. Distribution of glycan marker positivity and associations among them.
A. Pie-diagram of SLe3, SLex, STn and Tn positivity in quartiles. B and C.
Association analysis between SLeaand SLex or Tn and STn distribution with cut-

off of 50%. On the top, Venn diagram of cases with >50% positivity. On the

bottom, x?2 statistical test with p-value.
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3.3 Glycomarker associate with various clinical variables

We evaluated the association of SLea, SLex, STn and Tn expression with 57 other
variables of the patients, including clinicopathological data, markers of genetic

screening, family history, surgical data and serological biomarkers.

The absence of SLea expression in the tumor was significantly associated with low
level of SLea in patients’ sera (Fig 6). This association was according to expectations
but demonstrates the capability of our approach to highlight causalities in this cohort.
Further, SLe2 negative tumors associated with the absence of nerve infiltration of
tumor cells. This association was highly significant and supported by 8 out of 8 SLea
negative cases. Lastly, we identified a statistical significant association of MLK3
mutation with tumors that presented absence or low SLea expression in sparse tumor

cells.
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Antecedent Consequent Support | Prob. | Lift | P-value
SlLe2 N
&g OneVe sl 8 100% 2.0 0.002
negative infiltration
Preoperative
CA19.9
SLea
. 9 | serum levels | 35 9 100% | 1.8 | 0.003
negative
lower than
19.7 U/ml
MLK3 SLea
. 3 , 16 3 100% 3.3 | 0.025
mutation negative/rare

Figure 6. Association rules of SLea.

Association map connecting SLea negativity, low distribution of SLe2 (contains

cases that were classified as negative or rare), absence of nerve infiltration,

preoperative CA19.9 serum levels lower than 19.7 U/ml, presence of MLK3

mutation and microsatellite instability (MSI status). The numerical evaluations

are shown in the table, containing number of cases with antecedent and

consequent variable, support, probability (prob.), lift and Fisher’s exact test p-

value. Arrow and number display the direction and the Lift value of the

association, respectively.
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Regarding STn expression, we were able to identify 3 significant association rules (Fig
7). High intensity of STn staining at the tumor site was associated with greater than
2.9 U/ml of the CA 72.4 serological assay. This is according to expectation as CA 72.4
assay evaluates serum levels of STn. More interesting, the low intensity of STn entailed
in our cohort that the CDHT gene was unmethylated. CDH7 methylation is one of the
mechanisms leading to downregulation of E-cadherin (the protein encoded by CDH1)
expression in the context of gastric cancer [20]. In support of this finding we
identified that all E-cadherin negative tumors expressed high levels of STn. This
strongly indicates a negative correlation between E-cadherin and STn expression in

gastric cancer.

Tumors with few SLex positive cancer cells (<25%) associated with postoperative high
CA 125 serum levels (greater than 72.3 U/ml) (Fig 8). CA 125 assay quantifies the
mucin MUC16. Reciprocally, tumors with more than >25% SLex positive cancer cells

associated with postoperative CA 125 serum levels lower than 72.3 U/ml.
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Figure 7. Association rules of STn.
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A. Association maps with STn distribution high (positivitiy in more than 25% of

the tumor), high intensity of STn tumor staining, low intensity of STn tumor

staining, CDHI

negativity, CDH] unmethylated and preoperative CA 72.4

serum level greater than 2.9 U/ml. The numerical evaluations are shown in the

table, containing number of cases with antecedent and consequent variable,

support, probability (prob.), lift and Fisher’s exact test p-value. Arrow and

number display the direction and the Lift value of the association, respectively.
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P-
Antecedent Consequent Support | Prob. | Lift
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— Postoperative SLex
CA 125 distribution
serum level | 4 5 4 100% | 2 | 0.024
low: <25%
greater than ositive
e 72.3 U/ml P
o sthuior, SLex Postoperative
distribution CA125
. 5| serumlevel | 6 5 100% | 1.7 | 0.024
high: >25%
ositive lower than
P 72.3 U/ml

Figure 8. Association rules of SLex.
A. Association maps with SLex distribution high (positivitiy in more than 25% of
the tumor), SLex distribution low (positivitiy in less than 25% of the tumor),
postoperative CA125 serum level greater than 72.3 U/ml and postoperative
CA125 serum level lower than 72.3 U/ml. The numerical evaluations are shown
in the table, containing number of cases with antecedent and consequent
variable, support, probability (prob.), lift and Fisher’s exact test p-value. Arrow
and number display the direction and the Lift value of the association,

respectively.
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4. Discussion

Gastric cancer remains the third leading cause of cancer death worldwide, owing this
placement predominantly to the absence of symptoms in early stages and the lack of
good biomarkers for diagnosis, treatment stratification and prognosis. Many potential
cancer biomarkers were primarily tested on their diagnostic aptitude and their ability
to predict patients’ outcome. Most of those markers ultimately do not meet the clinical
criteria, because of limitations in specificity or sensitivity, despite being clearly
associated with gastric cancer disease severity. These markers might be associated
with clinicopathological features of the tumor that have not been elucidated yet.
Moreover, the identification of associations between markers can identify causally
connected alteration networks and thereby contribute to our understanding of tumor

cell biology.

In this work we evaluated the expression of four cancer associated glycan markers,
namely SLea, SLex, STn and Tn, in a large series of gastric carcinomas. We
characterized the distribution and the intensity of these epitopes within the tumor
and evaluated their pattern of expression. As such Tn showed the highest number of
positive cases, but is the only of the evaluated markers that is also expressed in
healthy epithelia. A clear increase in staining and deviation of the healthy subcellular
localization including membrane and extracellular space was evident in cancer.
Therefore, Tn bares great potential for immunotherapy [21]. SLea was among the de
novo expressed epitopes with 61% the most commonly expressed, considering cases
with positivity in more than 25% of the tumor area. Under the same criteria, SLexand
STn were expressed in 43% and 46% of the evaluated gastric carcinomas, respectively.

These evaluations are in accordance to previous studies [22, 23].
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We were able to identify a significant association between STn and Tn expression. In
particular, cases that expressed STn in more than half of the tumor area were in 12
out of 13 cases also Tn positive in more than half of the tumor area. This supports
that Tn accumulation might be a common mechanism for STn overexpression in
gastric cancer. The two epitopes have previously been described to frequently occur
concomitantly because of some common mechanisms of overexpression [24].
However, the upregulation of ST6GALNACI1 is a Tn independent mechanism of STn
overexpression in gastric cancer [25, 26]. We also found that SLe2and SLexexpression
was significantly associated. These two sialofucosylated epitopes are structurally

similar and have biosynthetically overlapping pathways [27].

The high percentage of gastric tumors that acquires SLea, SLex and STn expression
foreshadows that these epitopes might convey a positive selection pressure when
expressed. The association of SLea, SLex and STn with clinical features supports this
hypothesis [7, 8]. Similarly, the ectopic expression of Tn throughout the cytoplasm of
virtually all gastric carcinoma cells might be accompanied by an advantageous

phenotype.

The second aim of this work was to test SLe, SLex, STn and Tn for predictive potential.
We performed multivariate analysis comparing the expression these glycan markers
with a data set of 57 other variables for each patient. This data set contained 14
categories with patient information (e.g. gender, age and blood groups), 12 variables
on markers of genetic screening, 19 variables with surgical and pathological
evaluations and information of pre- and postoperative blood biomarker levels. With
our approach we anticipated to discover novel associations for two reasons: (i) use of
unprecedented large number of patient specific information to associate our analysis
with; (ii) employment of patented algorithm that can fully explore complex datasets

in order to reveal hidden associations.
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The expression of the STn epitope associated through two independent association
rules with the loss of E-cadherin expression (Fig 7). E-cadherin is an important cell-
cell adhesion molecule and tumor suppressor gene [28]. Loss of function of the E-
cadherin gene, CDH1, is a common event in carcinogenesis and predominantly linked
to diffuse type gastric cancer [20]. Hypermethylation of the CDH7 promoter region is
a frequent cause of E-cadherin repression [29, 30]. Whether the association between
STn expression and E-cadherin absence is rooted in a direct causality or these two
events have a common underlying mechanism is not known. To our knowledge, this

is the first time that these two epitopes have been inversely correlated.

The inverse correlation between SLex and CA 125 remains elusive as well. The
serological CA 125 assay determines the MUC16 concentration in the blood of
patients [31]. Elevated MUC16 serum levels are typical in advanced gastric cancer,
where it is a marker of poor prognosis [32]. MUC16, as the largest member of the
mucin family, is carrier of numerous O-glycosylation sites [33]. It is therefore
surprising that the expression of potential major carrier of SLex inversely correlates

with this modification. Further studies are needed to unravel this phenomenon.

We revealed a novel association between SLeaand nerve infiltration (Fig 6). Perineural
invasion is a key pathological feature of gastric cancer [34] and leads to significantly
worse prognosis for the patients [35]. Perineural spread impedes complete tumor
removal because cancer cells stretch across safe tumor margins and hence, optimal
resection in such cases is rare [36]. In the so called neural tracking, tumor cells
actively migrate along the perineural space and conduct extensive crosstalk with cells
of the neural niche [36, 37]. Our finding that SLeaexpression might be a prerequisite
for neural tracking might explain SLe2 function in cancer invasion and progression

and its commonly described association with poor prognosis [38].
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Moreover, we identified an indirect association between absence of SlLea and
microsatellite instability (MSI) via MLK3 mutation (Fig 6). The applied screening
method only allowed associations with 100% probability. This explains the absence of
the direct association between the two common events SLea negativity and MSI. MSI is
one of the four molecular subgroups of gastric cancer suggested by the The Cancer
Genome Atlas (TCGA) [39] and is linked to favorable prognosis of the patients [40].
The hallmark of MSI tumors is a dysfunctional DNA mismatch repair system leading
to high mutation rates and increase in tandem oligonucleotide repeats [41]. These
cancers are particularly immunogenic and are therefore accompanied by high amount
of inflammation and infiltrative immune cells. Additionally, MSI cancers accumulate
activating hot spot mutations at receptor tyrosine kinases such EGFR, HER2 and HER3
[39]. SLea negative tumors might therefore be particularly susceptible for therapies

targeting these receptors.

Overall, this work has established a set of novel associations between glycan markers
and tumor features. These linkages provide the basis for new lines of research and
ultimately bare the potential to improve the utility of the gastric cancer marker SLea,

SLex, STn and Tn for patient stratification in the clinical setting.
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Chapter VI

| 1. GENERAL DISCUSSION

Cancer is among the leading causes of death worldwide, affecting every geographic
region [1]. While many other disease burden are constantly decreasing, each year the
number of cancer deaths is ever-expanding [2]. Cancer is for several reasons an
extraordinarily difficult disease to diagnose and treat: (i) every patients cancer is
unique in its accumulated genotypic and phenotypic alterations [3], (ii) a tumor is
intrinsically diverse and heterogeneous, composed of cancer cell subpopulations that
exhibit different treatment susceptibilities and resistances [4], (iii) as cancer cells are
derived from body cells, they display mostly self-antigens which makes both their
antigen-based detection and targeted treatment challenging [5, 6], (iv) the pursuit of
cancer cells to spread beyond the location of origin turns them eventually into

systemic diseases, impeding curative surgical interventions [7].

In order to tackle a malady as complex as cancer that exploits all cellular mechanisms
to gain growth advantage, it is necessary to understand all molecular aspects of
cancer. One of the most intricate processes that is altered in the context of cancer is

protein glycosylation [8, 9].

Protein glycosylation is a highly regulated process that involves the interplay of
glycosyltransferases and glycosidases in the assembly of glycan structures [10]. This
process requires additionally a well-functioning cell metabolism and enzymatic
cascades in the formation of glycan donor substrates and transporters to localize
these substrates in the right compartments [11]. A process that incorporates so many
pathways is easily altered by molecular and cellular changes that occur in diseases. In
cancer, several specific glycosylation alterations such as the de novo expression of
cancer associated glycan epitopes can frequently be observed [9]. Deciphering the

cause of these alterations is challenging as they may stem from various changes in
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the underlying biosynthetic pathways. Additionally, glycosyltransferases and
glycosidases are often involved in the buildup and trimming of numerous different
glycan structures. This makes investigations on specific glycan epitopes in cell models
complicated given that the modulation of the biosynthetically involved enzymes

likewise induces collateral changes on many other structures.

In this thesis we aimed to broadly tackle the role of glycan alterations in gastric cancer.
We focused on the oncogenic expression of sialofucosylated epitopes and truncation
of O-glycan structures, and sought to understand the impact of these alterations at
glycoprotein, cancer cell and tumor level. Three main approaches were chosen to
achieve this general aim: (i) mimicking different malignant glycophentoypes using
glycoengineered cell models to unravel concomitantly appearing glycan alterations
and to identify altered glycoprotein targets; (ii) dissecting the impact of altered
glycosylation on selected glycoproteins that are key players of carcinogenesis and
cancer progression (iii) analyzing associations between glycan alterations and tumor

features in a cohort of patients’ carcinomas.

1.1 Cell models as tools to explore cancer associated glycan changes

We studied in chapter 2 and 3 the effect of increased SLex and STn formation by
modulating the expression of key proteins of their biosynthesis. For this approach we
used the MKN45 gastric carcinoma cell line, which has previously been demonstrated
to be SLex and STn negative [12]. The MKN45 cells have been stably transfected with
an expression vector containing the full length S73GAL4 or ST6GALNAC] gene
controlled by constitutively active enhancer-promoter. The «2,3-sialyltransferase
ST3GAL4 has been selected as it is one of the major enzymes involved in the SLex
formation [13] and has been described to be commonly overexpressed in gastric

cancer [14, 15]. ST6GALNAC1 on the other hand is an x2,6-sialyltransferase involved
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in the formation of STn [16]. ST6GALNAC1 overexpression has previously been
associated with a more aggressive cancer cell phenotype [17, 18]. ST3GAL4 and
ST6GALNACT overexpression led in our model to the increased formation of SLexand
STn, respectively. To understand the full scope of the induced alterations by ST3GAL4
or ST6GALNACT, we performed N- and O-glycomic analyses of these cell lines. Indeed,
we were able to reveal systemic changes on the glycome. As such, ST3GAL4 directly
modulated numerous N- and O-glycan acceptor structures. On the other hand,
ST6GALNACT has a more restricted role, as it predominantly sialylates the Tn epitope.
Both enzymes showed, additionally to the increased synthesis of their products,
further glycomic changes presumably by altering the availability of acceptors and
donors for alternative glycosylation pathways. Interestingly, the overexpression of
ST3GAL4 thereby induced simultaneously several cancer associated glycan alterations
that have been described independently in previous publications [19-21], suggesting

that these changes might arise, at least in part, coordinately in cancer.

Many of the glycan changes in cancer that have been associated with clinical
implications for the patients were based on antibody recognition [9, 22]. This leaves
the possibility that these immunogenic epitopes, that gave rise to antibodies, merely
act as flags for other glycan alterations that could be even more functionally relevant

and that arise concomitantly.

For the glycomic analysis we chose two complementary strategies of structural
analysis based on ESI-MS/MS and a more quantitative approach by UPLC-FLD, both
leading to the same results demonstrating the suitability and reliability of these
techniques. Regarding the structural analysis, we used the extracted ion
chromatograms of the ESI-MS in negative mode for relative quantification. This
approach does not allow to draw conclusion on abundance of individual glycan
structures for several reasons: (i) the porous graphitized carbon (PGC) separation

column tends to poorly recover large oligosaccharides, which might introduce a
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structural bias [23]; (ii) the negative mode ionization used bares advantages for the
detection of negatively charged structures and the formation of diagnostic cross ring
fragmentations, but fails producing realistic proportions [24, 25]; (iii) the ionization
of glycans is in general inefficient and co-eluting molecules might impinge strong ion
suppression effects [23]. Therefore, the results taken from the PGC-ESI-MS/MS
analysis were exclusively comparative between relative abundances of structures from

samples that were prepared and analyzed in parallel.

In the M- and O-glycomic analysis of ST3GAL4 overexpressing cells we were not able
to detect major differences in the relative abundance of sialofucosylated structures.
This was inconsistent with our findings that these cells show a significant increase in
KM93 (anti-SLex antibody) binding. We confirmed the increased expression of SLex by
using another SLex binding antibody, CSLEX1. All experiments provided the same
results with CSLEX1 as they did with KM93. False positivity due to antibody cross-
reactivity is therefore unlikely. We hypothesize that the increase in SLex could not be
reproduced by PGC-ESI-MS/MS because the epitope is found on large N-glycans in
our cell line model. We were not able to obtain structural information on large N-
glycans, such as tri- and tetra-antennary structures with our analysis. Especially 1,6
GIcNAcs have been described to a be common carrier of SLex [26]. We have
demonstrated a remarkable decrease of bisected M-glycans in ST3GAL4
overexpressing cells that may consequently lead to an increase in 1,6 branching, as
bisecting GIcNAc has been shown to preclude the B1,6 GIcNAc [27]. In fact, the
ST3GAL4 overexpressing cells evidently show a strong increase in very large «2,3
sialylated NV-glycans as detected by HILIC-FLD. Taking all these findings into account
we conclude that B1,6 branched tri- and tetra-antennary AN-glycans are probable

carriers of SLex in the ST3GAL4 overexpressing cell line model.

Considering that the analysis of a gastric carcinoma cell line overexpressing ST3GAL4

revealed several specific glycan alterations independent of SLex, it is disputable
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whether SLexitself is in this cell line model of biological relevance. In the tumor, SLex
expression has previously been associated with patients’ poor outcome and was
shown to enhance the metastatic potential mediated through direct interaction of SLex
and selectins at the vascular endothelium [28, 29]. The SLex epitope bares additional
the advantage in most experimental set-ups of being specifically detectable by
antibodies, such as KM93 and CSLEX1. The «2,3 sialylation of type 2 chains catalyzed
by ST3GAL4 is an essential part of the SLex epitope [30]. We therefore used the anti-
SLex antibodies as tools to detect «2,3 sialylation of type 2 chains and to detect their
co-expression with RON and CD44 in chapter 3 and 4. We further suspect that the
expression of SLexin tumor samples may imply other alterations, described in chapter
2 and 3, such as the increased expression of sialylated short core 2 O-glycans, the
decrease of bisected structures, and the decrease of «2,6 sialylated AM-glycans. The
association of these glycan alterations remains to be shown in other glyco-engineered

cell line models and in gastric tumor specimens.

1.2 Identification of altered glycosylated protein targets

Virtually all proteins that pass through the secretory pathway are glycosylated. The
alteration of glycan structures affects therefore a multitude of proteins
simultaneously, complicating the association of these alterations with concrete
functions. Hence, our understanding on how aberrant glycosylation conveys
advantageous phenotypes to cancer cells is limited. In chapter 3 we unraveled critical
protein targets whose altered glycosylation may favor malignancy. We achieved this
by a quantitative glycoproteomic analysis of gastric carcinoma cells that upon
ST3GAL4 overexpression exhibited a more invasive phenotype [31]. This method
guantitatively assessed peptides that were modified with sialylated A-glycans, which

means we were not able to evaluate proteins that were carriers of altered O-
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glycosylation or sialylation independent altered A-glycosylation. In addition,
regarding sialylated M-glycans, we demonstrated in chapter 2 by quantitative HILIC-
FLD-UPLC that the major alteration induced by ST3GAL4 overexpression was rather
the change of sialic acid linkage than an overall increase of sialylation. Therefore, the
applied method probably identified only a subset of all aberrantly glycosylated
proteins. Moreover, only unique peptides are unambiguously assigned to a protein,
which has been previously described for this method to be around 15% of all identified

peptides in a human cell line [32].

Despite the aforementioned limitations, we were able to identify 67 N-glycosylation
sites in 47 glycoproteins with significantly increased sialylation in cells
overexpressing ST3GAL4. Remarkably, among them, many key players of malignancy
such as Insulin receptor, RON, Integrin «V, Integrin «3, Integrin 6, Carcinoembryonic
antigen-related cell adhesion molecule 1 (CEACAM1), CEACAMS5, Plexin B2 and
Receptor-type tyrosine-protein phosphatase eta (PTPRJ). Altering the glycosylation of
these proteins bares the potential of modulating their interactions with other proteins,
their stability or their cellular localization, and thereby changing the malignant

phenotype of the cell.

Our experiments on RON confirmed the biological relevance of the glycosylation by
showing increased activation of this receptor tyrosine kinase in the model with
elevated ST3GAL4 levels. Although the other identified protein targets remain to be
analysed for functional implications, it is expected that they are also to a certain
degree affected. For instance, integrins function has been shown to be critically

regulated through their glycosylation [33-35].

Independent of the functional impact, the list of site-specific altered glycosylation is
a valuable register for potential biomarkers. These glycosylation sites might be

particularly sensitive in being differentially sialylated when expression levels of
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sialyltransferases change. The increase in sialylation is prevalent in cancer [9] and
might be faithfully presented on these protein N-glycan sites. The protein CEACAMS5
(known as CEA) has to be highlighted in this regard. We identified in chapter 2 and 3
the N-glycosylation sites N204 and N208 of CEA being extensively sialylated. Elevated
CEA levels in serum are used in the clinical setting as a marker for various cancers,
including gastric cancer [36]. The CEA assay lacks sensitivity with elevated levels
found in only around 25% of all gastric cancer patients [37]. It should be tested
whether specific evaluation of N204 and N208 N-glycan sialylation increases the
diagnostic potential of CEA. These glycan sites can be assessed by glycoproteomics

as tryptic digest generates unique peptide sequences around these glycosylation sites.

1.3 RON and CD44: a sweet relationship

The increased activation of the RON receptor tyrosine kinase was shown in chapter 3
with three complementary methods in the cell line model. Ligand-independent
aberrant RON activation in cancer has been mainly attributed to receptor
overexpression [38, 39], expression of constitutively activated splice variants and
protein truncation [40, 41]. RON activation results in the autophosphorylation of
Tyr1238 and Tyr1239 in the kinase domain [42]. Based on these phosphorylation sites,
we evaluated in chapter 3 the activation of RON. Phosphorylation of the regulatory
residues activates the kinase activity, leading to further phosphorylation of Tyr1353
and Tyr1360 and initiation of downstream signaling [42, 43]. This event is classically
mediated by RAS-ERK and PI3K-AKT pathways [44], which are responsible for RON-
mediated cell proliferation and survival, as well as migration and invasion,
angiogenesis and chemoresistance [45-48]. RON actively crosstalks with other RTKs

including MET, EGFR, insulin-like growth factor receptors and platelet-derived growth
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factor receptor (PDGFR) but also viral oncoproteins derived from Epstein-Barr virus

(EBV) [49].

In tissue the observation of the receptor activation is more difficult since phospho-
tyrosines are labile moieties, readily removed by endogenous phosphatases and lost
over time during samples storage [50]. We found the phospho-RON in formalin
fixated paraffin embedded (FFPE) gastric carcinoma specimens only in the nuclei of
the carcinoma cells, where the phoshpo-tyrosine seems to be better conserved. The
cytosolic domain of RON is translocated to the nucleus under hypoxic conditions and
acts as a transcription factor, similar to MET [51, 52]. As the nuclear localization is
not associated with the canonical signal transduction of the receptor, conclusions
from the nuclear phopsho-RON staining about the receptor activation cannot be
drawn. Further studies using fresh frozen biopsies are warranted to assess the
activation of RON in tumors of patients and the role of altered glycosylation in this

process.

The mechanism by which RON is increasingly activated in cells that overexpress
ST3GAL4 remains to be fully characterized. Generally, there are two alternative
mechanisms for the RON activation: (i) Autonomous activation, such as
conformational changes of RON induced through altered glycosylation that enhance
the ligand independent activation; (ii) other protein dependent activation, such as

alteration of interaction with other glycoproteins.

The increased sialylation of RON N-glycosylation site N841 appears likely to be
involved in its activation, as it is located in the IPT domain, known to be important for
receptor activation [53, 54]. This may be tested in the future by site directed
mutagenesis of N841 in ST3GAL4 and mock transfected cells. If the alteration of this
N-glycan site is the sole cause of hyperactivation, abolishing it in both cell lines would

normalize RON activation levels. However, we suspect that the interaction with co-
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receptors or other proteins is also involved in RON activation upon glycosylation
changes. Several glycoproteins that are involved in RON signaling show likewise an
increase in sialylation. For instance, Receptor-type tyrosine-protein phosphatase eta
(PTPRJ, DEP-1) and Receptor-type tyrosine-protein phosphatase H (PTPRH, SAP-1)
were shown to be increased sialylated in ST3GAL4 overexpressing cells. Both protein
tyrosine phosphatases have been shown to be involved in the deactivation of receptor
tyrosine kinases and to be relevant in gastric cancer [55-57]. These two
transmembrane glycoproteins showed the most altered MN-glycan sites of our
sialoproteomic analysis, DEP-1 and SAP-1 with 6 and 3 sites, respectively. The
phosphatase function of protein tyrosine phosphatases requires close interaction with
the receptor tyrosine kinase [55]. Sialic acids as negatively charged moieties at the
forefront of glycans can increase electrostatic repulsion between these glycoproteins.
The increased sialylation of RON and DEP-1 or SAP-1 may therefore decrease the

dephosphorylating turnover of phospho-RON.

Plexin B2 is another protein that can contribute to RON hyperactivation in our
ST3GAL4 overexpressing cell line model. Plexins are semaphorin receptors that
initiate signaling by the recruitment and activation of cytosolic GTPases. Plexin B2 and
RON have been shown to directly interact and to have synergistic effects on their
activation [58]. The sialoproteomic analysis revealed increased sialylation of Plexin B2
at N844 and N127 upon ST3GAL4 overexpression. The N844 N-glycan site drew our
attention as it is located in one of the IPT domains. Plexin B2 and RON are among the
few transmembrane proteins that contain IPT domains [30], and both proteins are
increased sialylated in this particular domain in ST3GAL4 overexpressing cells. It is
not known how Plexin B2 and RON bind to one another but the involvement of the IPT
domains is apparent, as most IPT containing transmembrane proteins have been

shown to interact [58].
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As previously discussed, our glycoproteomic approach did not assess proteins with
altered O-glycosylation. Likely, the truncation of O-glycans induced by ST3GAL4 or
ST6GALNACT overexpression functionally affects O-glycosylated key proteins. This is
supported by the Western blot analysis of syndecan 1 and CD44, two highly O-
glycosylated proteins with critical cellular functions. In cell lines with truncated O-
glycans both, CD44 and syndecan 1, showed an isoform with significantly lower
molecular mass as described in chapter 4. Interestingly, this indicates that the
modification of different glycosylation mechanisms can induce similar alterations on

specific glycoproteins and proteoglycans.

We are starting to understand the functional consequences of this truncation. As such
we demonstrated in chapter 4 that the number of colocalization events between
CD44v6 and RON significantly increased in cells overexpressing ST3GAL4 or
ST6GALNACT. CD44v6 is in almost 50% of all gastric cancers de novo expressed and
is especially in more differentiated carcinoma associated with poor survival of the
patients [59]. CD44v6 is a known co-receptor of RON activation through a 5 amino-
acid long peptide sequence [60]. CD44 is highly O-glycosylated in the CD44v6
adjoining region [61]. The truncation of O-glycans induced by high expression levels
of ST3GAL4 or ST6GALNACT could therefore facilitate the interaction of CD44v6 and
RON. We consider to examine in depth in the future if the truncation of O-glycans on
CD44 can modulate RON receptor activation. We envision an approach applying
antibody inhibition experiments that can be conducted to probe the direct
involvement of truncated O-glycan of CD44 on RON activation. This can be achieved
by blockage of the CD44v6-RON interaction by a v6 specific inhibitory antibody. This
will reveal if abolishing the CD44v6-RON interaction is sufficient to normalize RON
activation. Subsequently, it could be tested if the incubation with antibodies specific
for truncated glycan epitopes, such as an anti-STn antibody in the ST6GALNACI

overexpressing cells, also results in the normalization of the RON activation.
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A recent study has shown that hypoxia can induce the increased formation of
truncated O-glycans such as STn [62]. Hypoxic conditions are widespread in tumors
and might therefore be a frequent trigger of aberrant O-glycan expression. As a major
carrier of STn, we hypothesize that CD44 is a sentinel of this event and that the
aberrantly glycosylated CD44 isoforms increase the malignant phenotype of gastric
cancer cells through the oncogenic activation of RTKs such as RON or MET, as

illustrated in figure 1.

Truncation of
O-glycans

eg.through:
ST3GAL4 overexpression
ST6GALNAC1 overexpression
COSMC loss of function
Hypoxia

extracellular

cytosol

CD44 RON RON activation

Figure 1. Proposed mechanism for RON activation by CD44 in a glycosylation
dependent manner.
On the left, impediment of CD44v6 and RON interaction through elongated
O-glycans. On the right, CD44v6 with truncated O-glycans promoting RON

activation.
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1.4  Novel glycan associations for biomarker discovery

There is a demand in the clinical setting for prognostic biomarkers that predict the
gastric cancer disease course such as cancer recurrence, preferred sites of metastasis
or favored way of spread. In addition, biomarkers that can be linked to molecular
tumor subtypes are required. These biomarkers could guide medical doctors to select
ideal therapies for each patient and determine monitoring strategies. In chapter 5 we
characterized a cohort of 80 gastric carcinomas for the expression of the
sialofucosylated epitopes SLex and SLe?, as well as the truncated O-glycan epitopes
STn and Tn. We used the expression profiles for KEM® based association studies with
clinical features of the tumors. We obtained 3 novel and clinical relevant associations:
(i) The absence of SLea expression precludes perineural invasion; (ii) Low SlLea
expression levels in tumors can be an indicator of MLK3 mutation, which are linked
to microsatellite instable (MSI) tumors; (iii) there seems to be an inverse correlation

between STn and CDH1 expression levels.

This indicates that the oncogenic expression of SLe2is essential for the cancer cell
interaction with neurons or glial cells. The invasive capacity of cancer cells is
accelerated through active migration along the perineural tract [63, 64]. SlLea2
expression levels of tumors have been used as marker for aggressiveness [65] and
might be partly explained by this result. Also the association with MSI is of clinical
relevance. MSI tumors are chemotherapy resistant [66] and tend to accumulate
hotspot mutations on growth promoting cell receptors such as ERBB2, ERBB3 and
EGFR [67]. The identification of this molecular subtype might be assisted by SLea
expression analysis and are of highest importance for the selection of optimal

therapeutic strategies.

For the generation of these association rules we screened the data set for events with

100% probability. This means, only cases in which all antecedents were supporting
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the hypothesis were considered. Biological samples in general and tumors in
particular present tremendous heterogeneity. Even the strongest associations will
inevitably have outliers if the sample number is large enough. We therefore have not
assessed numerous very relevant associations yet, comprised of larger antecedent
numbers and therefore presenting probabilities below 100%. These associations
remain to be explored in the future. Nevertheless, even with these stringent settings
we were able to establish several association rules with antecedent numbers above 5.
Many of these associations were supported by more than one rule, such as the link
between STn and E-cadherin, increasing the confidence of this result. We believe that
these identified association rules are based on especially strong correlation of two
parameters. To our knowledge this was the first absolutely blind association analysis
with such a well characterized data set. As a result, many of the established rules have
never been described before and might pave the way for new lines of research, in

which these associations are experimentally confirmed and further exploited.

165



Mereiter S, PhD Thesis

| 2. CONCLUDING REMARKS

Glycosylation alterations are a common feature in gastric cancer leading to the
modulation of cancer development and progression. This altered glycosylation can be
found on specific proteins in cancer cells, modulating the functional role of these
proteins and constituting an excellent source of biomarkers for screening and

prognosis purposes.

The general aim of the present work was the characterization of the gastric cancer
glycosylation profile and the identification of aberrantly glycosylated protein targets
to unravel the role of glycan alterations in carcinogenesis and cancer progression.

The work presented in this thesis allowed us to draw the following conclusions:

1. In gastric carcinoma cells, ST3GAL4 overexpression leads to systemic glycosylation
alterations, including the de novo expression of SLex, reduced O-glycan extension
and decreased bisected and increased branched N-glycans. In addition, sialic acid
linkage on WN-glycans was shifted from «2-6 towards «2-3. In contrast,
ST6GALNACT overexpression predominantly increased the formation of O-glycan

epitope STn, leaving the N-glycome largely unaffected.

2. Oncogenic alterations in expression levels of glycosyltransferases affect numerous
cancer relevant glycoproteins simultaneously. In ST3GAL4 overexpressing gastric
carcinoma cells 47 glycoproteins were identified with significantly increased
sialylated M-glycans. Almost half of which were involved in migration and adhesion
or integral parts of the cell signaling machinery. Among them key players of
malignancy such as Insulin receptor, RON, Integrin «V, Integrin «3, Integrin B6,
CEACAM1, CEACAMS and Receptor-type tyrosine-protein phosphatases DEP-1 and

SAP-1.
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3. The RON receptor tyrosine kinase is hyperactivated and colocalizes with SLex in
gastric carcinoma cells overexpressing ST3GAL4. The colocalization of SLex and
RON can be found in gastric carcinomas of patients but is absent from the healthy

gastric mucosa.

4. CD44 is a major carrier of truncated O-glycans at the surface of gastric carcinoma
cells. Alterations in the glycosylation machinery can have a severe impact on the
molecular weight of CD44 and its recognition by antibodies. The truncation of O-
glycans has functional implication on CD44 and increases the colocalization of

CD44v6 and RON receptor tyrosine kinase.

5. The absence of SLe2 expression in tumors is associated with no perineural
infiltration of the cancer cells and the presence of MLK3 mutations. In addition, STn
inversely associates with CDHT expression. This proofs that powerful association
algorithms can reveal novel associations in data sets filled with well-studied

parameters.
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Gastrointestinal (Gl) cancer is the most common group of malignancies and many of its
types are among the most deadly. Various glycoconjugates have been used in clinical
practice as serum biomarker for several Gl tumors, however, with limited diagnose
application. Despite the good accessibility by endoscopy of many Gl organs, the lack of
reliable serum biomarkers often leads to late diagnosis of malignancy and consequently
low 5-year survival rates. Recent advances in analytical techniques have provided novel
glycoproteomic and glycomic data and generated functional information and putative
biomarker targets in oncology. Glycosylation alterations have been demonstrated in a
series of glycoconjugates (glycoproteins, proteoglycans, and glycosphingolipids) that
are involved in cancer cell adhesion, signaling, invasion, and metastasis formation. In
this review, we present an overview on the major glycosylation alterations in Gl cancer
and the current serological biomarkers used in the clinical oncology setting. We further
describe recent glycomic studies in Gl cancer, namely gastric, colorectal, and pancreatic
cancer. Moreover, we discuss the role of glycosylation as a modulator of the function
of several key players in cancer cell biology. Finally, we address several state-of-the-art
techniques currently applied in this field, such as glycomic and glycoproteomic analyses,
the application of glycoengineered cell line models, microarray and proximity ligation
assay, and imaging mass spectrometry, and provide an outlook to future perspectives
and clinical applications.

Keywords: gastric cancer, colorectal cancer, pancreatic cancer, glycomics, glycan biomarkers, microarray,
proximity ligation assay, imaging mass spectrometry

GLYCOBIOLOGY IN CANCER

The cells’ glycocalix constitutes an important interface with the extracellular milieu and plays
critical roles in physiological and pathological conditions. This glycan-rich coating of the cells’
plasma membrane is composed by different classes of glycoconjugates, including glycoproteins,
glycolipids, and proteoglycans, which participate in key regulatory events for cellular and organ
homeostasis. Alterations in glycosylation can interfere with normal molecular functions such as
cell-cell recognition, communication, and adhesion, leading to acquisition of malignant features.
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Moreover, the shedding of aberrant glycoconjugates, uniquely
expressed by tumor cells, into circulation provides one valuable
source of biomarkers for cancer diagnosis and prognosis (1).

Substantial advances in the frontiers of cancer glycobiology
have been possible in the recent past due to the combination of
novel tumor cell biology concepts with cutting-edge glycomic
technologies. Specific glycosylation alterations have been identi-
fied in tumors and some of the molecular pathways underlying
these modifications have been disclosed (2). In addition, aberrant
glycoforms have been demonstrated to be molecularly associated
with more aggressive cancer cell and tumor features, including
increased migration, invasion, and metastization potential, pro-
viding novel targets for therapeutic intervention (3-5).

This review describes the recent progress in gastric cancer,
colorectal cancer (CRC), and pancreatic ductal adenocarcinoma
(PDAC) glycobiology and discusses the clinical value of aberrant
glycosylation as a source of screening biomarkers and therapeutic
targets. A comprehensive overview of the advances in glycomic
and glycoproteomic tools is also provided and their possible
applications for tumor glycan-profiling and discovery of novel
targets for improving gastrointestinal (GI) tumors’ clinical man-
agement are discussed.

GLYCOSYLATION ALTERATION IN
GASTROINTESTINAL CANCERS

Despite the large amount of glycan epitopes that can be found in
the human GI tract and the complex and manifold alterations of
the glycosylation machinery during the process of carcinogenesis
and cancer progression, the current knowledge makes it possible
to group the most common glycan alterations. Expression of
truncated simple O-glycans, changes in N-glycan branching,
and increase in sialylation and fucosylation are three major
N- and O-glycosylation events involved in GI cancer that will be
described in detail (Figure 1). Furthermore, we give an overview
on other common glycosylation alterations in cancer, such as
changes in O-GlcNAcylation, modified glycosphingolipids, and
glycosaminoglycans (GAGs) and proteoglycans.

Truncated Simple O-Glycans

One common feature observed in GI tumors is the overexpression
and exposure of short, truncated O-glycans. Mucin-type O-glycans
are found on most transmembrane and secreted proteins. A
single O-glycan oligosaccharide chain can present more than 20
monosaccharide constituents (6). In malignancy, O-glycans are
often shortened resulting in an increase of the monosaccharide
Tn antigen (GalNAcal-Ser/Thr), the disaccharide T antigen (also
known as Thomsen-Friedenreich antigen or core 1 structure,
GalP1-3GalNAcal-Ser/Thr) and their sialylated forms, STn
(Neu5Aca2-6GalNAcal-Ser/Thr), and ST (Neu5Aco2-3Galpl-
3GalNAcal-Ser/Thr), respectively (Figure 1) (7, 8).

Polypeptide GalNAc transferases (ppGalNAcTs), which are
the initiating enzymes of the mucin-type O-glycosylation (9, 10),
show often altered expression in cancer (11-13). A total of 20
different ppGalNAcTs are known in human and their expression
profile and subcellular localization determine O-glycosylation

sites and densities (9, 14). In CRC, for example, the ppGalNAc-T3
is associated with tumor differentiation, disease aggressiveness,
and prognosis (12). In gastric cancer, the expression of ppGalNAc-
T6 is associated with venous invasion and the downregulation of
ppGalNAc-T2 increases the cancer cell proliferation, adhesion,
and invasion (11, 15).

In addition, enzymes competing for the same substrate can also
induce expression of truncated glycans and exposure of protein
epitopes that would be hidden otherwise. For instance, the relative
enzymatic activities of C2GnT (N-acetylglucosaminyltransferase)
and ST3Gal-1 (sialyltransferase), two glycosyltransferases that
compete for the same substrate, have been shown to determine
the O-glycan structure in cancer cells (16).

STn is expressed in most GI carcinomas correlating with
decreased cancer cell adhesion, increased cancer cell inva-
sion, and poor prognosis of the patients (17-23). The terminal
STn epitope is synthesized by the sialylation of Tn by the
ST6GalNAc-I sialyltransferase (17, 18). In cancer, the forma-
tion of STn may occur due to ST6GalNAc-I upregulation, early
sialylation caused by glycosyltransferase misslocalization in the
secretory pathway, or the impairment of the elongation of the Tn
antigen (14, 17, 18, 24).

In gastric cancer, expression of STn is a common feature asso-
ciated with more malignant phenotypes. The overexpression of
ST6GalNAc-I has been shown to induce migration and invasion
in gastric carcinoma cells in vitro (20).

In this regard, another gene that can underlie the synthesis of
truncated O-glycans is COSMC, which encodes for a C1GalT1
dedicated chaperone (25). The galactosyltransferase C1GalT1 is
responsible for the elongation of the Tn antigen to form the core 1
structure also known as the T antigen. The absence of a functional
COSMC entails the dysfunction of C1GalT1. In PDAC, it has
been shown that hypermethylation of COSMC, and not somatic
mutations, is the prevalent cause of truncated O-glycans (23).
In addition, the downregulation of C1GalT1 in combination
with the upregulation of ST6GalNAc-I has been associated with
increased STn expression in CRC cell lines and epithelial cells
derived from resected CRC tumor tissue (26). In contrary, the
overexpression of C1GalT1 is associated with invasion, metasti-
zation, and poor survival in CRC. In C1GalT1 overexpressing
CRC cells, the knockdown of C1GalT1 suppresses the malignant
phenotype in vitro and in vivo (27). Increased levels of C2GnT,
a glycosyltransferase responsible for the biosynthesis of core 2
structures, are also frequent in CRC (28). This enzyme has also
a critical role in the biosynthesis of terminal sialylated Lewis
antigens on O-glycans that will be further discussed in Section
“Increased Sialylation and Fucosylation.”

Normal pancreas does not express the Tn antigen and its cor-
responding sialylated epitope STn (21). The Tn antigen is detected
in 75-90% of PDACs and up to 67% in precursor lesions (24). The
appearance of the STn in mucins, on the other hand, is a late event
in PDAC disease progression (29). These truncated O-glycans are
associated with cancer cell growth and tumor invasion in PDAC
(23, 24). The situation is slightly different in CRC, where the over-
expression of T antigen is associated with early events in cancer
progression and both Tn and STn antigens are frequently overex-
pressed in advanced and poorly differentiated adenocarcinomas
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Glycosyltransferases involved in truncated simple O-glycans
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FIGURE 1 | Schematic depiction of glycan alterations during malignant transformation. Healthy epithelium displaying cell polarity, organized glycoprotein
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- GnT-III

glycoproteins and altered expression of genes involved in glycosylation pathways
nvolved in glycan alterations during malignant transformation are listed.

and also in mucinous carcinomas. Therefore, these antigens are
considered useful markers for poor outcome (22).

Besides cores 1 and 2, O-glycans with cores 3 and 4 are also
often expressed in normal GI epithelia, especially in colon, but are
significantly decreased in malignancy due to downregulation of
the core 3 and 4-synthetase (8, 30-32).

The de novo expression of truncated O-glycans in GI cancers
is of avail in the search of specific cancer biomarkers. It leads to
the expression of unique glycopeptide structures and, because of
the small steric size of these truncated O-glycan moieties, to the
exposure of protein regions that would otherwise be masked, and,
therefore, not detected by specific antibodies (29, 33).

Branched N-Glycans

The biosynthesis and maturation of N-glycan structures is
defined by a complex interplay of numerous glycosidases and
glycosyltransferases in the endoplasmic reticulum and Golgi.
Among N-glycan types, the complex N-glycans display the
largest structural diversity. Two structural features of complex

N-glycans are the P1,6-branching, catalyzed by the glycosyl-
transferase GnT-V, and the bisecting-GlcNAc, added by the gly-
cosyltransferase GnT-1II. GnT-V is known to be upregulated
in gastric carcinoma (Figure 1) (34), leading to the increased
branching of N-glycans and contributing to cancer cell invasion
and metastases (35, 36). Analogically, normal colon epithelium
presents high levels of bisecting-GlcNAc, due to high expres-
sion levels of GnT-III, which is associated with suppression of
the tumor progression. However, during cancer progression,
these bisecting structures are decreased (37) and it has been
described a general increase of P1,6-branched in complex
N-linked glycans that are also associated with tumor invasion
and metastasis (38). Histochemical studies using specific lectins
for the detection of p1,6-branched structures showed increased
staining concomitant with tumor CRC staging (39), and an asso-
ciation with lymph node metastasis and decreased survival rates
in CRC patients (40). GnT-V, the enzyme responsible for the
synthesis of p1,6-branched N-glycans, is commonly upregulated
in CRC correlating to the metastatic potential and consequently
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considered an important prognosis factor to detect poor CRC
patients’ outcome (41). A recent study demonstrated that GnT-V
levels modulate CRC stem cells and tumor formation by Wnt
signaling (42). Increased extension of p1,6-branched complex
N-glycans by long polymers of N-acetyllactosamine (LacNAc)
due to upregulation of f3GnT8 has also been described in CRC
cells (43).

Regarding PDAC progression, little has been described about
bisecting structures, although the increase in highly branched
N-glycans is well established. The number of tri- and tetra-
antennary glycans is significantly increased in both pancreatic
cancer cells and PDAC patients’ serum and correlate with cancer
progression (44, 45).

Another mechanism leading to increased branching is the
downregulation of GnT-IIT and the addition of bisecting-GlcNAc.
Bisected structures cannot be further modified by GnT-V and,
therefore, preclude the formation of branched N-glycans under
healthy conditions.

The interplay of GnT-III and GnT-V modulates cell adhesion
and migration in a gastric cancer context (46, 47). This has been
shown to be particularly important for cell-cell and cell-matrix
interactions in gastric cancer by altering the functionality
of E-cadherin and integrins in malignant transformation.
E-cadherin promotes adherence junction formation and, thus,
maintains intercellular adhesion. E-cadherin is stabilized by
bisected N-glycans delaying its endocytosis and turnover (47-49).
Furthermore, bisecting-GIcNAc on E-cadherin is gastric tumor
suppressive by downregulating signaling pathways involved in cell
motility and the EMT process (50-54). Conversely, E-cadherin
is dysregulated when glycosylated with branched N-glycans by
GnT-V in the context of gastric cancer (34, 52, 53). GnT-V is
commonly upregulated in gastric carcinomas contributing to cell
invasion and metastases (35, 36). The overexpression of GnT-V
leads to destabilization of adherence junctions, delocalization of
E-cadherin into the cytoplasm, and mesenchymal appearance of
the cells with increased metastatic capability (34, 52, 55).

Integrins convey adhesion to extracellular matrix components
and are often altered in GI carcinomas. In gastric cancer, the
modification of a3f1 integrin with branched N-glycans increases
cell migration (56). The modification of «3f1 integrin with
bisecting-GlcNAc has the opposite effect by inhibiting cell migra-
tion (56). Consistently, the overexpression of GnT-III resulted
in the inhibition of a5p1 integrin-mediated cell migration and
reduced binding to fibronectin due to a specific N-glycosylation
site on the o5 integrin (57, 58).

Increased Sialylation and Fucosylation

Sialic acids are the largest and the only intrinsically negatively
charged monosaccharides present in human glycosylation. As
a terminal event, sialylation caps glycosylation chains usually
resulting in exposed locations of the negative charge at the fore-
front of the oligosaccharides and first encounter point for adjacent
glycans, proteins, and cells. Sialylation has, therefore, been shown
to play important roles in modulating cellular recognition, cell
adhesion, and cell signaling (59). Moreover, cancer cell sialylation
patterns define sialic acid-binding lectins (Siglecs) interactions
and modulate immune response (60, 61).

An increase in global sialylation, especially in «2,6- and a2,3-
linked sialylation, owing to altered glycosyltransferases expres-
sion, has been closely associated with cancer and commonly
described as one of the main modifications in GI cancers (62,
63). For example, ST6Gal-1, the enzyme that adds o2,6-linked
sialic acid to lactosamine chains (Neu5Aca2,6Galp1,4GlcNAc),
is commonly overexpressed in GI cancers correlating with poor
prognosis (59, 64, 65). Additionally, «2,3-sialyltransferases,
such as ST3Gal-III and ST3Gal-1V, are often upregulated in the
course of gastric cancer and PDAC progression leading to a more
invasive and metastatic phenotypes of the cancer cells (65-69).
Furthermore, sialylation, in particular a2,3 and o2,6-linked,
can modulate the ECM adhesion and migration. Specifically,
it has been described that while the overexpression of terminal
o2,6-linked sialic acid leads to increased ECM adhesion, the
overexpression of a2,3-linked terminal sialic acid epitopes in
PDAC cancer cell lines results in a more migratory phenotype
(70). Similarly, in gastric cancer cells, the overexpression of
a2,3-linked terminal sialic acid epitopes causes a more invasive
phenotype in vitro and in vivo (67).

The major a2,3-sialylated antigens associated with cancer
are SLe* and SLe* (Figure 1). Although these structures can
also be present in non-neoplastic cells, SLe* and SLe* have been
demonstrated to be highly expressed in many malignant tissues,
including GI tumors, both in glycoproteins and glycosphigolipids
(71-74). SLe*-increased expression levels are associated with
advanced stages and have been correlated with poor survival in
GI cancer patients (75-77). SLe* is the well-known ligand for
selectins (78). During inflammation, selectins mediate the initial
attachment of leukocytes to the endothelium during the process
of leukocyte extravasation. In cancer, SLe* interactions with
selectins favor metastasis by forming emboli of cancer cells and
platelets and promoting their arrest on endothelia (77).

The overexpression of SLe* in a gastric carcinoma cell line
transfected with ST3GAL4 has shown to increase the cells inva-
sive potential both in vitro and in vivo due to the activation of
the oncogenic c-Met receptor tyrosine kinase (67). Moreover,
overexpression of ST3GAL4 has been shown to result in RON
receptor tyrosine kinase activation and co-expression of RON
and SLe* is observed in gastric tumors (79). This is of particular
biological relevance since it has been described that RON activa-
tion contributes to tumor progression, angiogenesis, and therapy
resistance and correlates with bad prognosis (80-84).

Sialylated Lewis epitopes are potential good markers for
prognosis due to their high incidence of recurrence or presence
in metastasis and correlation with the tumor stage. For example,
a recent work described the increase of the SLe* epitope on
ceruloplasmin in PDAC. The increased ceruloplasmin with the
SLe* epitope in chronic pancreatitis was lower, suggesting good
specificity for pancreatic malignancy (85). Moreover, studies
using high-density antibody microarray also detected increased
levels of SLe* and SLe* antigens on glycoproteins in serum or
plasma of CRC patients (86).

Overexpression of the enzyme p-galactoside «2,6-
sialyltransferase I (ST6Gal-I), especially in N-glycans and not in
O-glycans, has been associated with CRC progression, increased
invasion, and metastization and consequently poor prognosis in
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CRC patients (64, 87). Further studies taking into consideration
the low levels of ST6Gal-I in healthy individuals and upregulation
in CRC patients could lead to the development of new diagnostic
and therapeutic targets.

Fucosylation is also an important modification involved
in cancer and inflammation (88). The attachment of fucose to
N-glycans, O-glycans, and glycolipids has been reported in cancer
tissues, regulating different biological processes, and being also
responsible for the increased expression of Lewis antigens (89)
(and sialylated-Lewis antigens, as previously described). Different
studies link the presence of fucosylated epitopes on specific
glycoproteins with cancer. In particular, research performed on
some acute phase proteins suggest the suitability of fucosylated
epitopes for cancer management. It has been demonstrated
that fucosylated alpha-fetoprotein (AFP) is more specific as a
hepatocellular carcinoma biomarker than AFP itself. Nowadays
fucosylated AFP (AFP-L3) is used for hepatocellular carcinoma
risk assessment (90, 91). Acute phase proteins, such as AFP, are
proteins synthesized by hepatocytes and have shown clinical value
as markers for liver and pancreatic-related diseases. For example,
haptoglobin and AGP have revealed an increase in fucosylated
epitopes that could help to improve PDAC diagnosis (89, 92).

Increased activity in al,3 and al,4 fucosyltransferases (FUTs)
was described in CRC patients, resulting in the synthesis of SLe*
and SLe* epitopes, respectively (89). Particularly, FUT6 was more
recently reported as the major regulator of SLe* biosynthesis in
CRC (93). Increased levels of fucosylation in plasma samples of
CRC patients compared to normal controls were also described
using methods for N-glycoproteomics analysis to identify plasma
markers (94). In addition, increased levels of «1,2-FUT1 and
FUT?2, which add fucose to terminal galactose and are essential
for the synthesis of Lewis Y and B antigens, were shown in CRC
tumors (95). Alterations of FUT expression have also been
described in the process of gastric carcinogenesis (96). In par-
ticular, the downregulation of FUT3 and FUT5 changes the Lewis
antigens expression and reduces the adhesion capacities of gastric
cancer cells (97). This is contrary to what is observed in gastric
inflamed mucosa, where FUTS3 is upregulated (98).

Increased core-fucosylation of N-glycans catalyzed by al,6-
FUTS8 has been described in CRC patients and is associated
with tumor aggressiveness (37, 99). The core-fucosylation of
E-cadherin enhances the cellular adhesion of CRC cells (100).
However, in gastric cancer, the decrease of core-fucosylation has
been demonstrated to be a common event contributing to cancer
cell proliferation (101).

Other Relevant Glycosylation Alterations

In addition to the mucin-type O-glycosylation, there are
further forms of protein O-glycosylation, including the
modification of nuclear and cytoplasmic proteins with O-linked
B-N-acetylglucosamine (O-GIcNAc). Noteworthy, increased
O-GlcNAcylation is a general feature of cancer and the modifica-
tion of proteins with O-GlcNAc has been shown to play key regula-
tory roles in tumor cell signaling (102). The addition of O-GlcNAc
to nuclear and cytosolic proteins is mediated by the O-GlcNAc
transferase (OGT), whereas the enzyme O-GlcNAc-selective
N-acetyl-beta-D-glucosaminidase (O-GlcNAcase) removes the

O-GIcNAc, returning the protein to its basal state (103).
O-GlcNAcylation has been shown to have extensive crosstalk with
phosphorylation and to antagonize phosphorylation-mediated
cell signaling (104).

In the pancreas, beta-cells are characterized by expressing high
levels of the OGT enzyme. This allows these cells to dynamically
respond to physiological increases in the extracellular glucose
levels by converting glucose to UDP-GIcNAc, which is the OGT
substrate, and therefore modulating intracellular O-linked pro-
tein glycosylation (105). In PDAC, hyper-O-GlcNAcylation has
been associated with increased expression of the OGT enzyme
and reduction of the O-Glc-NAcase glycosidase and has been
demonstrated to block cancer cell apoptosis and to lead to the
oncogenic activation of the NF-kB signaling pathway (106).
Similarly, increased O-GlcNAcylation in colon has been demon-
strated to contribute for the development of colitis and colitis-
associated cancer by enhancing NF-kB-mediated signaling (107).

Along with aberrant protein glycosylation, cancer cells
also display major glycosylation alterations on other classes of
glycoconjugates, including the proteoglycans and the glycosphin-
golipids. Proteoglycans consist of a core protein with one or more
covalently attached large GAG chains, and can be either located
at the cell membrane or secreted. The syndecans are a family of
transmembrane proteoglycans that carry heparan sulfate GAG
chains and that can also be additionally modified with chondroi-
tin sulfate chains (108). The heparan sulfate-rich proteoglycan
syndecan-4, a critical partner of integrins for the establishment
of focal adhesion complexes, has been shown to be upregulated in
gastric mucosa in response to the oncogenic bacteria Helicobacter
pylori. However, its functional role in the gastric carcinogenesis
process remains to be disclosed (109, 110). Another syndecan
family member, the syndecan-1, has been reported to be differ-
ently regulated and expressed in GI tumors. Loss of syndecan-1
expression has been described in gastric adenocarcinomas of
higher stages (111), while in CRC and PDAC the expression of
this proteoglycan has been shown to be upregulated, suggesting
its possible application as a biomarker (112, 113).

Heparan sulfate GAG chains can also be carried by glypi-
cans, a family of glycosylphosphatidylinositol (GPI)-anchored
proteoglycans. Glypicans have been shown to bind a wide range
of signaling molecules and to regulate the signaling of the Wnt,
Hedgehog, fibroblast growth factor, and bone morphogenetic
protein (BMP) pathways (114). Glypican-1 has been shown to
be overexpressed in PDAC cell models and patient tumors (115).
Moreover, the key role of glypican-1 in PDAC progression has
been well documented using mouse models (116, 117). Recently,
glypican-1 has been shown to be specifically expressed by cancer
circulating exosomes and, therefore, to have potential to be used
as a minimal-invasive diagnostic and screening tool to detect
early PDAC stages (118).

The CD44 proteoglycan has also been on the focus of tumor
biology research because the expression of specific splice variants
is strongly associated with malignancy. Specifically, the exon
v6-containing CD44 isoform (CD44v6) is highly expressed in
premalignant and malignant gastric lesions (119). Modification
of CD44v6 with STn was demonstrated in gastric mucosa and
serum of cancer patients, indicating its potential as a biomarker
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for early diagnosis of gastric tumors (120). Different strategies
aiming the impairment of CD44-dependent cancer cell migra-
tion have been proposed. The ceramide nanoliposome (CNL)
was shown to induce anoikis and to limit metastasis by inducing
lysosomal degradation of CD44 in PDAC cells (121).

Another glycosylation modification frequently observed in
cancer is the altered sialylation of glycosphingolipids that can
lead to the appearance of tumor-associated antigens. The human
plasma membrane-associated sialidase NEU3, which catalyzes
the removal of sialic acids from glycoproteins and glycolipids,
is a key enzyme for ganglioside degradation. NEU3 has been
shown to be overexpressed in many tumors, including CRC
(122). Modulation of ganglioside expression by increased NEU3
activity has been proposed as a mechanism of protection against
programed cell death and has, therefore, a critical implication in
therapeutic strategies (123). Recently, NEU3 was demonstrated to
regulate the Wnt signaling pathway, therefore contributing for the
malignant transformation of CRC cells (124). These findings sug-
gest NEU as a relevant target for diagnosis and therapy of CRC.
During CRC progression, besides reduced expression of sialylated
gangliosides, overall alteration in glycosphingolipids glycosyla-
tion includes increased fucosylation, decreased acetylation and
sulfation, and reduced expression of globo-series glycans (125).

GLYCAN CANCER BIOMARKERS

Glycosylation changes on glycoconjugates either expressed on
the cell surface or secreted by cancer cells are potential sources
of cancer biomarkers. The overexpression of these altered glyco-
sylated structures and the loss of polarity of carcinoma cells lead
to the shedding of glycoconjugates with altered glycosylation
into the circulation. Currently, several serological assays used
in the clinics are based on the quantification of glycoconjugate
levels in the serum of cancer patients. Most of these biomark-
ers have been useful for prognostic and monitoring purposes.
These include well-established serological biomarkers, such as
the CA15-3 assay, detecting mucin MUCI glycoprotein used
for breast cancer (126-130), the CA125 assay, which detects the
circulating mucin MUC16 in ovarian cancer (131, 132), and the
prostate-specific antigen (PSA), which is used to detect prostate
diseases (133, 134).

Regarding GI cancer, one of the most used serological assay
detects the SLe* carbohydrate antigen. SLe® is present on circulat-
ing glycolipids and glycoproteins and is detected by the CA19-9
assay. This serological assay is applied in patients with a previously
established diagnosis of PDAC, CRC, gastric, or biliary cancers
and used to monitor their clinical response to therapy (135-138).

Another important serological test used in the clinics for GI
tumors is the carcinoembryonic antigen (CEA) assay, which
detects the CEA glycoprotein produced by carcinoma cells. In
GI cancer, CEA is expressed at high levels and shed into the
bloodstream being useful for prognosis evaluation and follow-up
of these patients (129, 137, 139, 140).

In general, most of these serological assays have primarily
been useful for prognosis and patients’ monitoring applications.
Unfortunately, some of these biomarkers can also be detected
due to benign lesions or other factors, such as smoking, which

has limited their use in cancer screening strategies for diagnostic
purposes. Given the usually late diagnosis of GI cancer, highly
specific serum markers for cancer detection and screening are
highly needed. Recent developed strategies and advanced tech-
nologies are contributing to the definition of novel and more
specific glycoconjugate targets. Several of these new targets are
currently evaluated and hold potential for improving the cancer
detection and early diagnosis.

INNOVATIVE GLYCOBIOLOGICAL
STRATEGIES

The difficulty of glycobiological research lies in the intrinsic
complexity of glycosylation and its versatile conjugates. Whereas
genomic and proteomic analysis made a leap forward by DNA
sequencing and mass-spectrometric protein sequencing, respec-
tively, that enabled the reading of a linear code with limited num-
ber of variabilities; for the more complex glycans, no comparable
tool exists.

Nevertheless, the recent years have brought up many innova-
tive approaches and methods that enable the unraveling of glyco-
biological challenges. With the development of glycoengineered
cell strategies, glycan complexities have been reduced and the
effects of specific glycan epitopes have been pinpointed. On the
other hand, analytical methods and protocols for glycomic and
glycoproteomic analyses have improved and new approaches,
such as the adaptation of the array technology on glycans and
lectins or novel antibody-based assays, have accelerated the
acquisition of glycobiological knowledge. The following sections
discuss several promising strategies in the glycobiology field.

Glycoengineered Cell Line Models

The characterization of the function of glycans in cancer has been
a major challenge in the field due to technical difficulties related
to the complexity and heterogeneity of glycans synthesized in
eukaryotic cells.

Genetic engineered cell models have been developed to study
the functions of specific glycan epitopes in cancer. Some of
these models include the overexpression of glycosyltransferases,
which has allowed the characterization of the biosynthesis and
function of simple cancer-associated carbohydrate epitopes, such
as Tn, STn, T, and ST (17, 18, 20, 141, 142). Similar strategies
have used stably transfected cell lines with glycosyltransferases to
characterize the function of branched glycan structures (52, 56)
as well as terminal sialylated/fucosylated structures frequently
overexpressed by cancer cells, as previously explained in Section
“Increased Sialylation and Fucosylation” (67, 143, 144).

Another major challenge in the field was related to the iden-
tification of structures at individual glycosylation sites. Major
efforts have been done in this discipline with the generation of
site-specific mutants of important proteins in cancer. One exam-
ple is the use of site-specific mutants of N-glycosylation sites of
the human epidermal growth factor receptor. This strategy has
allowed the demonstration that Asn-420-linked oligosaccharide
chain in this receptor interferes with its activation in cancer cell
lines (145). Another cell line model has addressed the role of
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E-cadherin N-glycosylation sites in gastric cancer (146-148).
The use of E-cadherin constructs engineered to lack specific
N-glycosylation sites has demonstrated the effect of specific
N-glycosylation structures on cell adhesion (149, 150).

The recent use of genomic editing tools has allowed the
development of isogenic cell systems that along with extensive
application of mass spectrometry (MS) methods is utilized for
high-throughput site-specific O-Glycosylation (O-GalNAc and
O-Mannose) proteomics. These technologies have enabled the
precise determination of protein O-glycosylation sites in cells
(151, 152). These strategies have greatly evolved in the past
years and are showing vast potential in the glycobiology field.
One approach has used the zinc-finger nucleases targeting the
knockout of COSMC gene and has been applied in several human
cancer cell lines originated from different organs (152). These
so-called SimpleCell models produce stable cells expressing
homogeneous truncated O-glycosylation with Tn and/or STn
O-glycans (24, 120, 151, 153).

These cell models have provided a source of unlimited mate-
rial for isolation and identification of GalNAc O-glycopeptides
from cell lysates or secretomes using lectin chromatography fol-
lowed by advanced MS, enabling the identification of hundreds of
unique O-glycoproteins and O-glycosylation sites in several cell
line models from different tissues (120, 153, 154). In addition,
this approach has provided a versatile method for the functional
analysis of different ppGalNAc-Ts (153, 155). Furthermore,
similar strategies have been applied targeting the O-mannose
glycoproteome. To reduce the structural heterogeneity of
O-mannosylation (O-Man), the nuclease-mediated gene editing
of a human cell line was performed by zinc-finger nuclease target-
ing of the POMGNT1 gene. This gene encodes for the enzyme
POMGnT1 that controls the first step in the elongation of O-Man
glycans. The O-Man glycoproteome has been characterized using
both chromatography and advanced MS (156).

The knowledge of O-glycosites in specific cancer cell types
allows for the analysis of novel biological functions of glycosyla-
tion and for potential cancer cell-specific O-glycosites. This is
particularly important given the complexity of O-glycosylation
and that the various ppGalNAc-Ts that control the protein
O-glycosylation sites may determine large variation at protein,
cell, and tissue levels (9).

Glycomic Strategy
Glycomicsis the study of all glycan structures of a given cell, tissue,
or organism. The intrinsic complexity of glycan structures and
their versatile conjugates render this field particularly challeng-
ing. Due to the constant advancement of analytical instruments
and methods, the N- and O-glycomic characterization of cancer
cell lines, tumors, and cancer patients’ body fluids has rendered
possible. Still, there is no single ideal method for this analysis and,
thus, today a large variety of analytical methods is available for the
glycomic characterization, resulting from different combinations
of initial sample preparation, derivatization, glycan separation,
and detection. Each method bares advantages and disadvantages.
For the glycomic analysis of cells or tumors, the sample is
usually homogenized and proteins are denatured, followed by
the release of glycans (Figure 2A). The study of the glycans of

serum or plasma is more challenging and requires often purifica-
tion steps for glycoproteins prior to the release of their glycan
structures. There are several methods to release glycans from the
protein backbone to facilitate their characterization. The release
of glycans is not a prerequisite as the analysis of whole glyco-
peptides is also possible (covered in Section “Glycoproteomic
Strategy”). The most prominent technique to release N-glycans is
by Peptide-N-Glycosidase F (PNGase F). The release of N-glycans
via PNGase F is robust, fast, and efficient and is capable of liberat-
ing all types of human N-glycan structures. PNGase F-released
glycans can be chemically labeled. On the other hand, no enzyme
has so far been characterized that enables the efficient release of all
types of O-glycans. For instance, the enzyme O-glycanase releases
only core 1 O-glycans from their peptide backbone. Therefore,
chemical techniques have to be utilized for whole O-glycomic
analyses, such as reductive f-elimination.

Released glycans can be analyzed after derivatization or in
their native form (underivatized). The derivatization of glycans
bares several advantages, such as adding fluorescent tags for the
photometric detection or chemical modification of side groups
to stabilize glycan constituents. Despite these advantages, it is
preferred in some cases to work with the native glycan, avoiding
several time-consuming preparation steps and sample losses.

Complex mixtures of glycans, as they arise from clinical sam-
ples or even cell lines are usually separated by chromatography or
capillary electrophoresis [reviewed in Ref. (157)] and detected by
fluorescence detector (FLD) or MS. The sensitive and quantitative
fluorescence detection requires fluorescently tagged glycans, and
gives on its own only limited structural information derived from
chromatographic or electrophoretic retention times. MS, on the
other hand, can be applied on both native and derivatized oligo-
saccharides and may yield detailed structural information of the
glycans. Since the analytes are not consumed by FLD, a sequential
setup with MS is possible and often advantageous.

Three successful glycomic workflows that have revealed in the
past years several findings in GI cancer are porous graphitized
carbon separation with electrospray ionization and tandem MS
(PGC-ESI-MS/MS), hydrophilic interaction ultra/high perfor-
mance liquid chromatography with FLD (HILIC-FLD-UPLC/
HPLC), and matrix-assisted laser desorption/ionization MS
(MALDI-MS).

Porous graphitized carbon separation with electrospray
ionization and tandem MS is a workflow used for both N- and
O-glycomic analyses. First, the N-glycans are liberated from the
glycoproteins with PNGase F, followed by reductive B-elimination
of the glycoproteins to release the remaining O-glycans. The
N- and O-glycans are separated by liquid chromatography with
a PGC column, which resolves most isomeric structures and
complements, therefore, ideally the subsequent MS and MS/MS
structural analysis. A recent glycomic study by PGC-ESI-MS/
MS has described structural glycan alterations in CRC, includ-
ing several unique glycans found solely in the tumor region and
indicated a correlation between EGFR expression and sialylation
in CRC (158). This method has lately been further utilized for the
N-and O-glycomic characterization of CRC cell lines and tumors,
revealing great O-glycomic differences between tumors and all
tested cell line models (26).
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FIGURE 2 | Glycomic and glycoproteomic strategies for glycan analysis. (A) Glycomic analysis. N- and O-glycans are PNGase F or chemically released,
respectively. Once the glycans are released, they are structurally analyzed (usually by mass spectrometry). (B) Glycoproteomic analysis. The glycoproteins are either
purified from a complex mixture and then enzymatically digested (1) or first digested and then purified (2). Method 1 will result in glycopeptides and non-glycosylated
peptides originated solely from glycoproteins. Method 2 will result in glycopeptides only. These glycopeptides can be directly analyzed to generate site-specific
glycan structures. Alternatively, the glycans of the glycopeptides can be released as described in (A) and the peptides are analyzed.

Hydrophilic interaction ultra/high performance liquid chro-
matography with FLD is used for the quantitative profiling of
N-glycans. The N-glycansarereleased by PNGase Fand reductively
aminated with a fluorophore. The labeled N-glycans are applied
on a HILIC-ultra performance chromatography (UPLC), which
separates the glycans according to their size and monosaccharide
composition. The retention time can be converted to glucose
units (GU) by comparing it with a dextran ladder, yielding repro-
ducible results. Hence, due to the few sample preparation steps,
the high recovery of the HILIC column, the quantitative detec-
tion via the fluorescent tag, and the possibility of multiplexing,
this analysis can be applied for large-scale N-glycomic studies.
The HILIC-FLD-UPLC N-glycomic analysis has recently been
applied in a large-scale discovery study on serum of gastric cancer
patients revealing an increase in certain SLe* carrying N-glycan
structures that correlated with disease progression. Furthermore,

in this study other structures, such as bisected N-glycans, have
been shown to decrease with disease progression (159, 160).

Recently, the combination of HILIC-FLD-UPLC and PGC-
ESI-MS/MS has been used for N- and O-glycomic analysis of
a gastric cancer cell line overexpressing the sialyltransferase
ST3Gal-IV (79). This cell line has previously been shown to
present a more invasive phenotype (67). The glycomic analysis
revealed a broad range of cancer-associated alterations, such as
decreased bisected and increased branched structures, trunca-
tion of O-glycans, and a shift from o2,6- to o2,3-sialylated
N-glycans (79).

The use of MALDI-MS is another very successful approach of
analyzing the N-glycome of clinical samples, such as body fluids.
MALDI is based on a laser impulse that excites a solid matrix
in which the analytes are embedded which in turn desorbs and
ionizes the analytes for MS analysis. MALDI is relatively tolerant
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to salt and other contaminants, which allows uncomplicated
sample preparation after the release of N-glycans. This method
has recently been applied on the serum of gastric cancer patients
and control groups and has been able to identify N-glycomic
differences between the serum of gastric cancer patients and that
of non-atrophic gastritis patients (161). In a large-scale study
on sera of PDAC patients, a tendency toward higher branched
and fucosylated N-glycans has been observed when compared to
sera from healthy individuals. The major part of the significantly
altered N-glycan structures were specifically increased in patients
with distant metastases and the ratio of the quantity of two gly-
cans has been proposed as a robust diagnostic marker for PDAC
(162). Another recent study utilizing MALDI-MS has revealed in
pancreatic cyst fluids, of which certain subtypes bare a high risk
of undergoing malignant transformation, the hyperfucosylation
of N-glycans (163).

A broad range of alterations in CRC tissues versus controls
have been identified by sequential analyses of fluorescently tagged
N-glycans by HILIC-FLD-HPLC and MALDI-MS. Additionally,
multivariate statistical evaluation and further MS-based struc-
ture elucidation have been applied and revealed among others
the decrease of bisected structures and the increase of glycans
with sialylated lewis epitopes. Furthermore, abnormal core-
fucosylated high mannose N-glycans have been uniquely found
in cancer tissue (37).

Glycoproteomic Strategy

Glycoproteomics is the study of proteins that carry glycan modifi-
cations. It usually focuses on the identification and quantification
of glycoproteins and the characterization of protein glycosylation
sites. Given that most clinical cancer biomarkers are glycoproteins,
this field is particularly promising for the identification of new
biomarker targets in cancer. Biological samples, such as cell lines,
tissues, and body fluids, can be analyzed. However, the glycopro-
teomic analysis of complex biological samples, such as tissues or
sera, is analytically challenging due to the large complexity and
vast dynamic range of concentrations of glycoproteins.

The glycoproteomic pipeline typically consists of numerous
steps, such as glycoprotein or glycopeptide enrichment, isotopic
labeling (optional), multidimensional protein or peptide separa-
tion, tandem mass-spectrometric analysis, and bioinformatic
data interpretation (Figure 2B). In cancer, the vast majority of
glycoproteomic findings are based on bottom-up analysis of
peptides (“shotgun proteomics”). For this purpose, glycoproteins
are proteolytically cleaved into glycopeptides before or after the
enrichment step. The enrichment of glycoproteins or glycopep-
tides is a critical step of the glycoproteomic analysis. Even though
this field is rapidly evolving, so far no method has been estab-
lished that captures unbiased every glycoprotein or glycopeptide
and enables full glycoproteomic coverage. Currently, most
popular enrichment methods are based on lectins (164-166) or
on hydrazide solid-phase extraction (167, 168) and sometimes
applied in combination to increase the glycoproteomic coverage
(168). Alternative strategies are boronic acid functionalized
beads (169), size exclusion chromatography (170), hydrophilic
interaction (171), and graphite powder micro column (172). Due
to the difficulties of covering the whole glycoproteome many

cancer studies pursue a different strategy of enriching specifically
glycoproteins and glycopeptides carrying cancer-relevant glycan
epitopes, such as sialic acids or sialylated Lewis epitopes. These
methods are usually based on lectins [such as SNA, WGA, and
MAL (173)], antibodies (159), enrichment by titanium dioxide
(79, 174), or affinity purification of metabolic labeled glycopro-
teins (175-177). After the enrichment and proteolytic digestion
(not necessarily in this order), glycopeptides may be deglyco-
sylated and are multidimensional separated via chromatography
and/or electrophoresis and analyzed by tandem MS. The degly-
cosylation is a requirement of some enrichment methods, such as
hydrazide solid-phase extraction, but may be also applied for all
N-glycoproteomic analysis. The PNGase F release of N-glycans
leads to the conversion of the N-glycan carrying asparagine to
aspartic acid and can, thus, be spotted on the peptide backbone
by MS. For the generation of site-specific structural information
of N- and O-glycans, whole glycopeptides are analyzed utilizing
a combination of different MS fragmentation methods or colli-
sion energies that either fragment peptides or glycans (178-180).
This strategy is being optimized in recent years and bares great
potential for the discovery of new cancer biomarkers because it
unravels site-specific glycan alterations in cancer.

Glycoproteomic analyses have been applied in GI cancer
mainly for the identification of biomarkers, such diagnostic
biomarkers or biomarkers for multidrug resistance in gastric
cancer (181, 182). Glycoproteomics in combination with glyco-
engineered cell line models was in recent years able to increase
the coverage of O-glycosylated proteins and to identify numerous
novel O-glycosylation sites in gastric cancer and PDAC, generat-
ing several new potential biomarkers (24, 120).

Other Glycoanalytical Techniques

MS-based glycomic and glycoproteomic analyses require expen-
sive equipments and a fair amount of expertise. MS-independent
methods, such as glycoprotein, antibody-lectin-sandwich, and
lectin arrays, are capable of rapid data acquisition of glycomic
alterations in cancer samples. Glycan arrays, on the other hand,
enable a screening for specificities of glycan-binding proteins,
improving the data interpretation of antibody and lectin-based
research. Regarding tumor biology, it is very relevant to deter-
mine not only the glycosylation modifications harbored by
tumor cells but also to disclose the topographic distribution of
these alterations within the tumor and adjacent tissue. Novel
approaches for the identification of in situ glycan modification
of specific proteins include proximity ligation assay (PLA) and
imaging mass spectometry (IMS).

Arrays

The binding of biological molecules to solid matrixes was an
idea first described by Chang in 1983 (183). This technology
initially consisted of coating glass cover slips with different
antibodies in close proximity forming a matrix-like array.
Arrays recognize partners from large amounts of biological
material using high-throughput screening miniaturized, mul-
tiplexed and parallel processing, and detection methods based
on multiple probes covalently attached to a solid substrate.
Depending on the molecule that is deposited on the surface,
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different microarrays exist. To analyze glycan-containing
structures, the most common classification is glycan, glyco-
protein, or lectin microarray, and also a variant of the latter
called antibody-lectin sandwich array (Figure 3) (184). The
advantages that the microarray technology offers are the small
volume of sample required for the analyses, the high reproduc-
ibility, and the reduced cost and time to process many samples.
Therefore, microarray platforms have been highlighted by its
extensive application in the field of biomarker validation,
where a large number of samples must be analyzed multiple
times (185). Moreover, depending on the type of microarray
assay performed, information about the glycan-linkage con-
figuration can be obtained.

Glycan microarrays are used mainly to characterize the
binding specificities and affinities of proteins (mostly antibodies
and lectins) toward glycans (Figure 3A) (186-188). However,
they can also be applied for the screening of inhibitors of
carbohydrate-mediated interactions and of sugar interactions
of an entire organism, such as a whole cell or virus (185, 189,
190). Current available platforms consist of approximately
20,000 microspots of antigens reaching the capacity to include
most known human microbial pathogens, autoantigens, and
tumor-associated antigens (191-193). The diversity and scope
of glycan arrays are continuously increasing allowing a better
characterization of glycan-binding proteins but leading to more
complex data. Different software tools are currently available for
data interpretation (194-196). Glycan arrays present oligosac-
charides that were either purified from a biological source or
de novo synthesized. Regarding the latest ones, it is important to
highlight recent works describing new methodologies that allow
sialic acid (197, 198) and GAG synthesis (199).

As an alternative to the direct binding of glycans to the array
surface, glycans can be presented on proteins or peptides that are
attached to the array. A recent advancement in this approach is
the coiled coil-based technology, which allows the presentation of
the antigens at high densities while mimicking the in vivo orienta-
tion attached to a fiber-forming peptide. This platform showed
increased sensitivity for the identification of antibodies against
parasitic glycan antigens and might be adapted in the future for
cancer diagnostic (200).

Glycoprotein microarrays are based on printing purified or
enriched glycoproteins onto the slidesand screening these proteins
for glycan epitopes using different lectins or glycan-recognizing
antibodies (Figure 3B). This approach is usually followed by
analytical techniques to identify the spotted proteins and to verify
the glycan epitopes found by the array analysis. A recently per-
formed glycoprotein array analysis of lectin-enriched sera from
PDAC patients, chronic pancreatitis patients (benign pancreatic
disease), and healthy individuals has correctly clustered these
three groups, being the PDAC group significantly different from
the other two (201). In addition, the glycoprotein microarray may
use synthesized peptides and recombinant protein fragments
that have been in vitro glycosylated for the detection of human
autoantibodies (202, 203).

Lectin microarrays, where different lectins are spotted onto
the slide, enable a rapid and high-sensitivity profiling of glycan
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FIGURE 3 | Arrays for glycan analysis. (A) Glycan arrays. Different glycan
moieties are spotted onto the array to determine specificities of labeled
glycan-binding molecules (typically lectins or antibodies). (B) Glycoprotein
arrays. Glycoproteins are enriched from a sample and spotted onto the array.
The glycosylation moieties of the spotted glycoproteins are determined by
screening with different glycan-binding molecules. (C) Lectin arrays. A series
of lectins with well-defined glycan-binding properties are spotted onto the
array and different labeled proteins are tested. (D) Antibody-lectin sandwich
arrays. Multiple antibodies for a series of proteins of interest are spotted onto
the array, and the glycan epitopes of the captured proteins are probed using
labeled lectins and glycan-binding antibodies.
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features found in complex samples, such as cells, tissues, body
fluids, and synthetic glycans and their mimics (Figure 3C) (204,
205). Lectin arrays offer a general view of the glycan structures
on a complex sample and integrate the information from all
proteins with the disadvantage that no information about
specific glycan changes of the respective protein constituents
will be obtained (206). A recent work displayed different gly-
copatterns in gastric cancer compared to gastric ulcer applying
Cy3-labeled proteins extracted from tissues to lectin microar-
rays (207). Another recent lectin array approach has identified
differences in a2-macroglobulin glycosylation between healthy
individuals and patients with CRC. The spotted serum purified
a2-macroglobulin has displayed, among other changes, signifi-
cant differences in the content of branched N-glycans and 2,6
sialylation (208).

A variant of the lectin array is the antibody-lectin sandwich
array. Antibodies to known glycoproteins are spotted on a solid
support, and complex glycoprotein samples, which can be crude
or prefractionated, are bound to the microarray (Figure 3D)
(184, 185). The glycosylation of the captured target proteins are
then screened by labeled lectins and glycan-specific antibod-
ies. Antibody-lectin sandwich arrays are highly effective for
profiling variation in specific glycans on multiple target proteins.
Performing this technology, specific glycoforms of MUC5AC
and endorepellin glycoproteins in the cyst fluid of patients with
precancerous pancreatic cysts have been found (209). In these
assays, the glycoprotein nature of the antibodies must be consid-
ered and different approaches to prevent glycan recognition of
the antibodies by the secondary antibody or lectin applied exist.
The chemical derivatization of the glycans of the spotted antibod-
ies also prevents their ability to be recognized by glycan-binding
molecules, both antibodies and lectins. One efficient method
to study glycans on individual proteins from complex mixtures
uses chemically derivatized capture antibodies and tests the
glycosylation of captured target proteins by lectins and glycan-
binding antibodies. Applying this approach, cancer-associated
glycan alterations on the proteins MUC1 and CEA in the serum
of PDAC patients have been identified (210). Another strategy
consists on producing recombinant antibodies in organisms
that do not carry out post-translational modification, such as
glycosylation. This approach has been performed for the detec-
tion of glycans linked to CEA by ELISA coating the microplate
with recombinantly scFv expressed in Escherichia coli and using
lectins as detection probes (211).

Regarding GI cancer research, arrays have been widely used to
discover new biomarkers consisting of proteins bearing aberrant
glycosylation that could lead to a more accurate diagnostic.

In situ Proximity Ligation Assay

The association of the glycan expression and location with clini-
cal and molecular characteristics of cancer tissues has rendered
possible by histochemistry techniques using glycan-binding
antibodies or lectins (205). However, one major limitation of this
technique is the lack of capacity to identify the proteins in situ on
which these glycan motifs are localized. This limitation has been
surpassed by the development of the in situ proximity ligation
assay (PLA) (Figure 4) (212, 213).

This sensitive antibody-based method reveals the colocaliza-
tion between specific proteins and specific glycan structures in
tissues and cell samples. The identification of protein glycoforms
is of utmost importance for the understanding of glycobiologi-
cal cellular processes in cancer. PLA could also detect other
post-translational modifications of proteins in tissue samples
with subcellular resolution. The PLA technology is based on the
binding of two specific PLA probes, each containing a unique oli-
gonucleotide, to two targets of interest (Figure 4A). Antibodies,
lectins, and other binding proteins can act as probes. A ligation
solution, containing bridging oligonucleotides and a ligase, will
hybridize the oligonucleotides of the PLA probes if they are in
close molecular proximity to form a closed circle (Figure 4B).
This closed nucleotide circle will be amplified by a DNA poly-
merase generating repeated copies of the circular DNA strands.
Finally, fluorescent or chromogenic oligonucleotides hybridize
to the amplification product and can be detected as individual
spot by microscopy (Figure 4C) (213). The first study using this
innovative PLA strategy applied to glycobiology has showed that
the mucin MUC2 is a major carrier of the cancer-associated STn
glycan antigen both in intestinal metaplasia and gastric carcinoma
(214). The use of in situ PLA for the identification of a mucin
glycosylation profile in cancer lesions is being extended, opening
new opportunities for the development of novel diagnostic and
prognostic markers. One recent study screened for tissue-specific
aberrant mucin glycoforms in mucinous adenocarcinomas from
different organs (stomach, ampulla of Vater, colon, lung, breast,
and ovary). In GI tissues mucins carrying a set of truncated, sim-
ple O-glycans and sialylated Lewis antigens have been detected
by this approach (215).

More recently, PLA has been used in combination with differ-
ent glycoproteomics strategies to identify specific glycoforms as
potential biomarkers in gastric cancer, leading to the identifica-
tion of CD44v6/STn (120) and RON/SLe* (79).

The PLA technique will further improve our understanding
of specific protein glycosylation changes that occurs in cancer
tissues and that could be applied in clinic as new markers for GI
cancer progression (216).

Imaging Mass Spectrometry

Imaging mass spectrometry is a very novel and promising
technology that was first developed in 1997 by Caprioli and col-
leagues for the analysis of proteins (217). This method is based
on MALDI-MS and utilizes the laser ionization of a localized
area for the two-dimensional screening of a tissue sample.
IMS generates for each ionization point of the tissue a spectra
that yields structural information and, thus, reveals the spatial
distribution of analytes (Figure 5). Recently, this technique has
been adapted for glycomic analysis and has allowed to create
N-glycosylation maps of several different frozen tissue (218).
Following, N-glycan IMS has been also applied on formalin-fixed
paraffin-embedded tissue (219). The N-glycan IMS workflow
consists of four steps. First, N-glycans are liberated by PNGase F
incubation of the deparaffinized or thawed tissue slide. Second,
a thin layer of MALDI matrix is sprayed on top of the tissue
slide. Third, the slide is two-dimensionally screened by multiple
MALDI-MS analysis. Lastly, each identified N-glycan structure
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FIGURE 4 | In situ proximity ligation assay. (A) Two antibodies, one specific for the protein backbone and another specific for a glycan epitope, are conjugated
with two different oligonucleotide chains (PLA probes). (B) In case the antibodies bind to molecules in close proximity a bridging sequence links the two
oligonucleotide sequences. (C) A subsequent polymerase induced amplification in combination with labeled nucleotides leads to the formation of a fluorescent or
chromogenic signal at the co-expression site of the protein and glycan, allowing the in situ detection of the PLA signal.
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FIGURE 5 | Imaging mass spectrometry. MALDI-based ionization generates an MS glycan spectrum of a selected spot of a tissue section. This process is
repeated throughout the tissue. Identified glycan structures are mapped on the tissue and can be correlated with histopathological features.

can be computationally visualized on the tissue, generating an  distinguishing malignant tissue from healthy tissue (220).
epitope map. Preliminary IMS results on other tumors, such as PDAC, have

IMS applied on hepatocellular carcinomas has shown  been able to differentiate between histopathological areas, such
to be capable of spatially defining glycan compositions and  as fibroconnective tissue (220).
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The IMS application on N-glycan analysis is still in its early
stages of development, but bares enormous potential as a next-
generation N-glycomic tumor characterization tool.

FUTURE PERSPECTIVES AND CLINICAL
APPLICATIONS

The recent advances in the glycomic and glycoproteomic fields
are currently providing crucial information on the understanding
of the role that glycans play in the biology of cells, tissues, and
organisms, both in physiological and pathological conditions.
However, many issues still remain to be understood, particularly
in complex diseases, such as cancer. Advances in the glycobiol-
ogy field could contribute to disclose key information regarding
cancer biological properties, including the identification of
prognostic and therapeutic response biomarkers.

In addition, the recent developments in this field could
contribute to overcome the limitations of the current serologi-
cal assays. The set of novel strategies presented in this review
provide a clear view for future validation of potential biomark-
ers and points toward the translation of these strategies in the
clinical setting.
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ANNEX I

RECIPROCAL MODULATION OF TERMINAL SIALYLATION AND
BISECTING A-GLYCANS:
A NEW AXIS OF CANCER-CELL GLYCOME REGULATION?






Reciprocal Modulation of Terminal
Sialylation and Bisecting N-Glycans: A New
Axis of Cancer-Cell Glycome Regulation?

Lu et al. (1) have investigated the influence of cellular sialylation on
the GnT-III-mediated regulation of cancer cell metastatic potential.
The authors demonstrated that GnT-III (GIcNAc-bisecting glycosyl-
transferase) overexpression results in a significant reduction of 2,3-
sialylation, with no major alteration of «2,6-sialylation (1). Interest-
ingly, a reciprocal correlation between terminal «2,3-sialylation and
bisected N-glycans has also been recently reported (2). Glycomic
analysis of cancer cells overexpressing the «2,3-sialyltransferase
ST3GAL4 showed that increased terminal a2,3-sialylation is accom-
panied by a substantial loss of bisected N-glycans (2).

This coordinated regulation of @2,3-sialylation by bisecting N-glycans
and vice versa adds a new level of complexity to the regulation of the
cancer cell glycome and raises new questions about the molecular
mechanisms underlying these glycosylation shifts. Noteworthy,
the down-regulation of bisected N-glycans and «2,3-sialylation by
ST3GAL4 and GnT-I1I, respectively, do not stem from alterations at
the glycosyltransferase transcript levels (1, 2). The supramolecular
organization of the Golgi glycosylation pathways is plastic and can be
altered in cancer cells (3); thus, we can hypothesize that altered local-
ization of the overexpressed glycosyltransferases could functionally
impact the sequential glycan biosynthetic pathways and therefore
interfere with bisecting N-glycans and terminal sialylation.
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Increased «2,3-sialylation is associated with malignancy and patients’
poorer prognosis, whereas bisected N-glycans suppress metastization
(4). Moreover, N-glycan branching and sialylation patterns determine
galectin lattice dynamics with critical impact on tumor cell signaling
and definition of aggressiveness features (5). Therefore, deciphering
the mechanisms underlying reciprocal regulation of terminal sialyla-
tion and bisecting N-glycans is fundamental for our understanding of
tumor cell biology.
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