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Summary
Keratan sulfate was originally identified as the major glycosaminoglycan of cornea but is now known
to modify at least a dozen different proteins in a wide variety of tissues. Despite a large body of
research documenting keratan sulfate structure, and an increasing interest in the biological functions
of keratan sulfate, until recently little was known of the specific enzymes involved in keratan sulfate
biosynthesis or of the molecular mechanisms that control keratan sulfate expression. In the last 2
years, however, marked progress has been achieved in identification of genes involved in keratan
sulfate biosynthesis and in development of experimental conditions to study keratan sulfate secretion
and control in vitro. This review summarizes current understanding of keratan sulfate structure and
recent developments in understanding keratan sulfate biosynthesis.
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INTRODUCTION
The existence of keratan sulfate has been known since the 1930s and by the 1950s, the basic
structure had been elucidated. Development of keratan sulfate-specific endoglycosidases in
the 1970s and of antikeratan sulfate monoclonal antibodies in the 1980s provided sensitive
detection of keratan sulfate, leading to generation of a body of almost 1,000 research articles
in which keratan sulfate is listed as a keyword. Yet despite this venerable history, many aspects
of keratan sulfate, particularly the specific enzymes involved in its biosynthesis, remain
obscure. The structure and tissue location of keratan sulfate have been reviewed several times
in the last decade (1–3). This review focusses primarily on the most recent advances in our
understanding of keratan sulfate structure and particularly, on keratan sulfate biosynthesis.

Keratan Sulfate Structure: One Name, Many Molecules
Meyer and coworkers determined keratan sulfate to be a linear polymer of N-acetylactosamine
[→3Galβ(1→4)GlcNAcβ(1→] with sulfation occurring on the 6-carbon of both sugar moieties
(4). The name “keratan” was coined with reference to the corneal origin of the molecule but a
similar polysaccharide was also identified in cartilage. Keratan sulfate from the two tissues
differs in the oligosaccharides linking the polymer to protein, leading to the designations of
keratan sulfate I and II. Corneal keratan sulfate (KSI) is attached to Asn in core proteins via a
complex-type N-linked branched oligosaccharide, whereas in cartilage, KSII is O-linked via
GalNAc to Ser or Thr residues via a structure known as the mucin core-2. A third type of
linkage to protein via mannose O-linked to Ser was identified more recently in brain. This

Copyright © 2002 IUBMB
Address correspondence to James L. Funderburgh, University of Pittsburgh, Department of Ophthalmology, 203 Lothrop Street,
Pittsburgh, PA 15213, USA. jlfunder@pitt.edu.

NIH Public Access
Author Manuscript
IUBMB Life. Author manuscript; available in PMC 2010 May 22.

Published in final edited form as:
IUBMB Life. 2002 October ; 54(4): 187–194. doi:10.1080/15216540214932.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



glycoform can be considered KSIII (5). The structure of these linkage oligosaccharides is
presented in Fig. 1.

Keratan sulfate exhibits a remarkable variety of length and sulfation patterns. In porcine corneal
keratan sulfate, described by Oeben et al. (6) and illustrated in Fig. 2A, keratan sulfate chains
extend the C-6 branch of the linkage oligosaccharide but the C-3 branch is terminated in a
single lactosamine capped by sialic acid. Sulfation in this porcine corneal keratan sulfate is
distributed in a nonrandom pattern with two nonsulfated lactosamine disaccharides nearest the
reducing end and 10–12 disaccharides distal to this region sulfated only on the GlcNAc moiety.
The nonreducing end of these chains consists of a domain of variable length (8–34) of disulfated
disaccharides. Further studies of corneal keratan sulfate from several sources support the idea
that a single branch of the linker can be extended (as shown in Fig. 2A), but also indicate the
presence of keratan sulfate in which both arms of the biantennary oligosaccharide are extended
[reviewed in (2)]. The nonreducing ends of the keratan sulfate chains are capped with
neuraminic acid, βGalNAc, or αGal (7,8).

KSI is not limited to cornea. N-linked keratan sulfate chains are found in cartilage, modifying
the proteins fibromodulin, PRELP, and osteoadherin (9–11). Aggrecan also contains 2–3 N-
linked keratan sulfate chains in addition to 20 or more O-linked keratan sulfate chains (12).
Proteins of the zona pellucida also carry keratan sulfate-like carbohydrates (13), and N-linked
keratan sulfate has been isolated from the dermis of the pacific mackerel (14). The KSI structure
in noncorneal tissues differs from that in cornea. As shown in Fig. 2B, KSI in fibromodulin is
relatively short (8–9 disaccharides), more highly sulfated than keratan sulfate in cornea (15),
and lacks the domain structure of corneal keratan sulfate. Size analysis indicates primarily a
biantennary structure (16). Saccharides capping the nonreducing terminus of cartilage
fibromodulin KSI resemble those modifying cartilage KSII more than those modifying corneal
KSI (15), suggesting that capping may be tissue-specific rather than KS “type” specific.

KSII is exclusively linked to the protein aggrecan, the most abundant proteoglycan of cartilage.
The structure of KSII from bovine articular cartilage, illustrated in Fig. 2C, consists of chains
of 5–11 highly sulfated disaccharides, consisting almost completely of disulfated monomers
interrupted occasionally by single monosulfated monomers (17). Gal in the linkage region can
be sialylated. The nonreducing ends of the chains are capped by neuraminic acid at the C-3 or
C-6 of the terminal GlcNAc. Alpha-fucose is also present on the C-3 of sulfated GlcNAc
throughout the chain but not within four residues of the nonreducing terminus (18). KSII from
tracheal cartilage is not fucosylated, and carries only (2→3) linked neuraminic acids at the
chain terminus (19,20). These detailed structural analyses show that tissue-specific factors
appear to be a major determinant of keratan sulfate chain structure and capping, rather than the
keratan sulfate type as determined by the linkage oligosaccharide.

Monoclonal antibodies recognizing sulfated regions of keratan sulfate react with extracts from
most mammalian tissues and currently at least 16 proteins are known to be modified with
keratan sulfate (2). In addition to proteoglycans of the extracellular matrix, keratan sulfate-
linked proteins can be found associated with cell surfaces and intracellularly [reviewed in
(2)]. Whereas all other glycosaminoglycans carry at least one negative charge per disaccharide,
the lack of uronic acid in keratan sulfate and variability of sulfation of lactosamine monomers
can result in a broad range of size and charge of keratan sulfate-containing molecules compared
to other proteoglycans (21). Indeed, a number of proteins are modified with linear poly-N-
acetyllactosamine that would be considered keratan sulfate except for absence of sulfation
(22). The variable nature of keratan sulfate structure and the wide distribution of keratan sulfate
epitopes observed in immunodetection studies suggests a likelihood that the number of
molecules modified with keratan sulfate glycoforms in published literature will continue to
increase.
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KERATAN SULFATE BIOSYNTHESIS
Protein Sequence as a Determinant of Keratan Sulfate Biosynthesis

Keratan sulfate can be identified in a wide range of tissues but only a limited number of proteins
in any single tissue is modified with keratan sulfate. The amino acid sequence of proteins
modified by keratan sulfate must, consequently, be a determinant of keratan sulfate
biosynthesis. The corneal and cartilage proteoglycans have been subjected to the greatest
degree of analysis, correlating protein sequence with keratan sulfate presence. The keratan
sulfate domain of aggrecan consists of a series of tandemly repeated hexapeptides with a
consensus sequence of E(E/L)PFPS. Comparison of aggrecan DNA sequences shows that the
number of these repeats varies among different species, 13 in human, 4 in rat and mouse, and
none in chicken (23). The number of these repeats corresponds closely to the amount of keratan
sulfate present in the aggrecan of the different organisms, demonstrating the dependence of
KSII biosynthesis on this particular protein sequence.

In cornea three proteins, lumican, keratocan, and mimecan, are modified by keratan sulfate.
The sites in these proteins were studied initially by labeling the linkage oligosaccharides after
enzymatic removal of keratan sulfate (24). Analysis of labeled tryptic peptides showed only
one of three possible N-linked glycosylation consensus sites was occupied by keratan sulfate
in bovine lumican and mimecan. In keratocan, however, three of the potential four sites were
modified with keratan sulfate. A subsequent study by Dunlevy et al. (25) used a different
approach to isolate and sequence keratan sulfate-linked tryptic peptides from chicken cornea.
This study identified keratan sulfate attachment at three of four lumican potential sites and 4
of 5 keratocan sites. The implication of both studies is that protein secondary structure and/or
sequence, in addition to the consensus amino acid cluster NX(T/S), is involved in determining
extension of N-linked oligosaccharides with keratan sulfate.

Corneal keratan sulfate proteoglycans are members of the Small Leucine Rich Proteoglycan
(SLRP) family of proteins (26) in which much of the protein is built up of repetitive β-sheet/
α-helix motifs, generating a horseshoe-shaped tertiary structure, with β-sheets on the inner
surface and α-helices on the outside. The concave surface of the horseshoe is hypothesized to
interact with collagen (27). Correlation of the predicted protein shape with sites of keratan
sulfate attachment showed keratan sulfate attachment to be restricted to sites on the hydrophilic
convex surface of the folded protein (25). This location is consistent with the role of SLRP
proteins in collagen fibrillogenesis; however, such a model cannot account for all of the
specificity of keratan sulfate chain initiation. Cornea also contains abundant decorin, a SLRP
protein with about 40% sequence identity to lumican and keratocan. Decorin binds collagen,
is thought to assume a horseshoe shape, and contains N-linked glycosylation sites (28).
However, decorin is not modified with keratan sulfate except in embryonic chicken corneas
(29). The ability of the biosynthetic apparatus to distinguish among such similar proteins in
initiating keratan sulfate elongation, suggests the presence of specific amino acid signaling
sequence(s) in the proteins that contain keratan sulfate. Dunlevy et al. suggest that proline
residues within three amino acids of the keratan sulfate attachment sites in chicken lumican
and keratocan could play a role (25). Additionally, the N-terminal ends of SLRP proteins
modified with keratan sulfate (lumican, mimecan, keratocan, fibromodulin, PRELP, and
osteoadherin) all contain one or more consensus sequences for tyrosine sulfation (Asp-Tyr)
(2). The presence of sulfate at these sites has been confirmed in fibromodulin (9). Decorin and
biglycan, SLRP proteins that lack keratan sulfate chains, on the other hand, lack Asp-Tyr
sequences near the N-terminus. Currently there is no evidence for the role of tyrosine sulfation
in keratan sulfate initiation, but the correlation of the two features in several of proteins is
suggestive of such a role. It is clear from the current literature that protein sequence is important
in keratan sulfate biosynthesis, but studies involving expression of proteins with modified
sequence will be required to fully define this role.
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Linkage Oligosaccharides—Keratan sulfate chain elongation is initiated at the
nonreducing terminus of oligosaccharides that link the polymer to protein. The three known
KS-linkage oligosaccharides (Fig. 1) can each be terminated with a variety of saccharide
moieties. Keratan sulfate, in fact, represents an atypical modification of these oligosaccharides.
Biosynthesis of these oligosaccharides is clearly an essential component of keratan sulfate
biosynthesis, but there is no evidence at this time that synthesis of oligosaccharides extended
with keratan sulfate differs from those that terminate in non–keratan sulfate-containing
oligosaccharides.

Biosynthesis of N-linked KSI is inhibited by tunicamycin (30,31), indicating that as with other
N-linked oligosaccharides, the protein is initially glycosylated from a dolichol-linked high-
mannose oligosaccharide donor substrate (32). Biosynthesis of N-linked keratan sulfate of
fibromodulin is blocked by castanospermine and 1-(+)deoxymannojirimycin, inhibitors of
processing of the high-mannose oligosaccharide to the biantennary form on which the keratan
sulfate is extended (33). Swain-sonine, an inhibitor of processing of the C6 arm of the precursor,
did not block addition of keratan sulfate to fibromodulin. In both control and swainsonine-
treated cells, one or two N-linked oligosaccharides on each protein molecule were modified
with keratan sulfate containing 4–6 repeating disaccharide units. Single short chains were
added either to the C-3 or the C-6 branch in control cultures, whereas only the C-3 branch was
substituted in the presence of swainsonine. Corneal KSI biosynthesis is similarly not blocked
by swainsonine (31). These results indicate that the well-characterized pathways of processing
of the high-mannose precursor oligosaccharide are involved in the biosynthesis of KSI. These
studies also support the idea that polylactosamine addition to the precursor can extend either
branch of the biantennary core depicted in Fig. 2A. It is not known, however, if extension of
the C6 and/or C3 branches is site-specific with respect to the several N-linked glycosylation
sites occurring in each keratan sulfate-linked protein.

KSII linkage region is identical to the mucin core-2 structure. A β-1,6-N-
acetylglucosaminyltransferase designated as C2GnT is essential for formation of the core-2
oligosaccharide in a number of cell types. Its overexpression in CHO cells induces biosynthesis
of polylactosamine (essentially nonsulfated keratan sulfate) on leukosialin, a protein not
normally so modified (34). These results suggest that availability of the linkage oligosaccharide
may represent a limiting step in the initiation of keratan sulfate addition to aggrecan.

Keratan sulfate in brain (KSIII) is linked to protein via 2-O-mannose (Fig. 1C). Although rare
in most tissues, 2-O-mannose glycopeptides are present in as many as 30% of glycopeptides
released by alkali-borohydride treatment of brain glycoproteins (35). Typically brain 2-O-
mannose structures contain one or more nonsulfated lactosamine disaccharides, thus keratan
sulfate in brain represents extension and sulfation of a glycoform that is common in brain but
rare in other tissues. Enzymes directing O-mannosylation of mammalian proteins have not
been well characterized, but appear homologous to a family of enzymes in yeast with
specificities that depend on individual protein acceptors (35). Addition of GlcN to the
mannosylated proteins is catalysed by protein-O-mannose β-1,2-N-
acetylglucosaminyltransferase, known as POMGnT1. Mutations in the gene for this protein
appear to be the cause of muscle-eye-brain disease, an autosomal recessive disorder
characterized by congenital muscular dystrophy, ocular abnormalities, and lissencephaly
(36).

Elongation of Keratan Sulfate—Extension of the keratan sulfate chain occurs via the
action of glycosyltransferases that alternately add Gal and GlcNAc to the growing polymer
(Fig. 3). Galactosyltransferase extracted from cornea resembles the β-1,4-galactosyltransferase
enzyme (β4Gal-T1) abundant in serum and milk (37,38). The gene for this common enzyme
has been cloned and its expression found to be widespread. In many tissues βGal-T1 is
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considered a “housekeeping” gene and is expressed at levels independent of cell activity.
During chick development a corneal β4Gal-T transcript was found to increase simultaneously
with developmental upregulation of corneal keratan sulfate synthesis. Expression of this
enzyme was maintained at unusually high levels in adult corneal cells (39). Interestingly,
β4Gal-T activity continues at elevated levels in cultured corneal cells that have lost keratan
sulfate synthesis (37).

The β4Gal-T1 gene exhibits different modes of expression based on alternative transcription
start sites. In most tissues, constitutive transcription results in moderate mRNA pools that do
not fluctuate greatly. In mammary epithelial cells with high levels of lactose biosynthesis, a
second transcriptional start site, regulated by a stronger, mammary gland-restricted promoter
is involved. The transcript produced is distinguished from its housekeeping counterpart by the
absence of approximately 180 nucleotides of 5′-untranslated sequence. This truncated
transcript is translated more efficiently relative to the major transcript expressed in other
somatic tissues (40). Promoter usage and transcript size of βGal-T1 in the keratan sulfate-
producing cells are yet to be determined.

Screening of EST databases has resulted in discovery of least six additional genes showing
close sequence similarity to the common β4Gal-T1 (41). Comparison of substrate specificity
of recombinant forms of these enzymes has shown the β4Gal-T1 enzyme to be most efficient
at synthesis of linear polylactosamine chains in N-linked oligosaccharides; however, the
transferase β4Gal-T4 appears to be essential in generating the initial branches found in core-2
O-linked polylactosamine (42). The structural identity between N-linked polylactosamine and
KSI chains suggests that the same enzymes are likely to be involved in their elongation, adding
to the body of evidence pointing to β4Gal-T1 as the galactosyltransferase involved in keratan
sulfate elongation. Null mutations in β4Gal-T1 gene in mice produce severe physiological
problems and a high level of prenatal mortality (43). Glycoproteins in these mice are not
completely devoid of 4-linked βGal residues, however, indicating that Galβ-T1 activity is
replaced or supplemented by other family members in specific functions. Analysis of keratan
sulfate in these mice would help confirm a central role for this gene in biosynthesis of keratan
sulfate.

Extension of keratan sulfate involves transfer of both β-4-galactose and β-3-N-
acetylglucosamine to the growing chain (Fig. 3). The β-1,3-N-acetylglucosaminyltransferase
(β3GlcNAcT) enzyme responsible for keratan sulfate synthesis has not been unambiguously
identified. A number of β3Glc-NAcT enzymes have been described, of which one works
efficiently with β4Gal-T1 in synthesis of linear polylactosamine (known as the “i” antigen)
(42). This enzyme, designated iGnT, exhibits a broad tissue distribution (44). RNA transcripts
for iGnT are enriched in brain, a tissue in which keratan sulfate is actively synthesized.
Polylactosamine synthesis in variant clones of PC12 nerve cells correlated with iGnT
expression levels, implying a central role for this enzyme in polylactosamine elongation (45).
Recently a family of three additional β3GlcNAcT enzymes has been identified and cloned, one
of which can also participate in polylactosamine synthesis (46). In terms of keratan sulfate,
however, it remains to be demonstrated which (if any) of this group of enzymes acts in concert
with β4GalT1 in the elongation of the keratan sulfate chain, and whether identical combinations
of enzyme(s) are involved in generation of the variety of keratan sulfates present in different
tissues.

Sulfation of Keratan Sulfate—Sulfation of keratan sulfate occurs at the 6-position of both
sugar moieties in the polymer. In cornea, galactose sulfation is often only partial, whereas
sulfation of glucosamine is more nearly complete. An initial study using corneal cells identified
two different proteins that catalyzed transfer of sulfate to keratan sulfate (47). Subsequent
studies characterized and cloned cDNA for two different sulfotransferase enzymes active on
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keratan sulfate (48,49). One of these enzymes (chondroitin-6-sulfotransferase, C6ST) transfers
sulfate to GalNAc moieties of chondroitin sulfate, and also to Gal in keratan sulfate in vitro.
This is a widely distributed enzyme that, in vitro, exhibits a 10- to 30-fold greater activity for
chondroitin sulfate over keratan sulfate. Mice with knockout mutations for C6ST show a 90%
loss of 6-sulfation of chondroitin sulfate but no loss of keratan sulfate in the spleen, as
determined by immunohistology (50). These results suggest that C6ST may not be involved
in keratan sulfate in vivo. The second enzyme shown to catalyze galactose sulfation of keratan
sulfate (KS-Gal6ST) exhibits little activity toward other carbohydrates (48). This gene shows
enhanced expression in brain and cornea, tissues with active keratan sulfate biosynthesis. It
would therefore appear likely that this sulfotransferase is one of the enzymes involved in
keratan sulfate biosynthesis. As indicated in Fig. 3, KS-Gal6ST transfers sulfate to keratan
sulfate after polymerization.

Keratan sulfate is also sulfated on the GlcNAc moieties. Nakazawa and coworkers (51) have
demonstrated that N-acetylglucosaminyl-6-sulfotransferase (GlcNAc6ST) activity in
keratocyte extracts, transfers sulfate only to terminal N-acetylglucosamine, whereas Gal
moieties at internal locations were sulfated by keratocytes. As shown in Fig. 3, restriction of
GlcNAc sulfation to the terminal sugar requires this sulfation to occur simultaneously with
elongation. Five genes for enzymes that transfer sulfate to nonreducing terminal GlcNAc have
been identified. These enzymes differ in substrate specificity and in tissue location (52).
Expression of one of these enzymes (C-GlcNAc6ST) is highly restricted to cornea, whereas a
very closely related gene (I-GlcNAc6ST) is primarily expressed in intestine. These two genes
are immediately adjacent to one another on human chromosome 16q22 (53,54).

The essential role of C-GlcNAc6ST in corneal keratan sulfate synthesis was discovered by
genetic linkage analysis studies of the autosomal recessive genetic disease macular corneal
dystrophy (MCD). In the second decade of life MCD patients develop corneal opacities, a
pathology that is correlated with undersulfation or complete absence of sulfation of corneal
keratan sulfate. Two forms of the disease are observed, type I shows absence of keratan sulfate
in the serum as well as in cornea (55,56). In type II MCD, keratan sulfate is absent in the cornea
but detected in the serum. In type I MCD, a variety of mutations have been identified all of
which occur in the reading frame of the C-GlcNAc6ST protein (57–59). Analysis of a type II
patient revealed an apparent homologous recombination between I-GlcNAc6ST and C-
GlcNAc6ST genes, replacing the corneal promoter with sequence from the intestinal form of
the gene. In this case, keratan sulfate was present in the serum but not in the cornea (59).

The essential role of C-GlcNAc6ST in keratan sulfate biosynthesis was demonstrated when
this enzyme together with KS-Gal6ST was expressed in HeLa cells (60). Expression of both
enzymes simultaneously resulted in secretion of high molecular weight glycoproteins detected
with the anti-keratan sulfate antibody 5-D-4. Introduction of GlcNAc6ST cDNA bearing
missense mutations identical to those found in MCD patients abolished keratan sulfate
biosynthesis by these cells. Human I-GlcNAc6ST expression could not replace C-GlcNAc6ST
in driving keratan sulfate biosynthesis, but cDNA for the highly homologous protein mouse I-
GlcNAc6ST did participate in keratan sulfate synthesis. Mouse I-GlcNAc6ST and human C-
GlcNAc6ST protein sequences contain alanine at position 217 but the inactive human I-
GlcNAc6ST has isoleucine at this location. One of the characterized MCD missense mutations,
inactive during in vitro keratan sulfate sulfation, contains a single amino substitution of
threonine at position 217. These findings suggest that amino acid 217 may be important in
determining sulfotransferase activity of the C/I-GlcNAc6ST enzymes toward keratan sulfate.
Interestingly, the mouse I-GlcNAc6ST ortholog of human C-GlcNAc6ST was expressed in
mouse cornea, suggesting that in mouse, this gene may be the GlcNAc6ST responsible for
keratan sulfate biosynthesis (60).

Funderburgh Page 6

IUBMB Life. Author manuscript; available in PMC 2010 May 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The specificity of the GlcNAc6ST enzyme predicts that keratan sulfate GlcNAc sulfation may
occur simultaneously with elongation and only on the terminus of the growing chain (61,62).
The concept of coordinated elongation and sulfation of keratan sulfate is supported by
biosynthetic studies with cell-free corneal extracts showing a coordinate change in the Vmax
for both elongation and sulfation activities with respect to keratan sulfate chain length (63). A
recent analysis of keratan sulfate structure from MCD corneas using fluorophore-assisted,
carbohydrate electrophoresis (64,65), demonstrated the expected loss of GlcNAc sulfation in
keratan sulfate from MCD I and II corneas, but also found elimination or reduction in Gal
sulfation and a reduction of keratan sulfate chain length. These results help confirm the
involvement of GlcNAc sulfation in chain elongation of corneal keratan sulfate and also
implicate GlcNAc6ST activity in Gal sulfation as well. Thus, a growing body of evidence
suggests a central role of C-GlcNAc6ST in corneal keratan sulfate biosynthesis. The
relationship of these findings to keratan sulfate in other tissues is yet to be determined.

Metabolic Control of Keratan Sulfate Biosynthesis—Keratan sulfate biosynthesis is
often markedly altered in response to metabolic, pathologic, or developmental changes in
tissues. Typically, keratan sulfate biosynthesis is lost in wound healing and in vitro. Cell types
that secrete the most abundant keratan sulfate in vivo (neural cells, chondrocytes, and
keratocytes) are quiescent in vivo, but when grown in culture, chondrocytes and keratocytes
often revert to fibroblastic morphology and secrete little keratan sulfate. In corneal wounds,
keratocytes are activated to cell division, adopt a fibroblastic phenotype similar to cultured
corneal fibroblasts, and synthesize little keratan sulfate. Subacute or chronic pathological
conditions of the corneal stroma also frequently lead to loss of keratan sulfate in the tissue
(66,67). Typically, loss of corneal keratan sulfate is associated with inflammation, suggesting
a role for proinflammatory cytokines in the downregulation of keratan sulfate biosynthesis.

Studies with cultured bovine keratocytes showed expression of all three of the KSI-linked
proteins but found them to be modified with short oligolactosamine chains with minimal
sulfation (21). These results suggest that downregulation of keratan sulfate biosynthesis in vitro
(and by implication in healing wounds) relates to activities of keratan sulfate-specific glycosyl-
and/or sulfotransferases. This idea is supported by a study in which freshly isolated chicken
keratocytes lost GlcNAc sulfotransferase activity after several days of culture (38). Specific
enzymes required for polymerization and sulfation of keratan sulfate may, therefore, be key
regulators of keratan sulfate biosynthesis in vitro and possibly in vivo as well. Development
of culture methods for chondrocytes and keratocytes allowing biosynthesis of fully sulfated
keratan sulfate for extended periods in vitro provide important tools for identification of signals
mediating expression of keratan sulfate-specific biosynthetic enzymes (68). Keratan sulfate
biosynthesis by keratocytes cultured using this method was downregulated by fetal bovine
serum and by transforming growth factor β (TGFβ)(69), but fibroblast growth factor 2 (FGF2)
acted to stimulate keratan sulfate synthesis in vitro (70). The recent elucidation of genes coding
for the enzymes of keratan sulfate biosynthesis, and the availability of isolated cell cultures in
which keratan sulfate biosynthesis can be modulated, provides the opportunity to investigate
the molecular mechanisms that control expression of this long-elusive biomolecule.

CONCLUSION
The first six decades of research on keratan sulfate has produced a wealth of information on
the structure, location, and biosynthesis of this complex family of glycoconjugates. The next
few years are likely to witness positive identification of the remaining genes involved in keratan
sulfate biosynthesis and an understanding of how expression of these genes is controlled by
signals both outside and inside the cell. The sensitive and subtle patterns of keratan sulfate
expression in various tissues during development and wound healing suggests complex
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biological roles for these molecules. Unraveling these mysteries may not take another 60 years,
but it seems highly likely that at least half of the story of keratan sulfate is yet to be told.
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Abbreviations

CHO Chinese hamster ovary

C6ST chrondoitin-6-O-sulfotransferase

EST expressed sequence tags

FGF2 fibroblast growth factor 2

Gal D-galactose

Gal-6ST galactosyl 6-O-sulfotransferase

β4Gal-T β1,4-galactosyltransferase

GlcNAc N-acetyl-D-glucosamine

GlcNAc6ST N-acetylglucosaminyl 6-O-sulfotransferase

β3GlcNAcT β1,3-N-acetylglucosaminyltransferase

KS keratan sulfate

MCD macular corneal dystrophy

PRELP proline arginine-rich end leucine-rich protein

POMGnT protein-O-mannose β-1,2-N-acetylglucosaminyl transferase

SRLP small leucine-rich protoeglycan

TGFβ transforming growth factor β
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Figure 1.
Keratan sulfate linkage oligosaccharides. The oligosaccharides linking keratan sulfate to
protein define the three classes of keratan sulfate. “KS” refers to the keratan sulfate chain
extension as described in the text. KS in parentheses indicates that keratan sulfate may not be
present in all cases.
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Figure 2.
The range of keratan sulfate chain structures. Polymer structure is represented graphically for
keratan sulfate samples from several sources. Each box represents an N-acetyllactosamine
disaccharide repeat [Galβ(1→4)GlcNAcβ(1→3)].  = unsulfated disaccharide,  =
disaccharide sulfated on GlcNAc only,  = disaccharide sulfated on both Gal and GlcNAc.
Angled tails on the boxes indicate fucosylation. SA represents capping sugars, frequently sialic
acid. The fully sulfated portion of the chain in A is variable in length and can be as much as
twice as long as shown. The exact distribution of mono- and disulfated monomers in the internal
portion of the chain in B has not been determined experimentally.
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Figure 3.
Enzymes involved in keratan sulfate biosynthesis. This illustrates the sequence of addition of
sugars and sulfate to the growing chain (R). Sulfation of GlcNAc must occur before further
elongation and may be required for chain elongation. Sulfation of Gal can occur after
polymerization and appears optional. βGal-T1, β-1,4-galactosyltransferase; iGnT, beta-1,3-N-
acetylglucosaminyltransferase; C-GlcNAc6ST, corneal N-acetylglucosaminyl-6-
sulfotransferase; KS-Gal6ST, keratan sulfate galactosyl-6-sulfotransferase. Further
description of these enzymes is provided in the text.
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