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Abstract
Glycosylation is an important and common form of posttranscriptional modification of proteins in
cells. A vast array of biological functions has been ascribed to glycans during the last decade
thanks to a rapid evolution in glycomic technologies. Glycogenes highly expressed at the human
ocular surface include families of glycosyltransferases, proteoglycans, glycan degradation
proteins, as well as mucins and carbohydrate-binding proteins such as the galectins. On the apical
glycocalyx, mucin O-glycans promote boundary lubrication, prevent bacterial adhesion and
endocytic activity, and maintain epithelial barrier function through interactions with galectins. The
emerging roles attributed to glycans are contributing to the appreciation of their biological
capabilities at the ocular surface.
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1. Introduction to glycobiology
All cells in nature carry an array of covalently attached carbohydrates or carbohydrate
chains generically referred to as glycans. Glycans on the cell surface glycocalyx and on
secreted proteins modulate a wide variety of cell–cell, cell-pathogen, and cell–matrix events
critical to the function of a multicellular organism and its interaction with the extracellular
environment. Glycobiology, a term first coined in the late 1980s, is the scientific discipline
that studies the structure, biosynthesis, biology, and evolution of carbohydrates as well as
the proteins that recognize them [1]. Glycomics is the technology aimed at understanding
how a collection of glycans relates to a particular biological event [2]. Important facts about
glycans include the following:

• Glycosylation is the most common form of posttranscriptional modification of
proteins on cells.

• Over half of all proteins are estimated to contain one or more glycan chains.

• All cells in nature are covered with a dense and complex array of glycans called
glycocalyx.

• The glycome or glycan repertoire of a cell is much more diverse than either the
genome or proteome.

• Glycosyltransferases, enzymes responsible for the biosynthesis of glycans, are
expressed in a tissue-specific, temporally regulated manner.
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• The glycome of a given cell type or organism is dynamic, changing in response to
intrinsic and extrinsic signals.

2. Glycome of the human ocular surface epithelia
The genes involved in the addition or modification of carbohydrates in glycoconjugates are
generically called glycogenes, and include glycosyltransferases, glycolytic enzymes, sugar
nucleotide synthetases, sugar nucleotide transporters, and, in a broader sense, carbohydrate-
binding proteins such as lectins [3]. A major development towards obtaining global
information relating to glycan biosynthesis, structure, and function has been carried out
using focused gene microarrays, termed glycogene-chips, using Affymetrix technology [4].
These chips contain families of glycogenes highly annotated by experts in the field.

The glycogene-chip array has been used to analyze hundreds of glycogenes in human
conjunctival epithelial cells obtained by impression cytology [5]. In these experiments, 424
glycogenes were identified in healthy conjunctival epithelium. The largest glycogene groups
included several families of glycosyltransferases, proteoglycans, growth factors, glycan
degradation proteins, and Notch signaling molecules (Table 1). Mucins and carbohydrate-
binding proteins were found to be among the most highly expressed glyogenes in human
conjunctiva. In this review, we will focus on the role of mucin O-glycans and carbohydrate-
binding proteins in the protection of the ocular surface.

3. Roles for mucin O-glycans in tears
Mucins are a heterogeneous group of extraordinarily large glycoproteins found as major
components in all mucous secretions present on wet-surfaced epithelium. It was W. Pigman
and co-workers who, in a series of papers between 1960 and 1975, elegantly demonstrated
that mucins are structurally characterized by the presence of central tandem repeats of amino
acids rich in serine and threonine, to which O-linked glycans attach [6]. At the ocular
surface, MUC5AC is the major secreted mucin found in secretory granules within
conjunctival goblet cells that, upon fusion with the plasma membrane, are secreted into the
tear film.

As determined by fluorometric, high-performance liquid chromatography, the O-glycan
profile of human tear mucins consists primarily of core 1 (Galβ1-3GalNAcα1-Ser/Thr)-
based structures [7]. More specifically, two thirds of the O-glycan pool in tears consists of
monosialylated core 1 structures, being α2-6-sialyl core 1 the predominant O-glycan
structure—representing half the O-glycan pool—in human tears. The roles of mucin-type O-
glycans in tears are believed to be varied and include hydration, lubrication, and clearance of
pathogens and debris.

3.1. Hydration and lubrication
The glycosylated regions of mucins are hydrophilic and contribute to the prevention of
ocular surface desiccation by binding water. Mucin hydration is necessary for gelification, a
physical property impaired in deglycosylated mucin (or apomucin), which is insoluble in
water [8]. The capacity of mucins to form gels is facilitated by their ability to polymerize
through cysteine-rich D domains that show sequence homology to the von Willebrand
factor. To date, however, there is no evidence that MUC5AC is present in tears as a
disulphide-linked multimer. MUC5AC in tears migrates further in SDS-agarose gels than do
human stomach, cervix, or gall bladder mucins, and the molecular weight of MUC5AC in
tears is smaller than that of conjunctival tissue protein, which suggests processing of
MUC5AC upon secretion into tears [9,10].
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3.2. Clearance of pathogens
Mucins on mucosal surfaces provide an important innate immune function by detoxifying
noxious molecules and by trapping and removing pathogens and particulates from epithelial
surfaces [11]. In the tear fluid, mucins bind P. aeruginosa and modulate accessibility of the
pathogen to the epithelial glycocalyx [12,13]. The binding site of P. aeruginosa corresponds
to a high molecular weight glycoprotein that contains α2-6 sialic acid, as shown by staining
with Sambucus nigra agglutinin [14]. As mentioned above, α2-6-sialyl core 1 is the
predominant O-glycan structure in human tears, suggesting that mucin O-glycans could
potentially act as receptors for P. aeruginosa in tears and mediate bacterial clearance at the
ocular surface.

4. Roles for mucin O-glycans in the glycocalyx
In addition to secreted MUC5AC in conjunctival goblet cells, ocular surface epithelia
produce the transmembrane mucins MUC1, -4, and -16 on their apical glycocalyces. The
predominant O-glycans in these mucins include core 1-based glycan structures [15].
Interestingly, the epithelia contain α2-3 sialyl core 1 as the main O-glycan, in contrast with
α2-6 sialyl core 1 in tears.

Transmembrane mucins extend at least 200-500 nm above the plasma membrane, far above
other glycoconjugates in the glycocalyx [16,17,18]. Clustered O-glycans are important to
maintaining the highly extended and rigid structure of the mucin protein backbone, as they
induce the mucin peptide core to adopt a stiff and extended conformation that prevents
folding into a globular structure [19]. Densely packed O-glycan chains on transmembrane
mucins have been postulated to modulate a variety of biological functions at the ocular
surface apical glycocalyx (discussed below).

4.1. Boundary lubrication
Under normal conditions, O-glycans on transmembrane mucins play a role in preventing
apical surface adhesion and contribute to the boundary lubrication of opposing membranes
in mucosal tissues. The anti-adhesive character of mucins at the ocular surface was initially
observed by atomic force microscopy [20]. Using human ocular mucins extracted and
purified from human conjunctival tissue using classical mucin purification techniques, Berry
et al. demonstrated that the number of mucin-mucin interactions is minimal as compared to
mucin-mica interactions. More recently, the role of cell surface O-glycans in providing
boundary lubrication has been studied using static and dynamic flow adhesion assays in
human corneal epithelial cells treated with benzyl-α-GalNAc, a chemical primer commonly
used to suppress the elongation of O-glycan chains [21]. These experiments demonstrated
that the cell surface character of corneal epithelial cells producing mucin O-glycans is more
anti-adhesive than that of cells with altered O-glycans. Interestingly, negative charges on the
cell surface were not found to be involved in preventing adhesion, as would be expected due
to negative charge repulsion.

The observation of increased cell surface adhesion after truncation of O-glycan chain
elongation is consistent with the concept that O-glycans contribute to the maintenance of an
extended structure in transmembrane mucins that prevents cell-cell adhesion. After the
synthesis of the hydrophilic carbohydrate side chains is blocked, the extended structure of
the membrane-associated mucins may collapse [22] and/or expose a more adhesive,
hydrophobic protein backbone that facilitates cellular attachment [23].
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4.2. Protection against pathogen colonization
The apical cell layers of the corneal epithelium produce a mucin-rich environment thought
to contribute to the prevention of infection. Staphylococcus aureus is one of the most
frequent causes of bacterial keratitis. Infection can be severe, leading to corneal ulceration
and perforation if not treated effectively. The ability of S. aureus to adhere to the epithelial
cell glycocalyx is thought to be one of the first steps in the colonization and infection of wet
mucosal surfaces [24,25,26].

Using static and liquid phase adhesion assays, Ricciuto et al. demonstrated that O-glycans in
the cell surface glycocalyx limit adherence of S. aureus to corneal epithelial cells [27]. S.
aureus bound more predominantly to corneal epithelial cells containing truncated O-glycans,
independently of bacterial invasive mechanisms, such as biosynthesis of cell surface
adhesins and secretion of virulence factors. A component of the defense mechanism of the
ocular surface against pathogen colonization is thought to include the presence of high levels
of O-acetyl sialic acid on transmembrane mucins [28,29]. Treatment of corneal epithelial
cells with sialidase from Arthrobacter ureafaciens—which hydrolyzes mucin-associated O-
acetyl sialic acid—but not from Clostridium perfringens, resulted in an increase in S. aureus
adhesion, indicating that O-acetyl groups on transmembrane mucins at the ocular surface
constitute an alternative mechanism for preventing mucin degradation and access to specific
receptors at the ocular surface. In human conjunctival epithelial cells, induction of mucin
expression also results in reduced adherence of nontypeable S. pneumoniae to the cell
surface, whereas sialidase treatment enhances adherence [30].

4.3. Barrier function through lectin interactions
As mentioned in Section 2, the glycogene chip array has allowed researchers to determine
what glycogenes are among the most highly expressed in human tissues. A critical finding in
our laboratory was the identification of galectin-3 as the most highly expressed
carbohydrate-binding protein in human conjunctival epithelium, corroborating previous
work showing the presence of galectin-3 in corneal and conjunctival epithelia [31,32,33].
Data from the glycogene chip array also indicated that galectin-8 and -9 were present in
human conjunctival epithelium, although in much lower concentrations than galectin-3 [5].

Galectins are a family of animal β-galactoside-binding lectins, characterized by their
evolutionary conserved carbohydrate-recognition domain (CRD) [34,35]. The biological
activities of galectins are commonly associated to their ligand cross-linking properties.
Galectin-3, unlike other members of the galectin family, exists as a monomer. However, the
N-terminal domain of galectin-3 oligomerizes after ligand binding at the C-terminal domain.
Quantitative precipitation studies have shown that galectin-3 promptly precipitates as a
pentamer in the presence of multivalent N-acetyllactosamine ligands in a process mediated
through the proline- and glycine-rich N-terminal domain [36]. Recent data also indicate that
galectin-3 can oligomerize through the C-terminal domain [37]. This association, termed
type-C self-association, involves binding of the carbohydrate recognition site of one
galectin-3 to another site on the CRD of another galectin-3 molecule to form dimers or
oligomers. Oligomerization of galectin-3 occurs on cell surfaces at physiological
concentrations of the lectin, resulting in galectin-3 lattices that are robust and resistant to
lateral movement of membrane components on the glycocalyx [38].

Based on these findings, we hypothesized that interaction of mucin O-glycans with
galectin-3 would result in a highly organized and protective cell surface lattice barrier on the
apical glycocalyx of ocular surface epithelial cells. Galactose, in the form of core 1
structures, is a major component of ocular surface mucins and, therefore, could potentially
act as a ligand for the carbohydrate-binding domain of galectin-3. This hypothesis was
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supported by pull-down assays showing MUC1 and MUC16 binding to galectin-3 affinity
columns in a galactose-dependent manner, and by immunofluorescence analyses showing
apical co-localization of galectin-3 and transmembrane mucins on the ocular surface
epithelial glycocalyx [39]. Furthermore, downregulation of mucin O-glycosylation using a
stable tetracycline-inducible RNA interfering system to knockdown core 1 β1,3-
galactosyltransferase (C1galt1; T-synthase), a critical galactosyltransferase required for the
synthesis of core 1 O-glycans, resulted in decreased cell surface O-glycosylation, reduced
cell surface galectin-3, and increased corneal epithelial cell permeability as indicated by the
rose bengal diagnostic dye [39].

Overall, these results indicate that two barriers contribute to the protection of the ocular
surface epithelia against noxious molecules and pathogens—first, the traditional paracellular
barrier containing the tight junctions that seal the space between adjacent cells, and, second,
the transcellular barrier formed by the association of transmembrane mucins and galectin-3
on the extensive apical glycocalyx of the ocular surface epithelia.

4.4. Prevention of endocytosis and nanoparticle uptake
A major requirement for mucosal surfaces directly challenged by a microbe-rich
environment is to be resistant to engulfment of noxious substances and infective particles
[40,41]. Endocytic activity and recycling of plasma membrane can be detrimental to the
exposed ocular surface, as it could lead to internalization of viruses and bacteria by the most
apical cells [42,43].

The thick coat of glycans on the apical glycocalyx is critical to preventing access and uptake
of macromolecules and pathogens by mucosal surfaces. Recent work by our group indicates
that O-glycans on the apical surface of human corneal epithelial cells contribute to the
maintenance of barrier function by preventing endocytosis [44]. Targeted disruption of O-
glycosylation by interference with C1galt1 results in increased accumulation of plasma
membrane protein in endosomes and increased translocation of negatively charged
nanoparticles in a clathrin-dependent manner. These data support a model by which O-
glycans on the epithelial glycocalyx bind galectin-3 and limit constitutive endocytosis to
promote barrier function (Figure 1). Based on this model, it is possible to speculate that
transient manipulation of O-glycans in the glycocalyx could constitute an alternative
approach to delivering therapeutic nanoparticles into mucosal surfaces.

5. Conclusions and future directions
Glycans play a critical role in regulating homeostasis and allowing mucosal surfaces to
function effectively in a broad range of environmental conditions. Several families of
glycosyltransferases, proteoglycans, glycan degradation proteins, as well as mucins and
carbohydrate-binding proteins, are highly expressed at the human ocular surface. Recent
work has identified roles for mucin O-glycans in promoting boundary lubrication, protecting
the ocular surface against bacterial adhesion, and maintaining epithelial barrier function
through interaction with galectin-3. Ongoing research highlights the alteration of glycans in
ocular surface disease. In dry eye, several glycogenes are significantly altered and include
mucin-type glycosyltransferases, members of the Notch signaling pathway, Wnt signaling
molecules, and heparan sulfate sulfotransferases. Unfortunately, the role of the vast majority
of glycogenes in maintaining ocular surface health remains poorly characterized. Evaluating
their contribution to ocular surface pathology will likely prove to be rewarding.
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Figure 1.
Proposed model for cell surface O-glycans preventing endocytosis in human corneal
epithelial cells. Exposed mucosal surfaces limit constitutive endocytosis under physiological
conditions to prevent uptake of macromolecules and pathogens. Expression of C1galt1
results in mucin O-glycan biosynthesis and formation of cell surface lattices through
interaction with galectin-3 multimers. Abrogation of C1galt1 decreases the availability of
mucin carbohydrate ligands in the glycocalyx, causing disruption of galectin-glycan
complexes, and triggering clathrin-dependent endocytosis of plasma membrane proteins and
extracellular components.

Argüeso Page 9

Jpn J Ophthalmol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Argüeso Page 10

Table 1

Glycogenes highly expressed in healthy human conjunctival epithelia

MUCINS

MUC20

MUC1

CD164 antigen, sialomucin

MUC16

MUC5AC

CARBOHYDRATE-BINDING PROTEINS

Galectin 3

Galectin 8

GLYCOSYLTRANSFERASES

GlcNAc transferase 3, mucin-type

Defender against cell death (DADI)

Beta4-Gal transferase 5 (B4GALT5)

Ribophorin II

Dolichyldiphoshospho oligosaccharide transferase (DDOST)

GlcNAc transferase IVb

PROTEOGLYCANS

CD74

Syndecan 1

Syndecan 4 (Ryudocan)

GROWTH FACTORS & RECEPTORS

IGF 3

IGF 2 (Somatomedin A)

FGF receptor 3

Erythroblastic leukemia viral oncogene homolog 3

CYTOKINES & CHEMOKINES

INF-induced transmembrane protein 1

INF-induced transmembrane protein 2

INF-gamma receptor 1

NOTCH SIGNALING

Notch 2

Jagged 1

GLYCAN DEGRADATION

Lysosomal-associated membrane protein

Hexosaminidase B preprotein

NUCLEIC SUGARS

Guanine nucleotide binding protein

AgX-1 antigen
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