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Abbreviations

Gal: Galactose;

GalNAc: N-acetylgalactosamine;
GIcNAc: N-acetylglucosamine;

mADb: monoclonal antibody

NeuAc: N-acetylneuraminic acid,;
ppGalNACT: polypeptide-N-acetyl-galactosaminyltransferase
PTMs: posttranslational modifications
STn: NeuAca2,6GalNAca-O-Ser/Thr;

T: Galpl,3GalNAca-O-Ser/Thr;

Tn: GalNAca-O -Ser/Thr.

TR: tandem repeat

VNTR: variable number of tandem repeat
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Abstract

A major group of glycoproteins produced by carcinomas are the membrane and secreted
mucins. Changes in the types and levels of mucins expressed as well as their aberrant
glycosylation are examples of tumor-associated antigens. These aberrant structures are
widely produced by carcinomas but not by normal cells, thus constituting excellent
biomarkers.

Since these structures are not exposed to the immune system in normal cells, antibody
responses may develop early in carcinogenesis. Therefore circulating autoantibodies
directed to specific glycopeptide epitopes elicited are emerging as biomarkers for the early
detection of cancer.

Our study addressed the need for the identification of cancer-specific biomarkers to
improve early gastric carcinoma detection based on autoantibodies signatures. Our
strategy is based on the development of a glycopeptide array constituted by peptides and
fusion proteins from human mucins with different cancer-associated O-linked glycans. We
focused on the identification of cancer-specific glycoforms of mucins expressed in
gastrointestinal cells: MUC1, MUC2, MUC5AC and MUC6 by autoantibodies in the serum.
This approach could create a cancer-specific glycoform signature expected to have organ
specificity and hence good biomarker value to gastric cancer diagnosis.

We have demonstrated the existence of such cancer-associated autoantibodies to the
aberrantly O-glycosylated mucins in gastric cancer patients, as well as in individuals with
precursor lesions of gastric carcinoma, namely intestinal metaplasia. The existence of
such autoantibodies was either moderate or not observed in normal control individuals.
Glycopeptide structures such as core 3, Lewis ¢ and Tn revealed particular interesting
results. Moreover, Tn glycoforms autoantibodies also presented epitope specificity
depending on the site of O-GalNAc occupancy within the tandem repeat.

The study provided preliminary evidence for the utility of glycopeptide arrays for detection
of cancer by autoantibody signatures and the expansion of the targets should improve the

specificity and sensitivity of the strategy.
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Resumo

As mucinas trans-membranares e secretadas sdo um dos maiores grupos de
glicoproteinas produzidos por carcinomas. Altera¢des nos tipos e niveis de expresséo de
mucinas, assim como a sua glicosilagdo aberrante, sdo exemplos de antigénios
associados a tumores. Estas estruturas aberrantes sdo abundantemente produzidas por
carcinomas mas nao por células normais, revelando-se desta forma excelentes
biomarcadores.

JA& que nas células normais estas estruturas ndo sdo expostas ao sistema imune,
respostas imunolégicas podem-se desenvolver numa fase inicial da carcinogénese. Desta
forma, auto-anticorpos desenvolvidos para epitopes aberrantes de glicopéptidos surgem
como possiveis biomarcadores para a detec¢do precoce de cancro.

O nosso estudo abordou a necessidade de identificacdo de biomarcadores especificos de
cancro para a deteccdo precoce de carcinoma gastrico baseada numa assinatura de
auto-anticorpos. A nossa estratégia baseou-se no desenvolvimento de um array de
glicopéptidos constituido por péptidos e proteinas de fusdo de mucinas humanas com
diferentes O-glicanos associados. O trabalho focou-se na identificacdo de glicoformas
especificas de cancro de mucinas expressas nas células gastro-intestnais (MUC1, MUC2,
MUC5Ac e MUCG6) por auto-anticorpos séricos. Esta abordagem criaria uma assinatura
de glicoformas que fossem orgdo-especificas e, assim, apresentando potencial como
biomarcador na detec¢éo de cancro gastrico.

Neste estudo, demonstramos a existéncia de tais auto-anticorpos para mucinas com O-
glicosilacao aberrante em pacientes com cancro gastrico, assim como em individuos com
lesBes precursoras, nomeadamente metaplasia intestinal. A existéncia destes auto-
anticorpos em individuos saudaveis era nula ou reduzida. Estruturas de glicopéptidos
como core 3, Lewis ¢ e Tn apresentaram resultados particularmente interessantes.
Adicionalmente, auto-anticorpos contra a glicoforma Tn apresentaram especificidade
dependente do local ocupado no tandem repeat pelo residuo de O-GalNAc.

Este estudo apresentou evidéncias preliminares da utilidade de arrays de glicopéptidos
na deteccdo de cancro por auto-anticorpos e 0 uso de outros alvos podera melhorar a

especificidade e sensibilidade desta estratégia.
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Introduction

1. Mucins

Mucins are high-molecular-weight O-glycosylated proteins that are major components of
mucus covering the luminal surface epithelium of the respiratory, gastrointestinal, and

reproductive tracts (1).

Mucins have a central role in maintaining homeostasis in these harsh conditions. Their
general structure and biochemical composition provides protection for the cell surface,
and specific molecular structures regulate the local molecular microenvironment near the
cell surface. In fact, mucins might serve as cell-surface receptors and sensors, and
conduct signals in response to external stimuli that lead to coordinated cellular responses
that include proliferation, differentiation, apoptosis and secretion of specialized cellular
products (2-4).

1.1 Mucin Structure

Early studies to characterize the molecular nature of mucins were difficult to perform due
to their biophysical properties: a relatively large mass, a complex biochemical composition
(50-80% O-linked oligosaccharides) and a tendency to form higher-order structures

through polymerization (5).

The hallmark of mucins is the presence of repeated peptide stretches called “variable
number of tandem repeat” (VNTR). This structural feature is common to all mucins and
comprises tandem repeats of identical or highly similar sequences that are rich in serine,
threonine and proline residues (1, 6). Regions that are rich in serine or threonine are
putative O-glycan acceptor sites and have an abundance of clustered mucin O-glycans.
The proline residues appear to facilitate O-GalNAc glycosylation. The specific sequence

and number of tandem repeats, however, is highly variable among different mucins.

The two main classes of mucins (secreted and cell-surface associated) include different
members that have both unique and shared structural features. Cell-surface-associated
mucins are bound to cells by an integral transmembrane domain and have relatively short
cytoplasmic tails that associate with cytoskeletal elements, cytosolic adaptor proteins
and/or participate in signal transduction. They include MUC1, MUC3, MUC4, MUC12,
MUC13, MUC16 and MUCL17. Secreted mucins show patterns of expression that are
restricted to secretory organs and cell types, and present cysteine-rich regions and

cystine knots that are responsible for their polymerization and the formation of extremely
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large molecules of several million daltons. They include MUC2, MUC5AC, MUCS5B,
MUC6 and MUC7. There are two classes of secreted mucins-gel-forming (MUC2,
MUCS5AC, MUC5B, MUCG6) and non-gel-forming (MUC7) (7-22).

1.2 Mucins and Cancer

Mucins have long been implicated in the pathogenesis of cancer. As sites of tumour
growth are often hypoxic, acidic and with proteases and other biologically active factors, it
is possible that tumours use mucins to configure the local microenvironment during
tumorigenesis. In addition, mucin glycans are involved in processes such as invasion and

metastasis (23).

Increasing concentrations of mucin-type glycoproteins in serum are correlated with
increasing tumour burden and poor prognosis. Altered mucin expression is seen in cancer
and precancerous lesions, both at the protein (apomucin) and at the glycosylation levels
(23-25). Realizing the importance of O-glycans in many cell functions, we can then
understand the major influence of structures of glycoproteins present on cancer cells
surfaces or in their secretions, on the biology, physiology and immunological properties of
a cancer cell. In cancer, O-glycans play important roles in the attachment and invasion of
cancer cells and their survival in the blood stream. Unusual or novel carbohydrate and
peptide structures may lead to immune responses in cancer patients. Anti-mucin
antibodies have been proposed to have therapeutic potential in cancer (26).To exploit the
immune response therapeutically, mucin- like antigens with cancer-specific epitopes have
been developed as a vaccine (27, 28). MUC1 peptides injected into mice delayed tumor
growth of mammary epithelial cancer cells (29). Additionally, and as will be described in
this study, altered antigenicities of mucin peptides and carbohydrates may also be useful

for diagnosis.

O-Glycan chains of glycoproteins, as well as tissue and blood group antigens, including
Lewis antigens, may be qualitatively and quantitatively altered, and are often truncated
and highly sialylated in cancer cells (1, 30, 31). These truncated forms result from a
marked disorganization of the secretory pathway organelles and alteration in the
enzymatic machinery expression and topology. For instance, rearrangement of Golgi
enzymes may lead to a failure to synthesize essential intermediates or may block further
conversions by premature synthesis of terminal structures, and may account for altered

glycosylation in cancer (32-34).
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2. O-Glycosylation

The O-PTM form of protein glycosylation is one of the most diverse forms of
posttranslational modification because it involves 50-100 distinct genes, including up to 20
polypeptide GalNAc transferases controlling where the O-glycans are attached (35-37).
The range and chemical composition of structures that are created by branched O-linked
oligosaccharides are immense, especially when altered by additional post-translational
modifications. The functions of O-glycans are as diverse as their structures. O-Glycans
protect underlying proteins as well as epithelial cell surfaces, maintain protein
conformations, control active epitopes and antigenicity; they participate in cell adhesion,
binding to microbes and in the immune system. They may determine the cell surface
expression and function of cell surface receptors and may be involved in growth
regulation. O-Glycans have also been shown to be involved in blood clotting,

embryogenesis, development and cell death (6, 34).

O-glycosylation with complex oligosaccharides is crucial to mucin structure and function.
Mucin-type oligosaccharides are involved in specific ligand—receptor interactions, confer
hydroscopic properties and might bind various small molecules and proteins (5).

There is a remarkable structural variation in mucin glycosylation, due to the fact that at
least eight different core structures of O-glycans exist in mammalian mucins. Core

structures 1-6 have been described in human cancer cells (34).

The process always begins with GalNAc O-glycosidically linked to Ser or Thr residues (Tn
antigen), being the only structure common to all O-glycans. The Tn antigen may be
sialylated to form the sialyl-Tn antigen, sialyla2- 6GalNAc-O-Ser/Thr. Alternatively, core
structures may be synthesized (Figurel). Depending on the availability and specificity of
glycosyltransferases and sulfotransferases involved, O-glycan cores may be elongated
and terminated in many ways; they may be short and terminated by sialic acid, or may be
elongated. When it comes to O-glycosilation regulation factors, gene expression of

glycosyltransferases, and of their protein substrates, are the most understandable ones.
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Figure 1 - Biosynthetic pathways of most common mucin-type O-glycans. Note that most likely candidate
glycosyltransferases are indicated based on in vitro activities. From (38).

Factors that control the activities of transferases in vitro include metal ion concentrations
and the presence of certain proteins and lipids, and post-translational modifications of

enzyme proteins (35, 39).

The peptide moieties of substrates and sugar residues near O-glycosylation sites have
been shown to regulate primary O-glycosylation as well as subsequent glycosylation
steps. The sequence of sugar additions in specific Golgi compartments is controlled by
the relative activities of glycosyltransferases acting on common acceptor substrates. If
these enzymes are present in the same Golgi compartment, competition may take place,

and the relative activities determine the quantities of possible products (38).

2.1 Polypeptide a-GalNAc-transferases

The first step of mucin O-glycosylation is the transfer of N-acetylgalactosamine from UDP-
GalNAc to serine or threonine residues, which is catalyzed by a polypeptide-N-acetyl-

galactosaminyltransferase (ppGalNACcT) (35).

The localization of individual GalNAc-transferases may vary depending on the cell type
and possibly also the differentiation status. Their expression levels vary considerably
between cell types and tissues (35, 36). All ppGalNAcTs bind UDP-GalNAc (the donor of
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N-acetylgalactosamine), but they often differ in the protein substrates to which they
transfer N-acetylgalactosamine. Such differences allow ppGalNAcTs to be distinguished
(37). Many ppGalNACcTs appear to have a hierarchical relationship with one another, such
that one enzyme cannot attach an N-acetylgalactosamine until an adjacent serine or
threonine is glycosylated by a different ppGalNAcT. Thus, coexpression in the same cell
of ppGalNAcTs with complementary, partly overlapping acceptor substrate specificities
probably ensures efficient O-GalNAc glycosylation (35, 36, 40).

In cancer...

The Tn antigen (GalNAc-O-Ser/Thr), which is uncommon in normal mucins, is often found
in mucins derived from tumors (23, 41), which suggests that the extension of O- glycans
beyond the first carbohydrate is blocked in some cancer cells. This and other truncated
glycoforms result from a disorganization of the secretory pathway organelles and
alterations in the O-glycosylation enzymatic “machinery” controling O-glycosilation. In fact,
it is plausible that in cancer cells, polypeptide a-GalNAc-transferases localization may
differ from the normal. This way, if GalNAc is added in a later compartment, substrates
are not available for early acting enzymes of the assembly line, and structures will be
incomplete. Incomplete chain synthesis occurs in many cancer cells and contributes to the

prevalent expression of the Tn antigen (23, 42, 43).

2.2 Sialyl-Tn antigen

Another common cancer-associated structure found in mucins is the sialyl-Tn antigen.
The sialyl-Tn antigen (Neu5Aca2-6GalNAc-O-Ser/Thr), also known as STn and CD175s,
is a simple mucin-type carbohydrate antigen which has attracted much attention because
it is highly expressed in most gastric (44), colorectal (45), ovarian (46), breast (47) and
pancreatic (48) carcinomas, whereas expression of STn on normal tissues is highly
restricted (41, 49). In addition, sialyl-Tn expression is associated with carcinoma
aggressiveness and poor prognosis (47, 50). The mechanisms underlying the appearance
of this O-glycan are not totally clear and may vary with the tissue. One obvious
mechanism is an increase in the level of activity of an a2,6-sialyltransferase that catalyzes
the transfer of sialic acid from CMP-Neu5Ac to a GalNAc O-linked to serine or threonine
residues of a polypeptide (51). Previous studies have shown that the expression of the
sialyl-Tn antigen in cancer cells is due to ST6GalNAc-I activity (52). The sialyl-Tn product
structure cannot be further processed and therefore blocks the biosynthesis of any core

structure and the posterior elongation (53).
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Another biosynthetic basis for expression of Tn and STn glycans may relate to somatic
mutations in Cosmc, a chaperone for the enzyme core 1 betal,3-galactosyltransferase
enzyme that controls synthesis of the common core 1 O-glycosylation pathway (54-56). In
this scenario, sialyl-Tn accumulation would then result as a side effect of the loss of ability
to make the core-1 O-glycan and its extensions along with expression of the specific
ST6GalNAc sialyltransferase. Given the frequency of sialyl-Tn accumulation by cancer
cells, it is likely that its expression confers some as yet not fully understood advantage to
the tumor cells.However, previous studies did show that sialyl-Tn antigen may play a role
in cancer cell recognition by the immune system, protecting metastatic cells from

degradation in the blood stream (57).

The tremendous structural variation of O-glycan structures in mucins is due to the
existance of at least eight different core structures of O-glycans. We will focus on the core

structures that are most relevant.

2.3Core 1

Core 1 occurs on most glycoproteins, and is often substituted with sialic acid residues or
with various other sugars. The synthesis of core 1 is, in fact, a prerequisite for the
synthesis of sialylated T antigens, elongated core 1 structures, and core 2 structures

found in glycoproteins.

Most O-glycan structures are based on the Core 1 structure formed by addition of the
monosaccharide galactose (Gal) in a B1-3 linkage to GalNAc. This reaction is carried out
by a single Core 1 Galtransferase in mammals (56). The enzyme synthesizing core 1, is a
ubiquitous enzyme that occurs in most mammalian cells and in many species and its
activity is present in most cell types (56). However, and as mentioned above, T synthase
requires a specific molecular chaperone called Cosmc to be exported from the
endoplasmic reticulum. Cosmc is an ER protein that appears to bind specifically to T
synthase and ensures its full activity in the Golgi. Lack of core 1 synthesis can be due to

either defective T synthase or the absence of functional Cosmc chaperone (54-56).
In cancer...

Core 1 as a terminal structure is prevalent in cancer cells and their secretions (58, 59). In
these cases, it is likely that there is an abnormality in either the sialylation of core 1 or on
further extension and branching of core 1. This prevents other modifications of core 1. In

fact C2GnT1 enzyme converts core 1 to core 2, by the addition of GIcNAc to GalNAc and
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is the dominant enzyme expressed in normal breast tissue. Expression of C2GnT1 is low
or absent in around 50% of breast cancers, whereas expression of ST3Gal-l which
transfers sialic acid to galactose in the core 1 substrate is consistently increased (60).

2.4Core2and 4

Core 2 mucin O-glycans are branched core 1 structures, where N-acetylglucosamine
(GIcNAC) is added in a B1-6 linkage to GalNAc of the core 1 structures by one of three
B1-6 N-acetylglucosaminyltransferases or C2GnTs (leukocyte type, C2GnT-1 and -3 and
mucin type, C2GnT-2) (61) (62). They are produced in many tissues, including the
intestinal mucosa. The synthesis of core 2 O-GalNAc glycans is regulated during
activation of lymphocytes, cytokine stimulation, and embryonic development. Two
enzymes synthesizing core 2 have been well characterized and can be distinguished by
their substrate specificities and tissue distributions (63). One of the enzymes (C2GnT-2)
synthesizing the core 2 structure is also capable of utilizing core 3 as a substrate, this way
producing the core 4 structure, where GIcNAc is added in a B1-6 linkage to GalNAc

similar to synthesis of the core 2 structure (61).
In cancer...

Cancer cells and other diseased tissues have abnormal amounts of core 2 O-GalNAc
glycans. Up-regulation of the sialyltransferase ST3Gal-I was previous reported in human
breast cancer cell lines preventing Core 2 extension (64). On the other hand, increased
activity of Core 2 C2GnT-1 is positively correlated with progression of prostate cancer
(65).

2.5Core 3

Core 3 is restricted in its occurrence to mucins from specialized tissues and is generally
believed to be limited to the mucosa of the digestive tract (66, 67). In fact, it was first
identified in O-glycans derived from stomach and colon. Core 3 synthase B3GICNAC-T6 is
an important enzyme in the synthesis of mucn-type O-glycans in digestive organs that
transfers GIcNAc to GalNAc in a B1-3 linkage. On immunohistochemical analysis,
B3GIcNAc-T6 was detected in the Golgi region of both normal gastric and colorectal

epithelial cells (68).
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Core3 O-glycans controlled by the Core 3 B3GIcNAc-T6 are typically capped by
galactosylation and sialylation or other histo-blood group related structures.

In cancer...

It was demonstrated that the expression of B3GIcNAc-T6 dramatically decreased in
cancerous tissues. In fact, in contrast to normal tissues, B3GIcNAc-T6 disappeared in both
gastric and colorectal cancer (68, 69). The changes to the core structures give rise to

phenotypic changes of cancer cells, such as mobility and metastic activity.

Truncated core 3 O-glycans have been found in colon cancer in accordance with the
expression pattern for the controlling enzyme B3GnT6 (68). Whereas this enzyme is
downregulated in colon cancer, little is known about its expression in other types of

cancer.

Core 1 and core 2 structures can appear due to the disappearance of one of its
competitors, core 3 synthase, in cancerous tissues. This shift favors the synthesis of core
1 and may explain the prevalence of the T antigen in cancer tissue (43). The loss of core
3 synthase may also play a role for the appearance of STn-glycoform, since the core3
synthase competes for the Tn substrate utilized by ST6GalNAc-l to produce STn
glycoforms (52).

2.6 Elongation and Synthesis of terminal structures

There are many ways by which O-glycan core structures may be further processed and
the ABO and other glycan-based blood groups as well as sialic acids, fucose, and sulfate
are common terminal structures in mucins (24, 34). Terminal sugars and sulfate groups
can have important biological roles. For example, the degree of sialylation is important for
the overall properties of O-glycans and glycoproteins; in addition, sialylated structures
often block subsequent glycosylation steps. Specific structures can serve as antigenic

determinants or ligands for cell adhesion molecules.

Lewis-type blood group antigens, such as sialyl Lewis A (SLe®) and sialyl Lewis X (SLe%),
are expressed in cancer cells, mimicking their normal expression on blood cells
(monocytes and neutrophils) and also mimicking their potential for migration through

binding to endothelial cell selectins (24).

The relevance of Lewis sialylated structures in cancer was first revealed in the 1980s,

when monoclonal antibodies raised against cancer cells were shown to recognize SLe**.
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overexpression of SLe* and SLe? is common in carcinomas of several origins (eg, lung,
colon, gastric and pancreas) and is associated with increased metastatic ability (70) and
poor survival of the patients (71).

3. Alterations in mucin glycosylation as biomarkers for cancer detection

In a short balance of the information above, we can conclude by now that glycoconjugate
modifications are a universal hallmark of cancer. These alterations are not only visible on
the cell surface of cancer cells, and therefore easily accessible to antibodies or lectins as
tissue biomarkers, as they are also often shed into the blood stream, and therefore

identifiable as serum biomarkers (24).

As mentioned above, mucins are the major group of glycoproteins produced by
carcinomas and which are densely O-glysylated, consequently being major carriers of
cancer-associated carbohydrates (72). Changes in the types and levels of mucins
expressed as well as their aberrant glycosylation are examples of tumor-associated
antigens, creating a diverse set of unusual molecular structures found on cancer cells,
secretions and blood (23, 73). These aberrant structures are widely produced by
carcinomas but not by normal cells, thus constituting excellent biomarkers. In fact, many
of the current biomarkers used in clinics, in both tissue and serum assays, are based on
these carbohydrate modifications (74), (75, 76).

The rich content in proteins of serum and plasma that reflect diverse physiological or
pathological states, and the ease with which this compartment can be sampled, make it a

favorite choice for biomarker applications.

Traditional cancer biomarker serum assays rely on the detection of circulating molecules
produced by tumour cells and shed into the blood stream. Most cancer biomarker assays
in use today including CEA (colorectal cancer) (74), CA125 (ovarian cancer) (20) and
CA15-3 (breast cancer) (77) are detecting specific glycoproteins, often mucins, or in the
case of CA19-9 and CA72-4 carbohydrates attached to circulating glycoproteins (75, 76).
However, all current assays suffer from relative low sensitivity and specificity in early
detection of cancer, but are useful for monitoring treatment and follow-up for recurrence.
The relative low specificity of current assays is due to enhanced shedding of the same

glycoproteins in some benign diseases and inflammatory conditions.

In normal cells, truncated immature O-glycans may exist as brief biosynthetic

intermediates in the early Golgi, and these precursor structures are not exposed to the
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immune system. Aberrant surface exposure of these structures by cancer cells can elicit
production of autoantibodies directed to specific glycopeptide epitopes (78). Therefore, as
an alternative to the antigen detection, circulating autoantibodies to glycopeptides
epitopes are emerging as biomarkers for the early detection of cancer (79). In fact, there
are a series of good reasons for autoantibodies to represent novel diagnostic biomarkers.

First, the immune response to tumor-associated antigens occurs at an early stage during
tumorigenesis, and therefore autoantibodies can be detected in the asymptomatic stage of
cancer (80).

Second, autoantibodies against tumor-associated antigens are found in the sera of cancer

patients where they are easily accessible to screening.

Third, they can be produced at relatively high concentrations (autoantibodies are amplified
by the immune system in response to a single autoantigen) with a long circulation time.
Autoantibodies are inherently stable and persist in the serum for a relatively long period of
time because they are generally not subjected to the types of proteolysis observed in
other proteins, including other biomarkers, which are transiently secreted and may be
rapidly degraded or cleared (81, 82). Consequently they can be detected with sensitive
and specific methods, as illustrated by the detection of high titers of autoantibodies in
patients with early stage cancer (83).

Recently, it was confirmed the existence of such cancer-associated autoantibodies to the
aberrantly O-glycosylated MUC1 mucin in patients with breast, ovarian, and prostate
cancer at time of diagnosis (78). In addition to this, the immune response to these
antigens has also been shown to correlate with the progression of malignant

transformation (84, 85).

Thus, the production of autoantibodies can be detected before any other biomarkers or
phenotypic aberrations are observed, rendering such autoantibodies indispensable as

biomarkers for early cancer detection.

4. Rationale of this work project

Accordingly to the previous information, as serum biomarkers that manifest prior to the
onset of cancer, autoantibodies are highly sought after, and their detection on gastric

carcinoma patients sera is the main goal of this work project.
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Gastric carcinoma is the second most common cause of cancer deaths worldwide and
remains among the top-5 leading cancers in incidence and mortality both in Portugal and
in several other European countries (86). The poor prognosis and high mortality of gastric
carcinoma reflects the late diagnosis due to appearance of clinical symptoms only when
the cancer has progressed. To overcome this challenge, the current medical focus has
been centered on early detection accomplished through an efficient screening.

Focusing on a single and well known environment such as the gastric environment is of
great benefit for the study. Gastric mucus covering the mucosal surface is mainly
composed of mucins. MUC1, MUC5AC and MUC6 are expressed in normal gastric
mucosa, whereas MUC2 were found to be de novo expressed in gastric carcinomas (25,
48, 87, 88). For instance, altered histochemical pattern of MUCS5AC (25), higher
expression level of MUC1 (89), increased heterogeneity of mucins, and the exposure of

truncated mucin-type carbohydrates have been detected in gastric cancers (23).

The focus on this specific environment and on the identification of cancer-specific
glycoforms of these particular mucins by autoantibodies would create a cancer-specific
glycoform signature providing a powerful tool for the early diagnosis of gastric carcinoma.
This actually would allow overcoming one of the most peremptory limitations of this kind of
biomarkers, as the use of autoantibodies as stand-alone cancer biomarkers is limited as
some mucins have a broad expression by various types of cancer. This is exemplified on
the recent cancer-associated autoantibodies to the aberrantly O-glycosylated MUC1
mucin study as MUC1 is broadly expressed by most adenocarcinomas (90). The reason
for this low specificity lies in the heterogenic nature of cancer, whereby different proteins
are aberrantly processed or regulated in patients with the same type of cancer. Although a
single autoantigen would lack adequate sensitivity and specificity, a panel of antigens may
overcome this problem by enabling the development of a cancer-specific glycoform
signature. In fact, several studies have reported the high sensitivity and specificity that a
panel of carefully selected tumor associated antigens can achieve in cancer diagnosis
(91, 92).

In conclusion, autoantibodies to cancer-specific glycoforms of gastrointestinal mucins
(MUC1, MUC5AC, MUC6 and MUCZ2) (25, 87) is expected to improve organ specificity

and hence better biomarker value.
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Objectives

The main objective of this study was to develop a new strategy for early detection of
gastric cancer based on autoantibodies signatures. To accomplish this we wanted to
identify autoantibodies directed to cancer-associated mucin antigens in serum from gastric
cancer patients, in individuals with precursor lesions patients and compare with healthy
controls.

We proposed that the identification of cancer-specific glycoforms of MUC1, MUC2,
MUC5Ac and MUCG6 by autoantibodies would create a cancer-specific glycoform signature

providing a powerful tool for the early diagnosis of gastric carcinoma.

The following specific aims were proposed:

o Establish a versatile chemoenzymatic approach to produce libraries of cancer
associated O-glycopeptides and O-glycoproteins, producing different glycoforms of
MUC1, MUC2, MUC5Ac and MUCG6. The glycoforms included are: Tn (GalNAc-
Ser/Thr), STn (Neu5Aca2-6GalNAc-O-Ser/Thr), T (Galp1-3 GalNAc-Ser/Thr), core
3 (GIcNAcB1-3GalNAca-O-Ser/Thr) and Lewis ¢ (GalB1-3GIcNAcB1-3GalNAca-O-
Ser/Thr).

o Develop a microarray platform using O-glycopeptide and O-glycoproteins libraries
for the detection of autoantibodies in human serum. The collection of sera samples
from individuals with gastric carcinoma, gastritis, intestinal metaplasia and control

normal samples were tested in this novel microarray platform.
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Materials and Methods

In order to develop a sensitive detection of gastric cancer by detecting autoantibodies
signatures, we used a series of complementary research lines based on O-glycosylated
mucin proteins and synthetic peptides for building compound libraries of aberrant
glycopeptide epitopes (Figure 2). In order to achieve this, we developed a microarray
platform displaying O-glycopeptide libraries covering MUC1, MUC2, MUC5AC, and MUC6
different glycoforms. In this study we used a glycan array format that uses standard
robotic printing technology with demonstrated applicability to antibody detection in crude

human serum (78, 93).

Synthesis of recombinant mucin
glycoprotein fragments in E. coli.

|

Chemoenzymaticsynthesis of
glycopeptides / glycoproteins

|

Development of the O-Glycopeptide
array

|

Serum screening for autoantibodies

Group 1 Group 2 Group 3 Group 4
Control healthy  Chronic gastritis Gastric mucosa Gastric Carcinoma
individuals atrophy/ Intestinal
metaplasia

4

Signature of O-PTM Biomarkers for early

detection of gastric carcinoma.

Figure 2 - Schematic representation of this study research plan. From O-glycopeptide libraries to
detection of cancer-specific mucin glycoforms by autoantibodies in serum, this way creating a
cancer-specific glycoform signature and providing a powerful tool for the early diagnosis of gastric
carcinoma.
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1. Synthesis of recombinant mucin glycoprotein fragments in E. coli:

N- or C- terminally 6xHis and T7 tagged recombinant fragments of MUC2, MUC5AC and
MUCSG6 (Table 1) were produced in E. coli. The MUC2 construct includes 118 amino acid
residues corresponding to the tandem repeat domain with 39 potential glycosylation sites.
The MUCS5AC construct includes 222 amino acid residues corresponding to the tandem
repeat domain with 118 potential glycosylation sites. The MUC6 construct includes 114
amino acid residues corresponding to the tandem repeat domain with 31 potential

glycosylation sites.

Mucin Sequence Mw

MGSSHHHHHHSSGLVPRGSHMASMTGGQAMGRIPTSSTTSTPQTSTTSASTTSITSGPGTTPS
PVPTTSTTSAPTTSTTSAATTSTISAPTTSTTSAPTTSTTSASTASKTSGLGTTPSPIPTTSTTSPPT

MUCS5Ac TSTTSASTASKTSGPGTTPSPVPTTSTIFAPRTSTTSASTTSTTPGPGTTPSPVPTTSTASVSKTS 21,6kDa
TSHVSISKTTHSQAAALEHHHHHH
MUC?2 MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRDPNSSSVDKLDIEFLQPGGSVQCCECVTQ 12 kDa
PTTMTTTTTENPTPTPITTTTTVTPTPTPTSTQSTTPTPITTTNTVTPTPTPTGTQT
MUCS MGSSHHHHHHSSGLYPRGSHMASMTGGQQAMGRISTSLVTPSTHTVITPTHAQMATSASNHSAP 11.8 kDa

TGTIPPPTTLKATGSTHTAPPITPTTSGTSQAHSSFSTNKAAALEHHHHHH

Table 1 - Sequences and molecular weight (Mw) of the mucins used in the present work.

The all process to get purified recombinant fragments is schematically illustrated in Figure
3. Gene sequences were inserted into the bacterial expression vectors and Rosetta2
(Novagen) was the expression host. Overnight cultures were diluted 1:100, and induced 4
h at 37°C by the addition of IPTG to a final concentration of 0.1 mM. Cell lysates were
nickel purified using NiNTA agarose (Qiagen) as described by the manufacturer, and the
eluted fractions were analyzed by SDS-PAGE on NuPAGE Bis-Tris 8-12% acryl amide
gels (Novex) stained with Coomassie. Eluted fractions of recombinant mucin fragments
were HPLC purified before and after in vitro O-glycosylation (see below). Samples were
diluted in 0.1 % TFA (triflouroacetic acid), loaded onto a Zorbax 300SB-C18 column
mounted on an Agilent 1100 HPLC system, and eluted in a 40-minute linear gradient from
0-80% acetonitrile. Eluted fractions were lyophilized and resuspended in water and mass

confirmed by MALDI-TOF mass spectrometry.
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E. coli eXpression f } — %%9 rﬁ
constructs d% Fp"ﬂ

Recombinant

) E. coli cell lysis NiNTA purification
expression
o _ HPLC purification and
in vitro glycosylation product characterization
(PAGE; MALDI)

Figure 3 - Synthesis of recombinant mucin glycoprotein fragments workflow. From DNA construct
to glycoprotein.

2. Matrix-assisted Laser Desorption/lonization Mass Spectrometry (MALDI-
TOF)

MALDI-TOF mass spectrometry was performed on a Voyager-DE™ PRO workstation
(Applied Biosystems). The MALDI matrix was 2,5-dihydroxybenzoic acid (Sigma)
dissolved in 2:1 mixture of 0.1% TFA in 30% aqueous acetonitrile. Samples dissolved in
0.1% TFA to a concentration of ~1 pmol/uL were prepared for analysis by placing 1 pL of
sample solution on a probe tip followed by 1 yL of matrix. All mass spectra were obtained

in the linear mode.

3. Synthesis of O-glycopeptides:
Peptides and recombinant fragments were O-glycosylated in vitro using recombinant
glycosyltransferases as previously described (94, 95). Synthetic peptides included 19-mer
MUCS5AC and 19-mer MUC2. A panel of MUC1 peptides was also added, as MUC1 O-
glycopeptides were used in a previous study, with great success in autoantibodies
detection approach for other types of carcinomas, (78). Peptides were glycosylated in vitro
using purified recombinant glycosyltransferases polypeptide GalNAc-T1, GalNAc-T2 and
GalNAc-T3, used individually and to direct GaINAc O-glycan occupancies on peptides and
recombinant proteins. Further peptide occupancie with GalNAc was achieved with
GalNAc-T12 using GalNAc-T3 glycopeptide product as substrate. GalNAc glycosylation of
the peptides was performed in a reaction mixture (1 mg peptide/mL) containing 25 mM
cacodylate buffer (pH 7.4), 10 mM MnCI2, 0.25% Triton X-100, and 2 mM UDP-GalNAc.
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The chemically synthesized glycopeptides with single Tn glycans were similarly elongated
with human Drosophila Core-1 f3GalT (96), human Core3 B3GIcNAc-T6 (66) and p3Gal-
T5 (96) to produce T, core3 and Lewis c structures. Sialylation of MUC2 recombinant
protein was performed using ST6 GalNAc-I enzyme (97) and MUC2 GalNAc-T2 product
as substrate, in a reaction mixture (1 mg peptide/mL) containing 20 mM Bis—Tris buffer
(pH 6.5), 20 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol, and 2 mM
cytidine-5'-monophospho- N-acetylneuraminic acid sodium salt (Sigma, Brondby,
Denmark). Glycosylation was monitored using MALDI-TOF mass spectrometry and all

glycopeptides were HPLC purified and characterized by MALDI-TOF, as described above.

4. Mucin O-glycopeptide array print and analysis
(Glyco)peptides and control structures were printed on Schott Nexterion® Slide H MPX 48
(Schott AG, Mainz, Germany), as Blixt and colleagues have previously described (93).
Triplicates of all compounds were printed in 150 mM sodium phosphate pH 8.5 with
0.005% CHAPS and printed on a BioRobotics MicroGrid Il spotter (Genomics Solution)
using Stealth 3B Micro Spotting Pins (Telechem International Arraylt Division). As Blixt
and colleagues previously described (98), slides were incubated for 1 h in a humidified
hybridization chamber with 75% relative humidity and stored until use at -20°C. Prior to
use the microarrays were blocked for 1 h with 25 mM ethanolamine in 100 mM sodium
borate pH 8.5. Human sera diluted from 1:5-1:50 or mAbs (1 pg/ml or hybridoma
supernatants undiluted) were incubated in a closed container with gentle agitation for 1 h,
washed three times in PBS with 0.05% Tween-20 (PBS-T) and followed by 1 h incubation
with appropriate secondary antibodies. Human IgG antibodies were detected with Cy3-
conjugated goat anti-human IgG (Fc specific) diluted 1:1000 in PBS-T. Murine mAbs
were detected with Cy3-conjugated goat anti-mouse IgG (H+L) (Jackson
ImmunoResearch Laboratories, Inc.) diluted 1:1000 in PBS-T. After incubation with
secondary antibodies the slides were washed 3 times in PBS-T, and after the final wash,
slides were rinsed shortly in H,O, dried by centrifugation (200xg) and scanned in a
ProScanArray HT Microarray Scanner (PerkinElmer) followed by image analysis with
ProScanArray Express 4.0 software (PerkinElmer). The overview of the microarray is
represented in Figure 4. The mean value of relative fluorescence intensity (RFU) was
used. For comparison, slides were scanned with identical scanning parameters. Data

were analyzed and plotted using Microsoft Excel or GraphPad Prism software.
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Mucin O-glycopeptide Apply serum sample Apply Cy3-conjugated
array print secondary antibodies

11

% o & Naked and glycopeptides

\ Serum antibodies

,sz: Secondary antibodies

Figure 4 - Overview of mucin microarray assays performed to detect autoantibodies in human
serum.

5. Monoclonal antibodies:
Printing of the glycopeptides was confirmed using mAbs against MUC2 Tn (PMH1) (99),
MUCS5AC (CLH2) (25), MUC6 (CLH5) (88), as well as carbohydrate-specific antibody
targeting STn (TKH2) (49). Lectin VVA was also used to assess the Tn epitope (100).

6. Human sera:
Sera samples to be evaluated for reactivity in the array include serum from individuals
with normal gastric mucosa without Helicobacter pylori infection confirmed by biopsie
(n=8); individuals with chronic gastritis/ Helicobacter pylori infection (n=8); Individuals with
gastric mucosa atrophy / Intestinal metaplasia (n=9) and individuals with gastric

carcinoma (early or advanced) (n=10).

Serum samples were collected from Hospital de Sdo Jodo and Hospital de Santo Anténio
in Porto, Portugal. The use of these samples has been approved by the local Ethical

committee.

All sera were collected and stored following the same standard operating procedure that
involved clotting for 1 hour at room temperature followed by 1 hour incubation on ice.

Samples were then freezed and kept at -80°C.
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1. O-glycosylated mucin proteins and synthetic peptides libraries

A versatile chemoenzymatic approach to produce libraries of cancer associated O-
glycoproteins was estabilihed, producing different glycoforms of MUC1, MUC2, MUC5Ac
and MUCS6.

One of the strategies used on the production of compound libraries was chemo-enzymatic
synthesis of short synthetic glycopeptides. Other strategy comprised the production of
recombinant E.coli of large mucin polypeptide fusion proteins derived from MUC2,
MUC5Ac and MUC6 (Figure 5). The recombinant proteins and synthetic peptides were
glycosylated using purified human recombinant GalNAc-transferase T1, T2 and T3 to
produce the cancer-associated Tn (GalNAc-Ser/Thr) glycoforms with different densities.
For MUC6 recombinant fragment a mixture of the three enzymes was used, but the
different GalNAc-transferases were also used individually and not as an enzyme mixture.
This strategy allows the production of different O-glycan attachment patterns (37), this

way creating different epitopes, specific for each GalNAc-T activity.

e
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Figure 5 - Recombinant fragment of MUC6 is shown as example of the recombinant mucin proteins
production. Similar results were obtained with the remaining mucin fragments. Expression cultures were
NINTA and analyzed by Coomassie PAGE (A), HPLC purified followed by MALDI-TOF mass spectrometry
analysis (B).

GalNAc attachments in recombinant protein sequences were strictly controlled as
indicated by mass spectrometry. The analysis of MALDI-TOF profiles showed that
GalNAc-T2 added thirty five GalNAc residues to recombinant MUC5AC and nineteen
GalNAc residues to recombinant MUC2. GalNAc-T3 was used to add sixty eight GalNAc
residues to recombinant MUC5AC, twenty seven GalNAc residues to recombinant MUC2
and twenty GalNAc residues to recombinant MUCG6. To extend the occupancie of GalNAc
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residues, a mixture of GalNAc-T1, GalNAc-T2 and GalNAc-T3 resultued on the addition of
twenty four GalNAc residues to recombinant MUCG6. Also, sequential use of GalNAc-T3
and GalNAc-T12 added eighty six GalNAc residues to recombinant MUC5Ac. GalNAc-T3
glycosylation of 19-mer- MUC2 and MUCS5Ac peptides resulted in addition of seven
GalNAc residues on both peptides.

Further glycosylation of GalNAc residues with sialic acid to form STn was achieved with
recombinant murine ST6GalNAc-I. Evaluation of number of sialic acid residues attached
was made by MALDI-TOF analysis and may be underestimated because of the labile
nature of this sugar linkage. However, some residual Tn reactivity was detected in
sialylated glycosylation products, which was expected due to the very high density of Tn
structures on the recombinant proteins. Purification of each glycosylation product followed
by re-glycosylation with ST6GalNAc-I did not prevent such Tn exposure suggesting that
the incomplete Tn-elongation was due to accumulation of by-products and impurities
during in vitro glycosylation.
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Figure 6- Biosynthetic pathways of the initial steps in the most common cancer-associated mucin-type O-
glycans with indication of glycosyltransferases responsible for each synthetic step (A). Adapted from (38).
MALDI-TOF profiles represent the chemoenzymatic synthesis of some Tn and STn mucin recombinant
proteins. MUCS5AC recombinant fragment was glycosylated using GalNAc-T3 with addition of sixty eight
GalNAc residues (B). Recombinant MUC2 was glycosylated with GalNAc-T2 with addition of nineteen GalNAc
residues. The Tn MUC2 glycoform was further elongated to make cancer associated glycoform STn (C).
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The Tn glycoforms were further elongated by other glycosyltransferases to make cancer-
associated glycoforms core 3 (GIcNAcB1-3GalNAca-O-Ser/Thr), T (Galp1-3 GalNAc-
Ser/Thr) and Lewis ¢ (GalB1-3GIcNAcB1-3GalNAca-O-Ser/Thr), using B3GIcNAc-T6, core
1 B3GalT and B3Gal-T5, respectively.

recMUC5AC recMUC2 recMUC6

A A A

Figure 7 - Coomassie SDS - PAGE analysis of recombinant (rec) mucin proteins produced in E. coli and in
vitro glycosylated using purified recombinant GalNAc-transferase T1, T2, T3 and T12 and sialyltransferase
ST6 GalNAc-I, producing a panel of different mucin glycoforms.

2. Mucin O-glycopeptide array analysis

The comprehensive glycopeptide mucin array was used to probe for serum autoantibodies
directed to glycopeptides epitopes in mucins known to be expressed in gastric cancer.

First, quality and consistency of glycopeptides libraries printed on slides were evaluated
by lectins and monoclonal antibodies to defined structures (Figure 8). These tests were
also made in order to define the correct peptides concentration printed on the array.
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VVA CLH2

recMUC6 recMUC5Ac
(naked) (naked)

recMUC6 recMUC5Ac
(20Tn) (35Tn)

recMUC6 recMUC5Ac
(24Tn) (68Tn)

pepMUC5AC recMUC5Ac
(naked) (86Tn)

pepMUC5ACc recMUC2

(7Tn) (naked)
pepMUC2 recMUC2
(naked) (19Tn)
pepMUC2 recMUC2
(7Tn) (27Tn)
recMUC2
(15STn)

Figure 8 - Examples of fluorescent images of glycopeptide array test with bound monoclonal antibody CLH2
specific for the peptide tandem repeat of MUC5Ac and lectin VVA specific for carbohydrate structure Tn
(GalNAc). In the center is the schematic localization of the peptides. Each peptide has a serial of double
dilutions in order to define a proper print concentration.

The mucin O-glycopeptide array was then probed for serum IgG autoantibodies. The array
was analyzed with sera from individuals with normal gastric mucosa without Helicobacter
pylori infection confirmed by biopsie (n=8); disease controls from patients with chronic
gastritis/ Helicobacter pylori infection (n=8) and patients with gastric mucosa atrophy /
Intestinal metaplasia (n=9), and sera from gastric cancer patients (n=10). Specific 1gG
autoantibodies against different peptides and glycoforms epitopes were identified in the
different sets of sera (Figure 9). Variable titers of antibodies from 1:5 to 1:50 (not shown)
were obtained for the small peptides which reactivity values were significantly decreased
with a 1:50 serum dilution. This may be due to lower titers of serum autoantibodies for

these small peptides, which this way can only be found in lower serum diltions.
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Figure 9- IgG autoantibodies to different peptides in different groups of analyzed serum. Quantification of the
antibody responses for glycopeptide targets in each individual is shown in a 3-dimensional bar graph for (A)
healthy controls (n=8), (B) chronic gastritis patients (n=8), (C) Intestinal metaplasia patients (n=9), and (D)
gastric cancer patients (n=10). Bars indicate the 1gG reactivity in serum from each patient in triplicates (y-axis)
on one compound (x-axis) expressed as relative fluorescence units (z-axis). Serum was dltuted 1:5.

When analyzing the different glycoforms specific 1gG autoantibodies, we assumed
positivity  for patients with a relative fluorescent value higher than 3 standard deviation
over the mean of the control group. In general, we can find a larger reactivity of gastric
carcinoma patients serum autoantibodies against the different mucin forms than the ones

from control individuals.

Results for MUC5Ac mucin (Figure 10) revealed that all control individuals tested negative
or had very low levels of reactivity. The MUC5Ac naked form detected 2/10 of the
carcinoma patients and 5/9 of the intestinal metaplasia patiensts. The recombinant
MUCS5ACc + GalNAc-T2 form detected 1/8 of gastritis patients, 4/9 of intestinal metaplasia
and 5/10 of carcinoma patients. Recombinant MUC5Ac + GalNAc-T3 glycoform detected
3/9 of intestinal metaplasia and 3/10 of carcinoma patients. Recombinant MUC5Ac +
GalNAc-T3 + GalNAc-T12 form detected 1/9 of intestinal metaplasia and 1/10 of
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carcinoma patients. As for the 19mer MUC5Ac peptide, the plot distribution is different
from recombinant mucin. This may suggest that some autoantibodies detected for the
recombinant mucin react with an epitope that is not present on the smaller pepide. There
is also occurrence of some samples reactivity for the 19mer peptide and not in the larger
protein, wich may indicate a reactivity with either N- or C-terminal of the peptide. The
naked peptide detected 2/9 intestinal metaplasia patients and GalNAc-T3 glycosylated
peptide detected 2/8 gastritis patients and 2/9 intestinal metaplasia patients. However,
some serum samples were broadly reactive to different MUC5Ac glycoforms. For
instance, a serum sample (number 6 on the DOT-PLOT) from one cancer patient was
reactive with naked mucin and with all glycoforms, with decreasing activity with higher
sugar content, suggesting the epitope is, in fact, on the mucin backbone. This also occurs
on some intestinal metaplasia serum samples. However, there are four carcinoma
patients serum that have autoantibodies reactive only with the glycosylated forms with one
of them being specific for the recombinant MUC5Ac + GalNAc-T2 and not reactive with

any other mucins like MUC2 and MUC6 naked- or glycoforms.

recMUC5ACc naked recMUC5AC+ T2 recMUC5Ac+T3
300981 A3 20000 20000~
20000
15000 ¥s 15000
15000 :
¥s
100004 100004
10000 ve
‘
5000 vi 5000 Al 5000
5 ' N - 2 £ : IS
o —mV '.# ALl 1S LS o0d B il *5 Fy'. RAL & A1 o s 51
> 2 2 2 & -~ 5 & & & R &
& & \o';\ . oo@ & @S‘“ Q\§ cp‘o & & Q\eﬁ’ &
< & R & + IS & & ¥ e &* <
« ey < ¥ & e
MUCS5AC + T3 +T12 19mer MUC5Ac naked 19mer MUC5Ac + T3
200004 20000+
200004
15000 150004 15000
100004 100004 10000
5000 50004 50004 .
A® Ads
, 1T . N ' " X
0- glamptt: ammm: S it 0-
> & & 2 > & 3 2
& C & » ) @ & 2 s R
R A . & & ¢ & & & ¢
<) “.@. 'a“' \\o & \?Q &¢ - & % &
o & P <+ &

Figure 10 - MUCS5Ac target glycoforms of 19mer peptide (19mer MUC5Ac) and recombinant protein
(recMUC5AC) are shown as DOT-PLOT diagram. The different glycoforms were obtained using enzymes
GalNAc-T2 (+T2), GalNAc-T3 (+T3) and GalNAc-T12 (+T12). The non-gycosylated (naked) forms are also
analyzed. Each dot represents the relative fluorescent unit for each individual in the four groups of patients
examined: healthy controls (n=8), chronic gastritis patients (n=8), intestinal metaplasia patients (n=9), and
gastric cancer patients (n=10). Patients with relative fluorescent value higher than 3 standard deviation over
the mean of the control group were considered as positive. Serum was diluted 1:50.
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When analyzing the results concerning the MUC2 mucin (Figure 11) we also see a pattern
that indicates a higher reactivity for gastric carcinoma serum samples than for healthy
controls. In fact, 6/10 different individuals presented autoantibodies for any of MUC2
naked and glycol forms. Nevertheless, taking to account all mucins glycoforms we don’t

see any glycoform specificity.

However, there are some interesting MUC2 mucin results regarding intestinal metaplasia
condition, with 3/9 positive results in which two samples autoantibodies are specific for the
GalNAc-T3 glycosylated form.

No significant reactivity was found for the STn glycoform.
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Figure 11- MUC2 target glycoforms of 19mer peptide (19mer MUC?2) and recombinant protein (recMUC2) are
shown as DOT-PLOT diagram. The different glycoforms were obtained using enzymes GalNAc-T2 (+T2),
GalNAc-T3 (+T3) and ST6GalNAc-I (ST6-1). The non-gycosylated (naked) forms are also analyzed. Each dot
represents the relative fluorescent unit for each individual in the four groups of patients examined: healthy
controls (n=8), chronic gastritis patients (n=8), intestinal metaplasia patients (n=9), and gastric cancer patients
(n=10). Patients with relative fluorescent value higher than 3 standard deviation over the mean of the control
group were considered as positive. Serum was diluted 1:50.

As for the MUC6 recombinant protein (Figure 12), the MUC6 naked form detected 2/8 of

the gastritis patients, 1/9 of the intestinal metaplasia patiensts, and 4/10 of carcinoma
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patients. Of this four carcinoma patients serum, two of them are also reactive with the
glycosylated forms, which indicates a backbone protein epitope.

The recombinant MUC6 glycoforms detected 4/10 carcinoma patients, with no specific
reactivity for any of the two different glycoforms, and that were also reactive for other
mucin glycoform, namely a MUC2 glycoform.
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Figure 12 - MUCS target glycoforms recombinant protein (recMUCG6) are shown as DOT-PLOT diagram. The
different glycoforms were obtained using enzymes GalNAc-T3 (+T3) and a mixture of GalNAc-T1, GalNAc-T2
and GalNAc-T3 (+T1/2/3). The non-gycosylated (naked) form is also analyzed. Each dot represents the
relative fluorescent unit for each individual in the four groups of patients examined: healthy controls (n=8),
chronic gastritis patients (n=8), intestinal metaplasia patients (n=9), and gastric cancer patients (n=10).
Patients with relative fluorescent value higher than 3 standard deviation over the mean of the control group
were considered as positive. Serum was diluted 1:50.

Lewis c-MUCL1 was the most selective of the MUCL1 targets detecting 5/10 of the cancer
patients, while STn-MUC1 detected 1/10 and T-MUC1 detected 3/10 (Figurel2). Core 3-
MUC1 peptides haven’t shown any significant carcinoma samples positivity. In fact, there
is broader reactivity with this structure between all the groups analyzed. An inherent
problem with many cancer biomarkers identified to date is precisely the low discrimination
between cancer and inflammatory conditions. Nevertheless, there is a higher number of
carcinoma patients serum with high reactivity than the number of healthy controls or
gastritis and intestinal metaplasia conditions reactive samples. No significant reactivity for

Tn-MUC1 was found for any of the conditions.
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Figure 13 - DOT-PLOT diagrams presenting autoantibody reactivity against core 3 (C3), T, Tn, LewisC
(LeCC3) and STn MUCL1 peptides. Each dot represents the relative fluorescent unit for each individual in the
four groups of patients examined: healthy controls (n=8), chronic gastritis patients (n=8), intestinal metaplasia
patients (n=9), and gastric cancer patients (n=10). Patients with relative fluorescent value higher than 3
standard deviation over the mean of the control group were considered as positive. Serum was diluted 1:5.
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Early cancer detection remains one of the most important goals in cancer diagnosis.
Circulating autoantibodies appear to be ideal serological biomarkers because they
generally represent amplified signals to low antigen exposure, they have long circulation
time, and methods for detection are simple and sensitive provided the target antigens are
available. Autoantibodies are induced by exposure to cancer neoantigens and are
emerging as promising biomarkers for the early detection of cancer (79, 101-103). The
mechanism of induction of cancer immunity is not fully understood. However, it is
generally accepted that auto-reactive immune responses in cancer patients are induced
by overexpression, mutations, missfolding, or aberrant degradation of self-proteins (104-
106). Aberrant PTMs of self-proteins have also been demonstrated to induce autoantibody
production in cancer and a number of autoimmune diseases (107). Previous studies
suggest that cancer-associated aberrant O-glycosylation of proteins such as truncated Tn,
STn and truncated core 3 structures leads to the induction of autoantibodies. The
development of such autoantibodies would be explained by the de novo expression of the

aberrant immunogenic glycopeptide epitopes in cancer cells (94, 108).

Autoantibody assays have not yet found wide use for diagnosis of cancer and this may be
due to lack of well-defined antigens to probe for disease-associated autoantibodies
(101,109). In order to evaluate and employ such a strategy, the prevalence that the
various structures appear and the specific proteins carrying such structures need to be

better characterized.

Previous glycoprofiling results using monoclonal antibodies with well-defined specificities
showed that circulating MUC1 and MUC16 does not include nonsialylated glycoforms and
opens for the possibility that circulating autoantibodies directed to such glycoforms
participate in their removal in addition to lectin receptors (110). This is in agreement with
Varki and coworkers’ (111) “tip of the iceberg” theory, proposing that circulating tumor
glycoprotein antigens, including cancer mucins without sialic acids, are removed by
scavenger receptors and hence inherently represent insensitive biomarkers. This selective
clearance provides a plausible mechanism by which aberrant glycoforms of mucins and

O-glycoproteins are presented to and stimulate the immune system (112).

The primary aim of this study was to develop a discovery platform for selective detection
of cancer-associated autoantibodies directed to aberrant O-glycopeptide epitopes. This
should happen without interference by anticarbohydrate hapten antibodies. Detection of
autoantibodies to O-glycopeptide combination epitopes, which include both the peptide
backbone as well as cancer-associated posttranslational modification hapten structures, is

complicated by the presence of rather ubiquitous natural antibodies to the carbohydrate
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haptens. It is well established that non-self carbohydrate structures are immunogenic in
man, and natural antibodies to the cancer-associated truncated carbohydrate haptens T,
Tn, and STn are among the most widely studied antibodies (58). Although titers of
antibodies to Tn and STn appear to be increased in cancer patients (23, 41), essentially
all individuals have IgM antibodies with some specificity to these structures. Analysis of
IgM antibodies reveals broad reactivity with all glycoforms of the glycopeptides, which
makes it impossible to discern potential O-glycopeptide—specific antibodies. It has been
shown that some anti-carbohydrate antibodies result from exposure to related structures
found in gut microflora; however, expression of aberrant glycosylated glycoproteins in
cancer are believed to contribute as well (58). The clinical significance of these antibodies
in relation to cancer is largely unknown, and they have not emerged as truly useful
biomarkers of cancers. In contrast, antibodies directed to combined O-glycopeptide
epitopes, which would have specificity for distinct proteins carrying aberrant cancer O-
glycans, are expected to have high affinity, be class switched to I1gG, and be absent in
healthy individuals (94). Thus, the IgM carbohydrate hapten antibodies don’t allow to
discern antibodies with distinct O-glycopeptide specificity. This fact stresses the
importance of using assay methods that allow selective detection of combined
glycopeptide epitopes. Previous results confirmed that IgM antibodies yielded broad
carbohydrate reactivity without discernable O-glycopeptide specificities in both healthy
controls and cancer patients. In striking contrast, IgG antibodies from healthy control sera
were essentially unreactive with the glycopeptides, whereas specific IgG antibodies were

identified in sera from newly diagnosed breast, ovarian and prostate cancer patients (78).

For this reason we limited the detection to IgG subclass, trying to exclude carbohydrate

hapten antibodies interference.

Two strategies applicable to production of compound libraries were used: i) Chemo-
enzymatic synthesis of short 15-60-mer glycopeptides, and ii) Recombinant E.coli
production of larger mucin polypeptide fusion proteins derived from MUC2, MUC5ACc,
and MUC6 combined with enzymatic O-linked glycosylation to produce the cancer-
associated O-glycans Tn, STn, truncated core 3 (GIcNAcB1-3GalNAca-O-Ser/Thr) and
Lewis ¢ (GalB1-3GIcNAcB1-3GalNAca-O-Ser/Thr) with different densities.

The use of recombinant proteins allow for a larger probability of exposing the desired
epitope and also allow for some specific conformation only found in larger peptides. Both
strategies used a panel of recombinant UDP-GalNAc: polypeptide a-N-
acetylgalactosaminyltransferases (GalNAc-Ts) with partially different substrate

specificities to produce different O-glycan attachment patterns. Furthermore, we used a
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toolbox of recombinant glycosyltransferase enzymes that allow enzymatic synthesis of
diverse O-glycan structures with some degree of control of sites of attachment of O-
glycans at serine and threonine residues in peptides (40, 113, 114). The Tn-glycoforms
were elongated with sialyltransferase ST6GalNAc-I, B3GIcNAc-T6 and B3Gal-T5 resulting
in production of STn, core 3 and Lewis ¢ glycoforms, respectively (108). The different

glycoforms were verified by MALDI-TOF mass spectrometry and SDS-PAGE.

To accommodate large glycopeptide libraries, we chose to use a slide microarray format
on NHS-activated hydrogel slides, for minimum consumption of compounds, and as Blixt
and colleagues have shown (93), these provide a remarkably low background for

detection of human serum antibodies.

Quality and consistency of glycopeptides libraries printed on slides were evaluated by
lectins and monoclonal antibodies to defined structures. The comprehensive glycopeptide
mucin array was then used to probe for serum autoantibodies directed to glycopeptides

epitopes in mucins.

The detection of antibodies reactive with recombinant MUC5Ac and MUC6 were present
in sera from gastric carcinoma patients, individuals with intestinal metaplasia and with
gastritis. On the other hand, autoantibodies from healthy controls serum presented much
lower or null reactivity. Mucins MUC5Ac and MUCG6 are characteristically expressed by
normal gastric mucosa. Their level of expression and their glycosylation have been shown
to be altered during intestinal metaplasia. It is conceivable that in some patients these
mucins may be exposed to the immune system raising a consequent immune response.
In addition the expression of MUC5Ac has been shown to be a characteristic of every
early gastric carcinoma, regardless of the histologic type of the tumors, in contrast with the
absence of MUCS5AC expression in almost half of the advanced carcinomas, and suggests
that all gastric carcinomas retain at least some cells with a “gastric’ phenotype during
tumour progression (25). The exposure by tumor cells of these underglycosylated mucins

leads to generation of autoantibodies as detected in our study.

The evaluation of recombinant naked MUC2, however, presents a broader reactivity
among the different serum groups. Curiously, this broader reactivity was not represented
with MUC2 smaller peptide, suggesting that some autoantibodies detected for the
recombinant mucin reacted with an epitope that is not present on the smaller peptide.
There was also occurrence of some samples reactivity for the 19mer peptide and not in
the larger protein, which may indicate reactivity with either N- or C-terminal of the peptide.
We can also see four positive sera (4/9_44%) for MUC2 naked peptide in intestinal

metaplasia cases.
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The human intestinal mucin MUC2 is a major product of goblet cells of the colon and
small intestine. Taking into account that in intestinal metaplasia of the stomach MUC2
expression is closely associated with the goblet cell phenotype (87, 88), these results are
then consistent with the detection of intestinal metaplasia. The presence of antibodies
directed to this intestinal mucin MUC2 in sera from gastric carcinoma patients is also
observed in the present study, detected in nearly 60% of gastric carcinomas samples.

Previous studies have shown that MUC2 also serves as the major carrier of the sialyl-Tn
antigen in IM and gastric carcinomas (115). In the present study we did not detect any
autoantibody reactivity for the STn MUC2 glycoform in this assay. The lack of such
reactivity may stem from the high level of occupancy of the tandem repeat. We cannot
exclude that an alternative chemoenzymatic strategy leading to a moderate level of
occupancy of the MUC2 tandem repeat with STn antigen may generate the required

epitope for the autoantibodies.

The sialyl-Tn antigen (Neu5Aca2-6GalNAc-O-Ser/Thr), also known as STn and CD175s,
is a simple mucin-type carbohydrate antigen which has attracted much attention because
it is highly expressed in most gastric (44), colorectal (45), ovarian (46), breast (47) and
pancreatic (48) carcinomas, whereas no expression is observed in the respective normal
tissues. In fact, a common feature in carcinoma cells is the activation of an alternative
pathway corresponding to the early a2,6-sialylation of GalNAca-O-Ser/Thr leading to the
formation of the sialyl-Tn antigen. The genetic and biosynthetic basis for expression of
STn glycans may relate to somatic mutations in Cosmc, a chaperone for the enzyme
C1B3Gal-T enzyme that controls synthesis of the common core 1 O-glycosylation pathway
; however, overexpression of the ST6GalNAc-I sialyltransferase responsible for STn

synthesis can also play a role (51, 52).

It will be interesting to evaluate if other mucins, such as MUC5Ac and MUCB6, can also
carry the sialyl-Tn antigen in gastric carcinoma cases. It will also be relevant to assess if
there is a different biological significance of sialyl-Tn carried by different apomucins or if
the observed role played by sialyl-Tn antigen in cancer-cell invasion is independent from

the mucin carrier.

In gastric tissues, glycosylation changes, also include exposure of simple mucin-type
carbohydrate antigens such as T and Tn, and have been shown in premalignant IM
lesions and gastric carcinomas (23). When we analyze the MUC2 Tn glycoform we find
two serum samples with specific reactivity for the mucin glycosylated with GalNAc-T3 in
intestinal metaplasia condition. This is observed both in the recombinant and peptide

structures. It means that these autoantibodies are specific for an epitope present only with
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GalNAc-T3 sites occupancy. This is also observed in a serum sample from a carcinoma
patient this time for the recombinant MUC5Ac+ GalNAc-T2 glycoform, and proves the
interest in applying this single enzyme glycosylation approach against an enzyme mixture
strategy. It also confirms MUCS5AC as a plausible carrier of carbohydrate antigens.

We have also detected IgG antibodies to peptide epitopes. The antibodies found to react
with both naked and glycosylated mucin are directed to the core protein as their reactivity
is more intense for the unglycosylated structure, with decreased reactivity whit increasing

sugar content.

The present study evaluate sera in two diferent dilutions (1:5 and 1:50), demonstrating
quite variable titers of antibodies. This variability of titers was particularly observed for the
MUC1 smaller peptides. In most sera the autoantibody reactivity was reduced with the
1:50 dilution. This observation may result from a smaller titer of autoantibodies for these

structures.

Nevertheless, when we analyze 1:5 dilution results we see some cancer-specific
reactivities for Lewis ¢ MUCL1 glycoforms with a approximated 50% positivity. As for the
core 3 structure we observe a broader reactivity between normal individuals and benign

conditions.

Three distinct MUC1 O-glycopeptide epitopes with different O-glycan structures (Tn, STn,
and core 3) reactive with IgG were identified before in prostate, breast, and ovarian
cancer patients (78) . We did not detect significant reactivity for the Tn and STn
glycoforms in this assay. More interesting is the common finding of antibodies to truncated
core 3 MUC1.

The core 3 glycosylation pathway is generally believed to be limited to the mucosa of the
digestive tract, and truncated core 3 O-glycans have been found in colon cancer (116) in

accordance with the expression pattern for the controlling enzyme B3GnT6 (68).

Core 3 is restricted in its occurrence to mucins from specialized tissues and it was first
identified in O-glycans derived from stomach and colon. Core 3 synthase is an important
enzyme in the synthesis of mucn-type O-glycans in digestive organs. On
immunohistochemical analysis, B3GIcNAc-T6 was detected in the Golgi region of both
normal gastric and colorectal epithelial cells. It is of interest that, in the stomach, it was
restricted to the foveolar epithelia. This finding indicated that mucins produced by foveolar
epithelia cells contain core 3 structures, but mucins derived from subglandular epithelia do
not. It was demonstrated that the expression of B3GIcCNAc-T6 dramatically decreased in

cancerous tissues, and the changes to the core structures give rise to phenotypic changes
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of cancer cells, such as mobility and invasion phenotype. In fact, in contrast to normal
tissues, B3GICNAC-T6 is not detected in both gastric and colorectal cancer. Structural
analysis of O-glycans released from mucins isolated from colorectal cancer are in
agreement with this revealed changes in branching and elongation of O-glycans, including
the presence of truncated core 3 O-glycans terminated with BGIcNAc (116) similarly to the

structure targeted by glycopeptide specific autoantibodies identified in the present study.

The many enzymes involved in synthesizing the core structure of O-glycan may compete
with each other for the GalNAc-residue on mucins as substrate.

Core 1 and core 2 structures can appear due to the disappearance of one of its
competitors, the core 3 synthase, in cancerous tissues. The loss of core 3 synthase may
also play a role for the appearance of STn-MUCL1 in colorectal cancer, since the core 3
synthase competes for the Tn substrate utilized by ST6GalNAc-l to produce STn

glycoforms. However, we didn’t detect reactivity for this structure.

The results with the Lewis ¢ (Galfl-3GIcNAcB1-3GalNAca-O-Ser/Thr) also seem
promising, as they reveal agreater carcinoma specificity. Type 1 chain oligosaccharides
found in O-glycans, as well as in glycolipids, contain the distinctive GalB1-3GIcNAc
disaccharide as their core structure. It is synthesized by B1,3- galactosyltransferases
(B1,3Gal-Ts), a family of enzymes whose genes have been cloned (1), with 3Gal-T5
exhibiting a marked preference for the O-linked core3 (117). The functional role of type 1
chains is not known, but several studies have indicated that some of them are
differentially expressed in cancer (118). However, it would be important to further confirm
the results we obtained in this study and it should also be interesting to apply this glyco-

structure to other mucins in a future work.

In the present study, informative glycopeptide epitopes were found in few structures,
however the library only includes a small part of the protein core of these mucins and only

certain variations of O-glycan patterns and structures.

It is very important to understand the timing and dynamics of such autoantibodies. It was
found in previous studies that antibodies may disappear as the disease progresses and/or
after treatment. With tumor progression, immunosupression may occur during the course
of disease. These patients may be unable to respond to the antigens on the tumor, thus

antibody levels may not correlate with clinicopathologic parameters.

This would be in agreement with studies of p53 autoantibodies that may reappear at

relapse (119). Other studies of autoantibodies to p53 have shown that these may occur
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before diagnosis of cancer (120), which provides support for using autoantibodies as
sensitive and early biomarkers.

Nevertheless, the variation in autoantibody levels between patients is noteworthy and
indicates important biological variations in antibody responses among individuals. First,
there could be variations in amount of expressed antigen between individuals. Secondly, a
subject’s ability to recognize and present the different glycoforms may vary. Another factor
potentially playing a role is variance in local stromal factors such as the secretion of TGF-
B among other factors known to down-regulate the immune response to cancer targets
causing immunological escape. It is also to take into account adsorption of circulating
antibodies by large tumor and metastasis mass and possible immune complex formation

which would render the antibodies undetectable.

The autoantibody microarray assay described here for the simple and non-invasive
identification of patients with gastric cancer could be a significant advantage over current
screening techniques by its detection of immunologically amplified signals present at early
stages of the disease. In addition the autoantibody microarray assay may also contribute

for the detection of other lesions of the gastric mucosa, such as intestinal metaplasia.

It is important to point out that these were preliminary results and we are confident that
combining this strategy with a larger number of epitope targets from other O-glycoproteins

altered in cancer, we will eventually reach acceptable levels of sensitivity.

The present study will also allow us to overcome one major limitation in the use of these
biomarkers for cancer screening: an obvious need to increase sensitivity and organ

specificity of biomarker assays.

For instance, it was already confirmed the existence of such cancer-associated
autoantibodies to the aberrantly O-glycosylated MUC1 mucin in patients with breast,
ovarian, and prostate cancer at time of diagnosis (78). In addition to MUC1, gastric
carcinomas express MUC2, MUC5Ac and MUC6 with more restricted organ- and cancer-
type expression patterns (25, 87). By focusing in these gastric-related molecules, the
identification of cancer-specific glycoforms of these mucins by autoantibodies would
create a cancer-specific glycoform signature providing a powerful tool for the early

diagnosis of gastric carcinoma and other gastric diseases.

The concept of autoantibody signatures can be extended to many other posttranslational

protein modifications that may be altered in disease and may serve as biomarkers.
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Conclusions

In this study we have detected IgG autoantibodies against different mucin proteins and
glycoforms in serum from gastric carcinoma patients, whereas control individuals tested

negative or had very low levels of reactivity.

We have detected autoantibodies for both core protein and glycoprotein epitopes and
some of them revealed specific reactivity for epitopes generated with a single enzyme
activity. This was the case of MUC2 glycosylated with GalNAc-T3 which generated a
glycoform detected by autoantibodies in the sera from intestinal metaplasia patients.
Similarly, GalNAc-T2 glycosylated MUCS5Ac generated a glycoform detected by
autoantibodies in gastric carcinoma patients. This supports our strategy of single enzyme

sites occupancy.

Our approach of adding recombinant proteins in the O-glycopeptide array also revealed to
be successful as many epitopes were only present in these fragments and not on the

small peptides.

In the future, the expansion of the targets should improve the specificity and sensitivity of
the strategy. For instance, glycoforms structures like Lewis ¢ found in MUC1, for example,

could be applied for other mucins.
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