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Abstract

Mucins are major components in mucus secretions and apical cell membranes on wet-surfaced
epithelia. Structurally, they are characterized by the presence of tandem repeat domains containing
heavily O-glycosylated serine and threonine residues. O-glycans contribute to maintaining the highly
extended and rigid structure of mucins, conferring to them specific physical and biological properties
essential for their protective functions. At the ocular surface epithelia, mucin-type O-glycan chains
are short and predominantly sialylated, perhaps reflecting specific requirements of the ocular surface.
Traditionally, secreted mucins and their O-glycans in the tear film have been involved in the clearance
of debris and pathogens from the surface of the eye. New evidence, however, shows that O-glycans
on the cell-surface glycocalyx have additional biological roles in the protection of corneal and
conjunctival epithelia, such as preventing bacterial adhesion, promoting boundary lubrication, and
maintaining the epithelial barrier function through their interaction with galectin-3. Abnormalities
in mucin-type O-glycosylation have been identified in many disorders where the stability of the
ocular surface is compromised. This review summarizes recent advances in understanding the
structure, biosynthesis, and function of mucin-type O-glycans at the ocular surface and their alteration
in ocular surface disease.
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| INTRODUCTION

Glycosylation of proteins is the most frequent and diverse form of co- and post-translational
modification in living organisms. Indeed, more than half of all proteins carry one or more
glycan chains.! Traditionally, the biochemical analyses of carbohydrates on glycans have been
impeded by the limited amounts of sample available. However, the development of new
technologies is revealing the vast structural heterogeneity of glycans, as well as their complex
biosynthetic pathways. The biological roles of glycans appear to span the spectrum from those
that are trivial, to those that are crucial for the development, growth, function or survival of an
organism.?

Glycans are primarily defined according to the nature of their linkages. In eukaryotic cells,
glycans are covalently attached to a polypeptide backbone, usually via N- or O-linkages. In N-
glycans, the carbohydrate N-acetylglucosamine (GIcNAc) is linked to the amide group of an
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asparagine amino acid in the consensus peptide sequence Asn-X-Ser/Thr where X denotes any
amino acid except proline. In O-glycans, the sugar N-acetylgalactosamine (GalNAc) is linked
to the hydroxy! groups of serine (Ser) or threonine (Thr) amino acids. A mucin is a large
glycoprotein that carries multiple O-glycans (O-GalNAc glycans) clustered in central domains
composed of tandem repeats of amino acids rich in Ser and Thr. Several other types of O-
glycans also exist, including those O-linked through mannose, fucose, galactose, glucose, N-
acetylglucosamine, and xylose.2 In this review, we will focus on O-GalNAc glycans, also
known as mucin-type O-glycans.

Mucins are commonly associated to the apical epithelial surfaces of the respiratory,
gastrointestinal, and reproductive tracts, as well as those of the ocular surface. Mucin
oligosaccharides can provide 50-90% of the molecular mass of the mature glycoprotein,
depending on the individual mucin and the pattern of glycosyltransferases expressed in the cell
of origin.*"> The vast majority of oligosaccharides on mucins are O-linked glycans, although
N-glycans can also be found on regions flanking the central protein backbone. According to
their molecular structure, mucins are classified as secreted or cell-surface associated (also
known as membrane associated).%® Two types of secreted mucins have been identified, the
large gel-forming mucins and the smaller nonpolymeric mucins. At the ocular surface, the
major gel-forming mucin expressed by the goblet cells of the conjunctivais MUC5AC, whereas
a small nonpolymeric mucin, MUC?7, is expressed by acinar cells of the lacrimal gland.® The
corneal and conjunctival epithelia express three cell-surface-associated mucins, MUC1, MUC4
and MUC16.6 MUC1, MUC4, MUC16, and MUC5AC are the major mucins present in human
tear fluid.” A comprehensive review on the topic of mucins at the human ocular surface
epithelia has recently been published.® In this review, we describe the main discoveries about
the structure, biosynthetic pathways, and biological roles of mucin-type O-glycans on the
human ocular surface, as well as their alterations in ocular surface disease.

Il STRUCTURE OF MUCIN-TYPE O-GLYCANS

Various types of glycan chains containing between 1 and 20 carbohydrate residues can be found
attached to the protein backbone in mucins.? The simplest is the Tn antigen (GalNAco1-Ser/
Thr), which can be elongated to generate eight different core structures. Figure 1 shows the
major core structures found in mammalian mucins: core 1 (Galp1-3GalNAcal-Ser/Thr, also
known as Thomsen Friedenreich- or T-antigen), core 2 (Galp1-3(GIcNAcB1-6)GalNAcal-Ser/
Thr), core 3 (GIcNAcB1-3GalNAcal-Ser/Thr) and core 4 (GIcNAcB1-3(GIcNACB1-6)
GalNAcal-Ser/Thr). These core structures may be further elongated by the addition of other
carbohydrates (e.g., N-acetyllactosamine) or terminally modified by sialylation, fucosylation,
or sulfation. O-glycans can exhibit a remarkable heterogeneity and diversity, as mucins can
additionally carry blood group ABH- and Lewis-related carbohydrate antigens. Tissue- and
cell-type differences in glycosyltransferase activities contribute to the remarkable variety of
complex O-glycans found in nature.

A. O-glycans in the Tear Film

The compositional analysis of the carbohydrate content of mucins from human tear secretions
was initially carried out in the 1980s.19-12 Using alkaline beta-elimination and sodium
borohydride reduction, Chao et al. (1983) demonstrated that at least 22% of all hydroxyamino
acid residues in high molecular weight fractions isolated from human ocular mucus secretions
were O-glycosidically linked.1% Analysis of the chemical composition of the purified mucins
revealed that approximately 55% of the mucin mass was carbohydrate, with galactose, N-
acetylgalactosamine, N-acetylglucosamine and sialic acid as major constituents and with minor
amounts of fucose, mannose and glucose.12:13 While N-acetylgalactosamine is found on all
core O-glycans as the Tn antigen, mannose, and N-acetylglucosamine contribute to forming
the N-glycan core (Manal-6(Manal-3)Manf1-4GIcNAcB1-4GIcNAcB1-Asn).
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The structure of O-glycan chains in the tear film has been recently characterized.1* In these
experiments, mucin-type O-glycans from normal tear fluid were fluorescently labeled and
analyzed by normal-phase fluorometric high-performance liquid chromatography (HPLC)
coupled with exoglycosidase digestions. It was found that, in normal tear film, the O-glycan
profile consists primarily of core 1-based structures and includes core 1, a2-6 sialyl core 1, and
a2-3 sialyl core 1 (Figure 2). a2-6 sialyl core 1 was the most abundant (48%), followed by core
1 (16%), and a2-3 sialyl core 1 (8%). These results indicate that O-glycans in the tear film are
relatively small as compared to O-glycans found in other mucosal secretions, such as the
intestinal and respiratory tracts,15:16 perhaps reflecting the specific requirements of the ocular
surface.17.18

B. O-glycans in Ocular Surface Epithelia

1. Corneal Epithelium—The ability of plant lectins to recognize and bind specific sugar
residues has been commonly used to gain information on the carbohydrate composition of
epithelial surfaces. Several plant lectins have high affinity for common O-glycan structures.
19 Arachis hypogaea agglutinin (peanut lectin, PNA) is very specific for terminal p-D-galactose
residues, showing strong reactivity with core 1 O-glycan structures. In neuraminidase-treated
paraffin sections of human, cat, and rabbit corneas, PNA stained the entire epithelium, implying
the presence of sialylated core 1 O-glycans on the epithelial glycocalyx.20 The presence of
core 1 structures has also been detected on the cell-surface of cultured telomerase-immortalized
human corneal-limbal epithelial cells, using jacalin, a lectin from Artocarpus integrifolia,
specific for the T-antigen.2! Other carbohydrate epitopes, such as the blood group ABH
antigens, have also been localized on the human corneal epithelium.22-24 However, it remains
unclear whether these structures are present on mucin O-glycans, as the lectins used in these
studies can also recognize carbohydrates on other glycoconjugates.

Antibodies to carbohydrate moieties on mucins have been extremely useful to partially
determine the O-glycan composition of human ocular surface epithelia. Watanabe et al. (1995)
produced a monoclonal antibody designated H185, which bound to apical membranes of apical
cells, particularly at the tips of microplicae of human corneal, conjunctival, laryngeal, and
vaginal epithelial cells.2> By immunoblot analysis, H185 bound to a high molecular weight
protein from both corneal epithelium and cultured corneal epithelium. The H185 binding to
blotted proteins was destroyed by sodium periodate treatment and O-glycanase incubation,
suggesting that the epitope of H185 is an O-linked carbohydrate. More recently, it has been
shown that the H185 epitope is an O-acetylated sialic acid epitope on the cell-surface mucin
MUC16.26:27 Interestingly, the H185 antigen is not carried by the membrane-associated mucin
MUCY1, suggesting that the composition and/or structural conformation of O-glycans on
individual mucins is different at the ocular surface.28 Other antibodies to mucin carbohydrate
epitopes that bind apical cell membranes of superficial cells of cornea and conjunctiva include
the KL-6 and 15H10 monoclonal antibodies, which recognize a sialylated epitope on
MUC128 and an uncharacterized carbohydrate epitope on MUC4,29 respectively.

2. Conjunctival Epithelium—Initial attempts to characterize specific O-glycan structures
on normal human conjunctival mucins were performed by Berry et al. (1996).17 Using the IE3
and TKH2 antibodies, the authors found that mucins purified from conjunctival tissue were
polydisperse and contain mainly short oligosaccharide side chains, including the Tn
(GalNAcal-Ser/Thr) and sialyl-Tn (NeuAca2-6GalNAcal-Ser/Thr) antigens. These studies,
however, analyzed tissue extracts that contained a mixture of precursor and mature mucins, as
well as both cell-surface and secreted mucins, which may explain the presence of mucin
glycoforms. Similarly, studies showing that MUC5AC in conjunctival epithelium is present
as glycoforms with different charges (containing sialic acid and sulfate residues) were based
on a mixture of precursor and mature mucins.30 Larger carbohydrate epitopes, including blood
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group ABH- and Lewis-related carbohydrate antigens, have also been localized using
antibodies within the goblet cell mucin packets and on epithelial cells,3! but it remains unclear
whether these larger carbohydrate epitopes are present on glycoconjugates other than mucin
O-glycans.

An exquisite analysis of the structures of mucin-type O-glycans isolated from human
conjunctiva has been recently performed.32 In this study, mucins were purified from
conjunctival tissue using standard protocols, and their O-glycans were released by
hydrazinoloysis and subsequently analyzed by a combination of HPLC, exoglycosidase
digestions, and tandem mass spectrometry. Over 70% of the oligosaccharides found were core
1-based structures, and included core 1 (4.4%), a2-3 sialyl core 1 (47.4%), a2-6 sialyl core 1
(3.0%) and disialyl core 1 (16.1%) (Figure 2). Interestingly, di 2-3 sialyl galactosyl core 2
(4.1%) and galactosyl core 2 (1.5%), but not sialyl Tn or blood group saccharides, were also
identified in human conjunctiva.32 These results are consistent with previous lectin work
suggesting that galactose, N-acetylgalactosamine, N-acetylglucosamine, and sialic acid, but
not fucose and mannose, were detectable in human conjunctival goblet cells.33 Conjunctival
mucins have a species-specific glycan expression pattern, as a high percentage of sialylated
structures are found in human conjunctival mucins, whereas fucosylated structures
predominate in rabbit and dog conjunctival mucins.32

Of interest is the comparison between O-glycans in human conjunctival epithelium and those
found in tears. Overall, short core 1-based structures are prevalent both in human conjunctival
and tear mucins.1#:32 However, the conjunctival epithelium contains disialyl core 1 O-glycans
and core 2-based structures, which are absent in the tear film. Also, 02-3 sialyl core 1 is the
main O-glycan in human conjunctival tissue, whereas in tears it is a.2-6 sialyl core 1. Possible
reasons for these discrepancies include (i) the preparation of the samples before analysis, (ii)
degradation of O-glycans by glycosidase activity in tears, (iii) differences in cellular trafficking
or, alternatively, (iv) the fact that mucin-type O-glycans in conjunctival tissue are associated
to intracellular or cell-surface glycoproteins and not secreted into the tear film. The presence
of core 2 O-glycans in conjunctiva, as well as the different amount of a2-3 sialyl core 1 and
a2-6 sialyl core 1 in conjunctival epithelial cells and tear fluid suggest unique roles for these
mucin-type O-glycans at the ocular surface.

3. Lacrimal Gland and Nasolacrimal Duct—The secreted macromolecules isolated from
culture medium of human lacrimal gland explants consist of multiple components, with
molecular weights ranging from 10 to 106 daltons, and are composed of approximately 8-
26% carbohydrates.34 Both membrane-associated and secreted mucins have been detected in
the lacrimal gland.32:36 Although no specific information is available on O-glycan composition
or structure in the human lacrimal gland, lectin histochemistry has shown that the gland
contains N-acetylglucosamine, N-acetylgalactosamine, D-galactose, D-mannose, sialic acid
and L-fucose.3” Similar lectin experiments have been performed to determine the carbohydrate
composition of the lacrimal sac and the nasolacrimal duct—a pseudostratified, columnar
epithelia rich in goblet cells—that express membrane-associated and secreted mucins.38 N-
acetylgalactosamine, N-acetylglucosamine, fucose and 2,6 sialic acid have been detected in
goblet cells, whereas a2-3 and 02-6 sialic acids have been detected in epithelial cells.3°

I BIOSYNTHESIS OF MUCIN-TYPE O-GLYCANS AT THE OCULAR SURFACE

The biosynthesis of O-glycans is primarily determined by glycosyltransferases that assemble
activated monosaccharides (hucleotide sugars) into linear and branched glycan chains. As
compared to the biosynthesis of N-glycans, initiated in the endoplasmic reticulum by transfer
of a preformed lipid-linked oligosaccharide precursor, mucin-type O-linked glycosylation is
initiated in the Golgi complex by a family of polypeptide-GalNAc-transferases (GALNT),
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which transfer UDP-GalNAc to the hydroxyl groups in serine and threonine residues to form
the Tn antigen (Figure 2). There is evidence for 18 distinct mammalian GALNTS, although
homology searches reveal the potential for a total of 20 isoforms in humans.4? Glycogene
microarray and Tagman real-time PCR analyses have revealed that human conjunctival
epithelium expresses 16 GALNTS, including GALNT1-15, and 20.14:41 On ocular surface
epithelia, the distribution of GALNT isoforms is cell-layer- and cell-type-specific.42
Immunohistochemistry ha shown that the GALNT4 isoenzyme is found in the apical cell layers
of stratified corneal and conjunctival epithelia, whereas GALNT2 is found in the supranuclear
region of the basal cell layers. Binding of antibody to GALNT® is restricted exclusively to
conjunctival goblet cells in normal epithelium. This specific distribution of GALNT may
ensure proper O-glycosylation of proteins and mucins present in different cell types or,
alternatively, a given protein may be differentially glycosylated as the cell migrates from the
basal cell layer to the surface of the epithelium to sustain specific functions, such as adhesion
in basal cells or hydration in apical cells.?

Analyses of the O-glycan profile in normal tears and conjunctival epithelium have provided
the basis for further delineating the potential biosynthetic pathways of mucin-type O-
glycosylation at the ocular surface. Glycogene microarray analysis has demonstrated
expression of (i) core 1 B1,3-galactosyltransferase (also known as T-synthase or clgaltl),
which is responsible for the biosynthesis of core 1 present in tears and conjunctival epithelium,
and (i) the mucin-type core 2 B1,6-N-acetylglucosaminyltransferase (C2GnT-M), which is
responsible for the biosynthesis of core 2 present in conjunctival epithelium (Figure 2).14 Core
2 can then be elongated to form galactosyl core 2. By microarray, the galactosyl residue is
added by B4Gal-TIV, the most efficient member of the p1,4-galactosyltransferase family in
adding galactose to core 2 O-glycans.*3

Sialic acids are a group of derivatives of the negatively charged carbohydrate neuraminic acid,
the most common of which on human mucins being N-acetyl-neuraminic acid (NeuAc). To
date, 20 members of the mammalian sialyltransferase family have been cloned.** The
sialyltransferases ST6GalNAc-1, -11 and -1V, identified by microarray in conjunctiva,1* are
considered the best candidates to mediate the biosynthesis of a2-6 linkages in mucin-type O-
glycans at the ocular surface according to their documented substrate specificity.*°
Additionally, ST3Gal-I and -1V, which are known to act preferentially on Galp1-3GalNAc
substrates,*6:47 could potentially catalyze the addition of 02-3 sialic acids to core 1, whereas
ST3Gal-VI, known to use primarily Galp1-4GIcNAc as an acceptor substrate,*8 could mediate
the attachment of a2-3 sialic acid to core 2.

IV BIOLOGICAL ROLES OF MUCIN-TYPE O-GLYCANS

Mucin-type O-glycans are critical not only to protection and maintenance of mucosal epithelial
integrity, but also for viability of the entire organism. Insights into the biological roles of mucin-
type O-glycans in mammalians have been recently obtained with knockout mice, targeting
glycosyltransferases critical for the biosynthesis of core O-glycans. Genetic ablation of core 1
B1,3-galactosyltransferase (T-synthase) in mice causes defective angiogenesis and fatal brain
hemorrhages by embryonic day 14.4° Mice deficient in mucin-type core 2 p1,6-N-
acetylglucosaminyltransferase (C2GnTM) exhibit impaired mucosal barrier function and
increased susceptibility to colitis.>% Similarly, mice lacking core 3 O-glycan in the colon
through a targeted deletion of the core 3 B1,3-N-acetylglucosaminyltransferase (C3GnT) gene
have reduced expression of Muc2 and are highly susceptible to experimental colitis and
colorectal adenocarcinoma.®! These results highlight the critical involvement of mucin-type
O-glycans in maintaining a wet-surfaced phenotype. This section describes the functional roles
of mucin-type O-glycans at the ocular surface epithelia.
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A. Tear Film O-glycans

1. Clearance of Molecules and Microorganisms—Mucus lining epithelial surfaces
provides an important innate immune function by clearing noxious molecules, and by trapping
and removing pathogens and particulates from mucosal surfaces.52 Fleiszig et al. (1994, 2003)
have shown that human tear fluid can protect corneal epithelial cells against P. aeruginosa
virulence through a mechanism that does not involve bacteriostatic activity, but instead binding
of the pathogen to the ocular mucin and, therefore, modulating accessibility to the epithelial
glycocalyx.53:54 P. aeruginosa appears to bind preferentially to a high molecular weight
glycoprotein in human tears that contains a2-6 sialic acid, as shown by staining with Sambucus
nigra agglutinin.>® As described above, secreted mucin-type O-glycans in tear fluid contain
extensive amounts of 02-6 sialic acids as compared to conjunctival epithelial tissue (which
contains primarily a2-3 sialic acids), constituting potential ligands for P. aeruginosa binding.

2. Hydration and Lubrication—Mucin-type O-glycans contribute to preventing the
desiccation of the ocular surface by providing a hydrophilic character to mucins.>® As
compared to the nonglycosylated domains of mucins, which are rich in hydrophobic amino
acids, the glycosylated regions of mucins have the capacity to bind water.>” The differing
affinities for water of these two domains can lead to physical gelation by a mechanism similar
to that seen in synthetic multiblock copolymers.>’ Mucus secretions are, therefore, thought to
have important protective and lubricating properties, primarily owing to their ability to form
agel.

B. Cell-surface O-glycans

1. Barrier Function—O-glycans are important to maintaining the highly extended and rigid
structure of mucins, as clustered O-glycans induce the peptide core to adopt a stiff and extended
conformation that prevents folding into a globular structure.®:%8:59 As a result of this extended
conformation, mucins and their O-glycans can extend up to 300 nm above the apical membrane
of apical cells at the ocular surface,®0 therefore, constituting a candidate to maintain the
mucosal epithelial barrier on the apical glycocalyx (Figure 3). Evidence has shown that
protection of ocular surface epithelial cells against penetrance of diagnostic dyes seems to be
dependent on the biosynthesis of O-glycans. In vitro, appearance of islands of corneal epithelial
cells that exclude the rose bengal diagnostic dye correlates with the biosynthesis of core 1 O-
glycans on the apical surface.2! More recently, a mechanism for epithelial barrier formation
at the ocular surface has been proposed and involves interaction of cell-surface-associated
mucins and their O-glycans with the carbohydrate-binding protein galectin-3.81 Galectin-3 is
a 35-kDa B-galactoside-binding lectin that can interact in a multivalent fashion and crosslink
glycan ligands on cell-surface receptors to generate molecular lattices. In corneal and
conjunctival epithelia, experiments have shown that galectin-3 colocalizes with MUC1 and
MUC16 on the apical cell surface.81 Moreover, abrogation of the mucin-galectin interaction
using competitive carbohydrate inhibitors of galectin binding has resulted in decreased levels
of galectin-3 on the corneal epithelial cell surface, with concomitant loss of barrier function,
as indicated by increased permeability to rose bengal. Likewise, downregulation of mucin O-
glycosylation, using a stable tetracycline-inducible system to knockdown T-synthase, also
resulted in impaired barrier function, with a concomitant reduction of galectin-3 on the apical
cell surface of human corneal epithelial cells. These results provide a new model of barrier
formation at the ocular surface that involves association of mucin O-glycans with galectin-3
(Figure 3). This model includes components of the cell-surface glycocalyx in addition to the
previously characterized tight junctions. Other components (e.g., galectin-8 and -9, trefoil
peptides, divalent cations) may also contribute to stabilizing the glycocalyx barrier at the ocular
surface, but their specific contributions remain unclear.
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2. Prevention of Apical Cell-surface Adhesion—Cell-surface-associated mucins and
their O-glycans are constitutively expressed on apical membranes of epithelia that require a
lumen and are, thus, anti-adhesive. At the ocular surface, the prolonged contact between the
corneal and conjunctival epithelial surfaces requires a specialized apical cell surface with a
disadhesive character. It is generally recognized that the extended mucin protein backbone on
cell-surface-associated mucins confers an anti-adhesive character to cell surfaces.
Overexpression of membrane-associated mucins induces morphological changes, cell
detachment, and cell-cell dissociation of tumor cells in culture.52 The anti-adhesive character
of mucins from human conjunctival tissue has been observed using atomic force microscopy,
where the number of mucin-mucin interactions is minimal as compared to mucin-mica
interactions.53 More recently, Sumiyoshi et al. (2008) used static and dynamic flow adhesion
assays in corneal epithelial cells to demonstrate that O-glycans have an anti-adhesive character
at the apical cell surface.54 In these experiments, disruption of mucin O-glycosylation using
the chemical primer benzyl-a-GalNAc resulted in an increased adhesive character of the apical
surface of differentiated corneal epithelial cells, supporting the involvement of mucin-type O-
glycans in boundary lubrication and prevention of adhesion of opposite surfaces during
blinking or sleeping.

3. Protection Against Pathogen Colonization—The ability of microorganisms to
adhere to the epithelial cell glycocalyx is thought to be one of the first steps in the colonization
and infection of mucosal surfaces. Both viruses and bacteria use receptors in the glycocalyx
to gain access to the underlying epithelium. It has been proposed that cell-surface mucins
contribute to host defense against Campylobacter jejuni infection in the gastrointestinal tract
by expressing diverse and complex oligosaccharides that act as releasable decoy ligands for
bacterial adhesins, thereby limiting attachment of pathogens to other cell-surface molecules
and subsequent invasion.%> On the other hand, cell-surface mucins and their O-glycans are also
known to restrict adenoviral vector access to apical receptors expressed in respiratory
epithelium,86 suggesting a dual role for exposed mucin O-glycans by masking specific cell-
surface receptors or acting as decoys. Abrogation of mucin O-glycosylation in corneal
epithelial cells using the chemical primer benzyl-a-GalNAc resulted in increased adherence
of Staphylococcus aureus to apical human corneal epithelial cells and to biotinylated cell-
surface proteins in static and liquid phase adhesion assays, consistent with the role of mucin
O-glycans in preventing bacterial adhesion by limiting access to the epithelial cell surface.6’
Similarly, surface mucins and their sialic acids seem to act as a protective barrier against
Streptococcus pneumoniae adhesion in conjunctival epithelial cells.8 In addition, cell-surface
mucins at the ocular surface contain sialic acid O-acetyl groups, known to confer resistance
against degradation by some bacterial and viral sialidases, therefore, constituting an alternative
mechanism that prevents mucin degradation and access to specific receptors at the ocular
surface.?’

V O-GLYCOSYLATION IN OCULAR SURFACE DISEASE

Abnormalities in mucin-type O-glycosylation have been observed in many diseases such as
cancer, inflammatory bowel disease, and cystic fibrosis. Mucins produced in cancer cells have
an altered expression of glycosyltranferases that commonly results in short and highly
sialylated O-glycan chains, such as the Tn and sialyl-Tn antigens.®? Alterations in O-glycan
structures in cancer have many biological and pathological consequences for the function of
epithelial cells—altering their antigenic and adhesive properties, as well as their potential to
invade and metastasize.”0 Inflammatory bowel diseases and cystic fibrosis are characterized
by alterations in sulfation and sialylation of terminal O-glycan chains, which may result in a
detrimental effect on the physico-chemical properties of the mucus, its protective barrier
function, which would in turn impact bacterial colonization.1571 Other reported diseases with
defective mucin-type O-glycosylation include the Tn syndrome, a rare autoimmune disease in
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A. Dry Eye

which subpopulations of blood cells carry an incompletely glycosylated membrane
glycoprotein due to mutations in Cosmc, a molecular chaperone required for the proper folding
and activity of T-synthase; 2 IgA nephropathy, an immune disorder characterized by reduced
galactosylation of the Tn-antigen in 1gA1;73 and familial tumoral calcinosis, an autosomal
recessive disorder characterized by a mutation in GALNT3.74 This section provides an
overview of the alterations in mucin-type O-glycosylation identified in ocular surface
disorders.

Dry eye is a multifactorial disease of the ocular surface that results in symptoms of discomfort,
visual disturbance, and tear film instability, with potential damage to the ocular surface.”
Several authors have reported changes in the distribution of mucin-type O-glycans in the
epithelial glycocalyx of patients with dry eye. These include an alteration in the distribution
of O-acetyl sialic acids on MUCL16, as determined by H185 antibody binding, in the apical
conjunctival epithelium of patients with dry eye and superior limbic keratoconjunctivitis.2”:
76,77 In these patients, H185 binding to the apical cell surface was lost, whereas it was increased
in goblet cells. To date, it is unknown whether the H185 antigen is present on the goblet cell-
specific MUC5AC. In addition, a decrease in core 1 has been detected by transmission electron
microscopy in secretory granules of goblet cells in dry eye,’8 perhaps reflecting a decrease in
T-synthase activity in the goblet cells. Using the KL-6 antibody, Hayashi et al. (2004) have
also shown that sialylation of MUCL in conjunctival epithelium is altered in opposite ways in
dry eye as the disease progresses, increasing in mild and moderate dry eye, but diminishing in
severe dry eye, suggesting that upregulation of cell-surface O-glycosylation may in part
aIIeviatZ% the consequences caused by goblet cell mucin dysfunction in the disease’s early
stages.

As compared to the epithelial glycocalyx, a recent study showed no differences in the total
amount and structures of mucin O-glycans in the tear film between patients with dry eye and
control subjects, by either HPLC or lectin blot.14 These results contrast with those reported by
Garcher (1998) and Nakamura (2004), which show a decrease in sialic acid and sialyl-Lewis
a in tears of dry eye patients, using HPLC and the CA 19-9 ELISA test.”80 The decrease
reported by these authors, however, could be attributed to changes in glycolipids and N-linked
glycans present in the tear film, as no sialyl-Lewis a has been reported in tear and conjunctival
mucin O-glycans.14:32

The expression of glycosyltransferase genes involved in mucin-type O-glycosylation in the
conjunctival epithelium of patients with dry eye has been analyzed by real time RT-PCR and
microarray.1441 No differences in mMRNA expression of mucin-type glycosyltransferases have
been detected between normal subjects and patients with dry eye. In these studies, however,
samples were harvested by both impression and brush cytology, therefore, mixing the RNA
from both goblet and non-goblet cells in the stratified epithelium. On the other hand,
immunofluorescence studies have revealed alterations in the cell-type and cell-layer
distribution of GALNT glycosyltranferases in patients with ocular cicatricial pemphigoid
(OCP).#2 In this study, GALNT1, -2, -3, -4, and -6 (GALNTG® is goblet cell-specific in normal
epithelium) increased in the nonkeratinized conjunctival epithelium of patients with OCP,
suggesting an initial attempt by the epithelium to maintain a wet-surface phenotype by
upregulating glycosyltranferase expression at early stages in this pathology. As the disease
progresses and the epithelia become keratinized, the expression of GALNT enzymes is lost.
Although no localization studies have been performed with other mucin-type
glycosyltransferases, it has been hypothesized that alteration in the local distribution of these
enzymes, not in their overall expression, might correlate with altered cell-surface O-
glycosylation and epithelial damage in dry eye.14
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B. Contact Lens Wear and Infection

As discussed in section 1VB3, the ability of pathogens to adhere to the epithelial cell glycocalyx
is thought to be one of the first steps in the colonization and infection of mucosal surfaces.
Extended contact lens wear is commonly associated with an increased incidence of microbial
keratitis.81 It has been hypothesized that microabrasions on the apical epithelial cell surface
caused by contact lens shear stress, dryness, or hypoxia alter the mucin O-glycan composition
of the epithelial glycocalyx, resulting in a more adhesive surface, and contributing to bacterial
adhesion and invasion.5”

In humans, the apical ocular surface glycocalyx of patients with superior limbic
keratoconjunctivitis (a disease commonly associated with contact lens wear) contains reduced
levels of O-acetyl sialic acid on MUC16,2”:77 which suggests that alteration of terminal O-
glycans may compromise the mucin barrier and increase the risk of bacterial keratitis.
Furthermore, the presence of terminal carbohydrates also appears to be altered by
histochemistry in non-goblet conjunctival epithelial cells of contact lens wearers.82 Core 1
structures, on the other hand, seem to be altered in goblet cells of asymptomatic contact lens
wearers, but not in their stratified epithelia.83 Experimental work in the 1990s with lectin
binding in rabbits has also revealed that contact lens wear modifies the corneal epithelial
glycocalyx, which has been shown by electron microscopy to be thinner and have altered glycan
chains.8485 Unfortunately, no data are available on the effect of newer generations of contact
lenses with improved polymer chemistry and oxygen permeability in the structural integrity
of ocular surface epithelial glycocalyx. Overall, these data suggest that alterations in the amount
and composition of cell-surface O-glycans associated with contact lens wear could contribute
to a higher risk of infection.

C. Pterygium

Pterygium is a disorder of the ocular surface associated with chronic UV exposure and
characterized by proliferation, inflammatory infiltrates, fibrosis, angiogenesis and extracellular
matrix breakdown.86 Several authors have reported abnormalities in the biosynthesis of O-
glycans in pterygium. By lectin histochemistry, apical conjunctival epithelial cells in pterygium
have been shown to have increased expression of core 1 as compared to normal tissue.8’
Similarly, increased sialylation on MUC1 has also been detected in pterygium using the KL-6
antibody.88 On the other hand, decreased sialyl-Lewis a immunoreactivity and lower ST3Gal-
111 expression have been reported in conjunctival epithelium of patients with pterygium.89 In
the latter study, however, it remains unclear whether this decrease relates to mucin-type O-
glycosylation, as no sialyl-Lewis a is found on mucin O-glycans in human conjunctival
epithelium32 and the acceptor substrate specificity of ST3Gal-111 is preferential to non-mucin
substrates.14

D. Ocular Rosacea

Rosacea is a chronic skin disorder frequently associated with inflammation of the ocular surface
and eyelids. Analyses by mass spectrometry have shown that the O-glycan content in human
tear fluid of patients with ocular rosacea contains high levels of anionic oligosaccharides.%
Some of these oligosaccharides seem to be distinctive markers of the disease and have,
therefore, been proposed as biomarkers for these patients, particularly in those lacking the
typical facial skin manifestations.

VI SUMMARY AND CONCLUSIONS

During the last decade, many aspects of the structure and biological roles of mucin-type O-
glycans have been revealed, due in part to the development of new analytical tools. At the
ocular surface, O-glycans are relatively small as compared to those found in other mucosal

Ocul Surf. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guzman-Aranguez and Argiieso Page 10

secretions, perhaps reflecting specific requirements of exposed ocular surface epithelia. Their
functions are diverse, ranging from clearance of pathogens in the tear film to the formation of
an organized cell-surface barrier through their interaction with galectin-3. Some of these
functional properties of mucin-type O-glycans could be used to design new methods to prevent
infection of the ocular surface or enhance the delivery of topical drugs into the epithelia.
Alterations in mucin-type O-glycosylation have been observed in different pathologies, but
many others remain to be studied. Further efforts to determine additional functions of O-
glycans and their alteration in disease could lead to the development of new approaches to
prevent ocular surface disease and to restore a healthy phenotype after the ocular surface has
been compromised.
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Abbreviations

C2GnT-M core 2 B1,6-N- acetylglucosaminyltransferase

C3GnT core 3 B1,3-N- acetylglucosaminyltransferase

GalNAc N-acetylgalactosamine

GALNT polypeptide-GalNAc-transferase

GIcNAc N-acetylglucosamine

HPLC high-performance liquid chromatography

NeuAc N-acetyl-neuraminic acid

OCP ocular cicatricial pemphigoid

PNA Arachis hypogaea agglutinin (peanut lectin)

Ser Serine

ST3Gal Galactoside a2,3-sialyltransferase

ST6GalNAc N-acetylgalactosaminide a2,6- sialyltransferase

Thr Threonine

Tn antigen GalNAcol-Ser/Thr

T-synthase or clgaltl core 1 B1,3-galactosyltransferase
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Figure 2. Mucin-type O-glycans and their biosynthetic pathways at the ocular surface

Core 1 and monosialyl core 1 structures are commonly found in human tears and conjunctival
epithelium. Disialyl core 1 and modified core 2 structures are present in the conjunctival
epithelium. Glycosyltransferases potentially involved in the initial biosynthesis and elongation
of mucin-type O-glycans include polypeptide-GalNAc-transferases (GALNT), the core 1 $1,3-
galactosyltransferase (T-synthase or clgaltl), the core 2 B1,6-N-
acetylglucosaminyltransferase (C2GnT-M), and the B1,4-galactosyltransferase (B4Gal-TIV).
In addition to these glycosyltransferases, three a2-6-sialyltransferases (ST6GalNAc-1, 1l and
IV) and three a2-3-sialyltransferases (ST3Gal-I, -1V and VI) are involved in the addition of
terminal sialic acid to O-glycan chains. The relative levels of expression of individual

Ocul Surf. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guzman-Aranguez and Argiieso Page 17

glycosyltransferase isoforms are indicated in parentheses. Symbols represent galactose (),
N-acetylgalactosamine ("), N-acetylglucosamine (™), and N-acetylneuraminic acid (*).

Ocul Surf. Author manuscript; available in PMC 2011 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Guzman-Aranguez and Arglieso Page 18

’ g%ﬂ%m‘ﬁa o

Tear film %

* % :
Glycocalyx 3 Hekieks s :
YR R

Epithelia < -

Cell surface mucin w Secreted mucin
% Galectin-3 c=>  Bacteria
= Tight junction Water

Figure 3. Functions of mucin-type O-glycans at the ocular surface

Cell-surface O-glycans at the apical membrane of epithelial cells bind multiple galectin-3
oligomers to form a highly organized cell-surface barrier. This barrier, in conjunction with
tight junctions which seal the space between adjacent cells, contributes to protection of the
epithelia against noxious molecules and pathogens. Cell-surface O-glycans also confer a
disadhesive character to the ocular epithelia that limits pathogen colonization and prevents the
tarsal conjunctival epithelial surface of the eye from adhering to the cornea during blinking or
sleep. Secreted O-glycans in the tear film contribute to retention of water and lubrication of
the surface of the eye, and facilitates the clearing and discharge of pathogens from the ocular
surface.
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