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The importance of glycobiology in nature

Glycobiology (defined here as specific sugar modifications

and additions to biological molecules) is a fundamental and

an essential component of all forms of life from viruses and

single-cell organisms through to mammals and man. In

higher order mammals, >50% of all proteins contain some

‘glyco-motif’ (Cummings 2009), and the addition of these

sugar modifications to proteins and lipids and modifications

thereafter (e.g. sulphation and phosphorylation) require the

production and use of considerable amounts of metabolic

energy (e.g the. use of ATP, GTP, UTP and PAPS) that fur-

ther emphasizes the importance of ‘glyco’-modifications in

normal cellular metabolism. There are nine different mono-

saccharides synthesized in mammals (Cummings 2009), and

these can potentially produce 1012 different hexasaccharide

combinations (i.e. six sugar units) through variations in their

monosaccharide composition (e.g. galactose vs. N-acetylga-

lactosamine content), anomeric state (e.g. a vs. b linkages

between sugars), glycosidic linkages (e.g. 1-3 or 1-4 hexose

carbon linkages), branching (e.g. N- & O-linked oligosac-

charides on glycoproteins), substituted components (e.g. sul-

phation and phosphorylation) and their ‘aglycone linkages’

to other proteins ⁄ peptides, lipids or nucleic acids (see Cum-

mings 2009 for review). Thus, glycobiology is essential for

life as we know it.
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Summary

This review emphasizes the importance of glycobiology in nature and aims to high-

light, simplify and summarize the multiple functions and structural complexities of

the different oligosaccharide combinatorial domains that are found in chondroitin

sulphate ⁄ dermatan sulphate (CS ⁄ DS) glycosaminoglycan (GAG) chains. For example,

there are 1008 different pentasaccharide sequences possible within CS, DS or CS ⁄ DS

hybrid GAG chains. These combinatorial possibilities provide numerous potential

ligand-binding domains that are important for cell and extracellular matrix interac-

tions as well as specific associations with cytokines, chemokines, morphogens and

growth factors that regulate cellular differentiation and proliferation during tissue

development, for example, morphogen gradient establishment. The review provides

some details of the large and diverse number of different enzymes that are involved

in CS ⁄ DS biosynthesis and attempts to explain how differences in their expression

patterns in different cell types can lead to subtle but important differences in the

GAG metabolism that influence cellular proliferation and differentiation in develop-

ment as well as regeneration and repair in disease. Our laboratory was the first to

generate and characterize monoclonal antibodies (mAb) that very specifically recog-

nize different ‘native’ sulphation motif ⁄ epitopes in CS ⁄ DS GAG chains. These mono-

clonal antibodies have been used to identify very specific spatio-temporal expression

patterns of CS ⁄ DS sulphation motifs that occur during tissue and organ development

(in particular their association with stem ⁄ progenitor cell niches) and also their reca-

pitulated expression in adult tissues with the onset of degenerative joint diseases. In

summary, diversity in CS ⁄ DS sulphation motif expression is a very important neces-

sity for animal life as we know it.
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Glycosaminoglycans

Glycosaminoglycans (GAGs) are long-chain polysaccharides

consisting of repeating disaccharide units that contain a

hexosamine (i.e. glucosamine or galactosamine) and either a

uronic acid (glucuronic acid or iduronic acid) or galactose

(Figure 1 and Table 1). The hexosamine component of the

repeating disaccharide is most often N-acetylated and both

sugar components of the disaccharide can be sulphated.

There are four different subgroups of GAG in mammals;

they are (i) hyaluronic acid or hyaluronan (HA – the only

non-sulphated GAG), (ii) keratan sulphate (KS), (iii) chon-

droitin ⁄ dermatan sulphate (CS ⁄ DS) and (iv) heparin ⁄ hepa-

ran sulphate (Hep ⁄ HS). The different monosaccharide

components, their different linkages between each other and

the different stereo-chemical positioning of sulphate and car-

boxyl groups on oligosaccharides from these different GAG

subgroups (i.e. HA, KS, CS, DS and Hep ⁄ HS) are illustrated

in the rather simplistic 2D diagrams shown in Figure 1.

These GAG structural diagrams illustrate some of the poten-

tial combinatorial differences in the glycan oligosaccharides

that are possible within each of these GAG subgroups

(Table 1). The carboxyl groups of the two hexuronic acid

isomers (i.e. glucuronic and iduronic acid) and the presence

of sulphation on either or both of the disaccharide sugars

provide a very strong negative charge to these GAG chains

that have a high affinity for water and also bind to many

cationic molecules found in cells and tissue matrices. The

stereo-chemical ⁄ spacial orientation of these negatively

charged groups (i.e. sulphate and carboxyl groups) within

small-sized oligosaccharide components of these different

GAG chains (usually 5–10 monosaccharide units) provides

very specific and different stereo-chemical binding sites for

numerous other cellular and matrix macromolecules includ-

ing chemokines, growth factors and morphogens (Benjamin

& Rapraeger 2003; Cortes et al. 2009; Heinegard 2009;

Yan & Lin 2009; Kramer 2010; Rozario & DeSimone

2010; Purushothaman et al. 2011) that are very important

Figure 1 Structural Diversity of Glycosaminoglycan repeating disaccharide units. The repeating disaccharide units of Hyaluronan
(HA), Keratan Sulphate (KS), Chondroitin Sulphate (CS), Dermatan Sulphate (DS), Heparin (Hep) and Heparan Sulphate (HS) consist
of a hexosamine [either Glucosamine (GlcN) or Galactosamine (GalN) - Squares] and a uronic acid [either Glucuronic (GlcUA) or
Iduronic acid (IdUA) - Triangles] or Galactose (Gal) – Circles. These sugar and disaccharide units are joined to one another by differ-
ent anomeric glycosidic linkages (a1-4, b1-3 or b1-4) between the sugar hydroxyl groups. The hexosamine, uronic acid and galactose
sugars in each disaccharide unit can also be substituted with sulphate groups on the sugar hydroxyls in the 2- (2S), 3- (3S), 4- (4S)
and 6- (6S) positions. The hexosamine is usually N-acetlyated (NAc), but in Hep ⁄ HS, it can also be N-sulphated (NS) or occur as the
free amine (N). HA is the only non-sulphated GAG and it is also not found covalently attached to a proteoglycan core protein.
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for the regulation of tissue development and metabolism in

health and disease. It is thought that these different combi-

nations of GAG sulphation motifs can overlap with one

another, termed ‘Wobble Motifs’ (Purushothaman et al.

2011), as well as having different mimetic ⁄ mimetope elec-

tron cloud presentations (Pothacharoen et al. 2007), when

interacting with different morphogens, growth factors and

chemokines during tissue and organ development. Conse-

quently, there are a variable but in some cases a very large

number of GAG combinatorial variants possible. For exam-

ple (Cummings 2009), in just a small pentasaccharide unit

for each of these four different GAG subgroups, there are

only two pentasaccharide variants for HA, the only non-sul-

phated GAG, whereas the sulphated CS ⁄ DS GAGs provide

1008 variants and the most complex GAG subgroup

Hep ⁄ HS providing 2916 different possible combinations (see

Table 1). Thus, in total, there are almost 4000 different pen-

tasaccharide combinations in these 4 GAG subgroups that

can provide different overlapping Wobble and mimetope

motifs to bind a wide array of different cellular and matrix

regulatory molecules. This review will focus on studies illus-

trating the role(s) that chondroitin sulphate (CS) and derma-

tan sulphate (DS) GAG sulphation motifs play in tissue and

organ development and also their recapitulated expression in

the attempted repair and regeneration of tissues with the

onset of musculoskeletal diseases. Related biological func-

tions of Hep ⁄ HS GAGs that can act as potential mimetics of

CS ⁄ DS structures are described in recent review articles

(Merry & Astrautsora 2008; Turnbull 2010).

CS ⁄DS GAG biosynthesis and their related
Genes

CS ⁄ DS and Hep ⁄ HS biosynthesis is initiated by the transfer

of xylose (Xyl) residues, using one of the two different xylo-

syl-transferases, to the hydroxyl groups of specific serine res-

idues on the N-terminal side of a glycine residue in the core

proteins of matrix, cell surface and intracellular proteogly-

cans (Sugahara & Mikami 2007; Watanabe & Kimata

2008; Heinegard 2009; Yan & Lin 2009). After the addition

of xylose to the serine residue in the core protein, three

additional sugar residues [i.e. galactose (Gal), Gal and glucu-

ronic acid (GlcA), respectively] are attached to the xylose to

form the ‘linkage region’ that is the initiation template for

both CS ⁄ DS and Hep ⁄ HS GAG biosynthesis. The transfer of

each of these sugar residues to the next sugar residue to

form the tetrasaccharide linkage region for either CS ⁄ DS

and Hep ⁄ HS GAG chains is in each case performed by sepa-

rate glycosyl-transferases to produce GlcA-b1,3-Galb-1,3-

Galb1,4-Xyl-(Serine) as the acceptor for further GAG chain

elongation. This linkage region can be further modified by

phosphorylation of the xylose residue on the 2-hydroxyl and

sulphation of the galactose on the 4-hydroxyl positions of

these additions modifying the specificity of later glucurono-

syl-transferase-1 activity (Tone et al. 2008). After the link-

age region synthesis has been completed, specific CS and DS

GAG chain elongation occurs by the alternate addition of

N-acetylgalactosamine (GalNAc) and GlcA residues by sev-

eral different glycosyl-transferases to form the characteristic

disaccharide repeat units of CS and DS GAG chains (Suga-

hara & Mikami 2007; Watanabe & Kimata 2008). The CS

disaccharides are then further modified through the addition

of sulphate residues to the 2-hydroxyl group of the GlcA

residue and the 4- and ⁄ or 6-hydroxyl groups on the GalNAc

residues using a variety of different sulphotransferase (see

Kluppel 2010 for Review). These CS sulphotransferases have

two forms of nomenclature in the current literature;

for example, one of the enzymes that specifically transfer a

sulphate residue to the 4-hydroxl group of N-acetylgalac-

tosamine in CS GAG chains is either called Chondroitin-

4-sulphotransferase-1 that is denoted with the acronym as

‘C4ST1’ or Carbohydrate sulphotransferase 11 that is

denoted with the acronym ‘CHST11’. Accordingly, in ani-

mals, there are four sulphotransferases that can transfer a

sulphate group to the 4-hydroxyl of N-acetylgalactosamine

in CS ⁄ DS GAG biosynthesis; they are C4ST1 (CHST11),

C4ST2 (CHST12), C4ST3 (CHST13) and D4ST1 (CHST14).

Both C4ST1 and C4ST3 prefer chondroitin (glucuronic

acid containing) disaccharides as their substrate to produce

chondroitin-4-sulphate (also called CS-A) with C4ST2

and D4ST1 preferring dermatan (iduronic acid containing)

disaccharides as their substrates to form dermatan sulphate

(also called CS-B). There are also two other sulphotransfe-

rases that add sulphate groups to the 6-hydroxyl group of

the N-acetylgalactosamine group in CS disaccharides

that are denoted by C6ST1(CHST3) and C6ST2(CHST7)

Table 1 Disaccharide repeat composition and potential pentasaccharide glycan combinations for Hyaluronan (HA), Keratan Sulphate
(KS), Chondroitin ⁄ Dermatan Sulphate (CS ⁄ DS) and Heparin ⁄ Heparan Sulphate (Hep ⁄ HS) glycosaminoglycans (GAG)

GAG Disaccharide repeats

Pentasaccharide

glycan combinations

HA Glucuronic acid and N-acetyl-glucosamine 2

KS Galactose and N-acetyl-glucosamine 64

CS ⁄ DS Glucuronic or iduronic acid and N-acetylgalactosamine 1008*
Hep ⁄ HS Glucuronic and ⁄ or Iduronic acid and N-acetyl-glucosamine 2916

Total 3990

Data obtained from Cummings (2009).
*Errata from the reference above where the CS ⁄ DS combinations were reported as 3 · 4 · 3 · 4 · 3 = 423 instead of ‘=432’; this error add-

ing nine more to their total of 999.
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Furthermore, there are two additional sulphotransferases

involved in CS ⁄ DS biosynthesis; one of these being Gal-

NAc4-6ST(CHST15) that specifically catalyses 6-O-sulph-

ation of the already 4-sulphated GalNAc(4-SO4) sugars to

produce disulphated disaccharides containing GalNAc(4,6-

SO4) that is also called CS-E. The other sulphotransferase is

Uronyl-2-O-sulphotransferase (UST) that specifically trans-

fers a sulphate group to the 2-hydroxyl of either glucuronic

acid or iduronic acid residues in CS ⁄ DS GAG chains (Ishii

& Maeda 2008). In CS biosynthesis, this 2-O-sulphation of

glucuronic acid residues by CS2ST in disaccharides contain-

ing GalNAc(6-SO4) thus produces a disaccharide glucurono-

syl-2-sulphate ⁄ N-acetylgalactosamine-6-sulphate (GlcA2S-

GalNAc6S) that is also called CS-D.

The specific and more complex formation of DS disaccha-

rides with large DS ⁄ iduronic acid (IdUA) containing seg-

ments (termed ‘IdUA blocks’), or CS ⁄ DS mixed GAG hybrid

segments, occurs through the action of very specific DS

epimerases (i.e. DSepi-1 & DSepi-2) that convert the GlcA

to an IdUA residue before specific DS 4-O-sulphotransferases

add a sulphate group to the hydroxyl group in the 4-position

of the GalNAc residue (Maccarana et al. 2006; Pacheco

et al. 2009a). Dermatan 4-O-sulfotransferase-1 (D4ST1) is

also a pivotal enzyme in the formation of these ‘IdUA

blocks’ in dermatan sulphate (Pacheco et al. 2009b). Several

recent studies (Maccarana et al. 2009; Pacheco et al.

2009a,b,c) have shown evidence for differences in the speci-

ficity and activity of these DS epimerases and sulpho-trans-

ferases, in that, the down-regulation of one of the two

epimerases (i.e. DSepi1) can cause significant reduction in

the synthesis of the iduronic acid blocks in the DS GAG

chains with an additional depletion of 2-sulphation in the

hexuronic acid components of the CS ⁄ DS disaccharides.

Interestingly, DSepi1 also requires N-glycosylation to acti-

vate its function (Pacheco et al. 2009c). Thus, differential

regulation of several different epimerases and sulphotransfe-

rases markedly affects the disaccharide structure of CS, DS

and CS ⁄ DS hybrid GAG chains.

In summary, in animal species, several duplications of

potential genes occur that code for different glycosyl-trans-

ferases, epimerases and sulphotransferases that are used to

synthesize different sulphation motif oligosaccharide

domains found in CS, DS and CS ⁄ DS GAGs in cellular

metabolism; that is, there are two xylosyl-transferases

(XYLT1 and XYLT2), two galactose transferases (GALT1

and GALT2), two glucuronic acid transferase (GLCAT1 and

GLCAT2), two GalNAc transferases (CS-GalNAcT1 and

CSGalNAcT2), two epimerases (DSepi12 and DSepi2) and

numerous different sulphotransferases that put sulphate resi-

dues on the 2-hydroxyl groups of the glucuronic acid and

iduronic acid moiteties as well as the 4- and 6-hydroxyl

groups of the N-acetly-galactosamine moieties of the CS or

DS repeating disaccharide units (Sugahara & Mikami 2007;

Watanabe & Kimata 2008; Kluppel 2010). Collectively,

combinations of these enzymes are involved in the bio-

synthesis of the different subtypes of CS ⁄ DS GAG chains

that are covalently attached to different proteoglycan core

proteins which, yet again, are made by different cells and

tissues in the body. The inherent diversity coming from the

presence of these multiple genes and enzymes involved in

CS ⁄ DS GAG biosynthesis that apparently produces similar

but subtly different catalytic reaction products must have

provided biological advantages for their selection and preser-

vation during the evolution of our cellular metabolism in

animals (Yamada et al. 2011). However, the reasons for

these apparent redundancies and duplications are yet to be

ascertained. Some examples of their differential expression

patterns in CS ⁄ DS GAGs in tissue and organ development

are provided later in this review.

Monoclonal antibodies recognizing native
sulphation motif epitopes and glycosidase-
generated neoepitopes in CS ⁄DS GAGs

Our laboratory was the first to produce and characterize

monoclonal antibodies (mAbs) that recognize different oligo-

saccharide sulphation motifs present in GAGs found on a

variety of different cell and matrix proteoglycans (Caterson

et al. 1983; Couchman et al. 1984). For the past 30+ years,

these mAbs have underpinned research that has helped to

establish the biological importance of the subtleties in the

structure, function and metabolism of these GAGs during

tissue development, maturation, ageing and with the onset

of disease. In the late 1980s, we produced, developed and

partially characterized five different monoclonal antibodies

[3B3()), 3C5, 4C3, 6C3 and 7D4] that recognized native

sulphation motifs in CS ⁄ DS GAG chains. The localization

and biochemical structure (Caterson et al. 1990; Sorrell

et al. 1996) of some of these native CS ⁄ DS sulphation motif

epitopes within oligosaccharide segments of CS ⁄ DS GAG

chains has been performed by ours and other laboratories

(Figure 2). Several other antibodies (i.e. CS56, MO-225,

373HD, 2H6, 846 and WF6) that recognize native CS ⁄ DS

sulphation motifs have been produced by other laboratories

and, with some of these, the detailed biochemical structure

of the different oligosaccharides comprising their epitopes

determined (Rizkalla et al. 1992; Sorrell et al. 1996; Potha-

charoen et al. 2007; Purushothaman et al. 2011). Interest-

ingly, one of these studies (Pothacharoen et al. 2007)

identified mimetic ⁄ mimetope oligosaccharide alternatives for

the monoclonal antibody recognition sites on CS ⁄ DS GAGs.

This finding providing evidence that these CS ⁄ DS sulphation

motifs can have multiple potential binding partners similar

to the suggested concept of overlapping ‘Wobble Motifs’ in

CS ⁄ DS GAGs that was recently reported (Purushothaman

et al. 2011).

In studies performed in our laboratory over the past sev-

eral years, we have used mAbs 3B3()), 3C5, 4C3, 6C3 and

7D4 (Figure 2) to identify very specific patterns of CS ⁄ DS

GAG sulphation motif expression in bone marrow, lympho-

poietic and musculoskeletal tissues (Oguri et al. 1987a,b;

Sorrell et al. 1988a,b,c; Sorrell & Caterson 1989). Further-

more, in the 1990s, when interests in stem cell-related ther-

apies were emerging, we published several papers
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describing the very specific spatio-temporal expression pat-

terns of CS ⁄ DS GAG sulphation motifs in developing skin

(Caterson et al. 1990; Sorrell & Caterson 1990; Sorrell

et al. 1990a,b), during normal skeletal tissue development

and homoeostasis (Caterson et al. 1990) and with the onset

of disease in musculoskeletal tissues in animal models and

human patients (Visco et al. 1993; Roberts et al. 1994,

2001; Carlson et al. 1995; Slater et al. 1995; Lin et al.

1998; Richardson et al. 1999; Johnson et al. 2002, 2004).

More recently, we have demonstrated that our native

CS ⁄ DS sulphation motif mAbs can identify the location of

stem ⁄ progenitor cell niches in a variety of tissues from

many animal species (chickens-humans) and more specifi-

cally in the superficial zone of articular cartilage where

chondrogenic progenitor cells reside (Hayes et al. 2007,

2008; Davies et al. 2008a,b). This review presents some of

our findings illustrating the very specific spatio-temporal

expression of CS ⁄ DS sulphation motif epitopes during tis-

sue development and with attempted repair and regenera-

tion of diseased tissue.

Spatio-temporal expression of CS ⁄DS
sulphation motifs during tissue development

In several studies (Sorrell et al. 1988a,b,c, 1990a; Sorrell &

Caterson 1989; Caterson et al. 1990; Johnson et al. 2004),

we have now shown that native CS ⁄ DS sulphation motif epi-

topes are relatively sparsely expressed (compared to the

more generic CS and DS isomer sulphation motifs) in a vari-

ety of musculoskeletal tissues. These native CS ⁄ DS sulph-

ation epitopes appear to be highly conserved throughout a

wide variety of animal species (shark-human). In a very

recent publication (Hayes et al. 2011), we also found that

several of these CS ⁄ DS motifs recognized by mAbs 3B3()),

4C3, 6C3 and 7D4 displayed very specific and dynamic spa-

tio-temporal expression patterns during embryonic rat inter-

vertebral disc tissue development. Similar examples of the

specific expression of these CS ⁄ DS sulphation motifs in

embryonic chick tissues and foetal human knee joints are

shown in Figures 3 and 4, respectively. The expression of

these native CS ⁄ DS sulphation motif epitopes subtlety differs

Figure 2 Structure and location of native epitopes [for mAbs 3-B-3()), 4-C-3, 6-C-3 and 7-D-4] and chondroitinase-generated ‘stub’
neoepitopes [for mAbs 1-B-5, 2-B-6 and 3-B-3(+)] on chondroitin sulphate (CS) and dermatan sulphate (DS) glycosaminoglycan
chains. Boxed in Red is the location of mAb 3-B-3()) native epitope that recognizes a non-reducing terminal end saturated CS disac-
charide consisting of glucuronic acid that is adjacent to N-acetylgalactosamine-6-sulphate. The native epitope for mAb 6-C-3 (Red
linear arrows) is located in CS ⁄ DS oligosaccharide sequences that are located on the outer peripheral regions of the CS ⁄ DS GAG
chains whilst mAbs 4-C-3 and 7-D-4 are located in oligosaccharide sequences located in the inner regions of the CS ⁄ DS GAG chains
nearer to the linkage region (LR) that is the covalent attachment site that links CS ⁄ DS GAGs to the proteoglycan core protein. The
chondroitinase-generated neoepitope ‘CS stubs’ are circled in Red and occur as an unsaturated uronic acid residue that is adjacent to
N-acetylgalactosamine that is either non-sulphated (C-O-S; recognized by mAb 1-B-5), 4-sulphated (C-4-S; recognized by mAb 2-B-6)
or 6-sulphated [C-6-S; recognized by mAb 3-B-3(+)]. CS ⁄ DS GAG chains are depicted as a sequence of disaccharides with two differ-
ent coloured boxes that have either been partially (limited) or completely digested (deglycosylated) with chondroitinase. Chodroitinas-
es are enzymes that remove CS ⁄ DS disaccharides with non-reducing unsaturated uronic acid residues from the CS ⁄ DS GAG chains
eventually leaving a characteristic terminal disaccharide ‘stub’, that is, either unsulphated, 4- or 6-sulphated, and covalently attached
to the proteoglycan core protein.
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from one mAb to another and also very specifically identifies

and defines the potential presence of newly developing tis-

sues prior to these tissues reaching their fully developed

functional phenotype [e.g. Note: in Figures 3 and 4, the

staining pattern differences between the ‘generic’ Alcian Blue

(Figure 3) or Toluidine Blue (Figure 4) staining for GAGs

(mainly CS) compared to the very specific tissue staining and

location of the native CS ⁄ DS epitopes recognized by mAbs

3B3()), 4C3, 6C3 and 7D4]. It is of interest to note that

these very specific immunohistochemical staining patterns

for CS ⁄ DS sulphation motifs that are seen in the developing

rat intervertebral disc tissues (Hayes et al. 2011) very often

show a similar immunostaining patterns to that of growth

factor and morphogen gradient patterns that are also

observed during rat intervertebral disc tissue development

(Hayes & Ralphs 2011). In our ongoing research, we are

performing immunohistochemical co-localization and bind-

ing-affinity studies to test the hypothesis that the specific

expression of these CS ⁄ DS sulphation motifs on GAGs in

cell surface and matrix proteoglycans are involved in the

binding of different growth factors and morphogens during

the formation of their matrix-associated gradients in tissue

and organ development.

Expression of native CS ⁄DS sulphation motif
epitopes in osteoarthritic cartilage

In the mid-1980s and early 1990s, in collaborative studies

with Helen Muir and other researchers at the Kennedy Insti-

tute of Rheumatology in London (Caterson et al. 1990;

Carney et al. 1992; Ratcliffe et al. 1993; Slater et al. 1995),

we noted that two of our monoclonal antibodies [i.e. 3B3())

and 7D4] that recognized native CS ⁄ DS sulphation motif

epitopes were specifically expressed on newly synthesized

aggrecan extracted from human osteoarthritic (OA) carti-

lage. However, these native CS ⁄ DS epitopes were not

expressed on similar aggrecan subpopulations isolated from

normal canine or adult human cartilage (Couchman et al.

(a) (b) (g) (h)

(e) (f) (k) (l)

(c) (d) (i) (j)

Figure 3 Specific spatial and temporal expression of native CS ⁄ DS sulphation motif epitopes recognized by mAbs 3B3()) and 6C3 in
developing embryonic chick tissues at stages E12 and E14. Joint tissues from stage E12 [A–F] and E14 [G–L] embryonic chicks
stained with Alcian Blue [A,B,G,H] and immunostaining with mAbs 3B3()) [C,D,I,J] and 6C3 [E,F,K,L]. Circles indicate regions
shown at higher magnifications in adjacent frames. The asterisks (*) highlight unstained fibrocartilagenous articular cartilage; that is,
at E12 mAb 6C3 is broadly labelling the epiphyses and not the overlaying fibrous articular cartilage, whereas 3B3()) immunostaining
is different and identifies a specific subset of cells and matrix in the developing articular cartilage.
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1984; Carney et al. 1992; Ratcliffe et al. 1993; Slater et al.

1995). Similar findings, showing elevated levels of mAbs

3B3()) and 7D4 native CS epitopes, have been reported by

other laboratories performing analyses of synovial fluids

from human patients after exercise (Bautch et al. 2000) or

in canine models of degenerative joint disease (Chu et al.

2002). In the mid-1980s, researchers from another labora-

tory produced a monoclonal antibody [i.e. antibody 846]

that was originally reported as recognizing a protein epitope

on aggrecan (Glant et al. 1986) that was extracted from foe-

tal and young but not adult articular cartilage. This

846 mAb was subsequently found to recognize native CS

sulphation motifs in the newly synthesized aggrecan from

human OA cartilage (Rizkalla et al. 1992) with these find-

ings being very similar to our earlier reported studies (Cater-

son et al. 1990) showing elevated 3B3()) and 7D4 CS

sulphation motif expression levels on CS GAGs in newly

synthesized aggrecan extracted from OA cartilage in the

Pond-Nuki dog model of osteoarthritis.

In the past, our laboratory has also performed some

unpublished research using the Hartley strain Guinea Pig

animal model of OA; that is, it is a genetically induced ‘nat-

ural’ animal model of OA where there is an inherent knee

joint ⁄ ligament laxity that leads to biomechanical abnormali-

ties and instability in the knee joint tissues causing the onset

of cartilage degeneration. In this natural model of OA, the

knee joint cartilages rapidly develop osteoarthritis in older

animals aged 6–12 months, but this degeneration does not

occur in the hip joint cartilage that receives similar load dis-

tributions (Kraus et al. 2010). In studies from our labora-

tory, using this Hartley strain Guinea Pig model, we have

extracted, separated and analysed different aggrecan subpop-

ulations [using agarose ⁄ acrylamide composite gel electropho-

resis (Caterson et al. 1990; Carney et al. 1992) and Western

blot analyses using mAb 3B3 – see Figure 5) on cartilage tis-

sue extracts obtained from the hip joint (pathology absent)

and the various knee cartilages (i.e. medial meniscus, medial

knee and lateral knee cartilage) from a 3-month-old

animal (where no overt OA is evident in knee tissues) and a

9-month-old ‘retired breeder’ (where significant surface

fibrillation and loss of cartilage is evident in knee cartilages

– Kraus et al. 2010; Huebner et al. 1998). Here, we found

that positive immunostaining for the 3B3()) CS sulphation

motif was present on the newly synthesized aggrecan sub-

population in the extracts from the medial knee cartilage

from a 3-month-old animal that showed no overt morpho-

logical or histological signs of OA (Figure 5); that is, poten-

tial OA in the knee joint cartilage could be detected very

early before any overt signs of OA were evident. However,

by 9 months of age, in the retired breeder animals, there

was extensive expression of the 3B3()) native epitope on

newly synthesized aggrecan CS GAG chains in extracts of all

the knee cartilages (i.e. the medial and lateral knee and men-

iscal cartilages) but not in the ‘normal’ hip joint cartilage.

Interestingly, this positive immunostaining for 3B3()) was

only present in the slowest migrating aggrecan band that

(a) (b) (c) (d)

Figure 4 Specific spatial expression of native CS ⁄ DS sulphation motif epitopes recognized by mAbs 3B3()), 4C3 and 7D4 in a 12-
week-old human foetal knee joint. Sections have been stained with Toluidine Blue [A] and immunostained with 3B3()) [B], 4C3 [C]
and 7D4 [D]. Note that Toluidine Blue staining identifies the presence of the major populations of CS GAG chains in the developing
knee joint tissues. This Toluidine Blue staining is widespread and identifies the large number of GAGs present (mainly CS) through-
out the early cartilage elements of the femur (f) and tibia (t) with weaker staining of the fibrocartilagenous meniscus (m) and other
fibrous connective tissues of the joint. In contrast, immunostaining with the mAbs 3B3()), 4C3 and 7D4 shows positive staining in
very specific zones of the developing joint cartilage and meniscus that clearly delineate where the future articular cartilage and inner
portions of the meniscus will eventually be. Close inspection of the three different mAb staining patterns shows that there are subtle
differences in the mAb staining in the matrix or on the cells themselves indicating the specific spatial expression of these CS ⁄ DS sul-
phation epitopes.
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represents the newly synthesized aggrecan subpopulation.

Western blots of nitrocellulose transfers with mAb 3B3 im-

munostaining after chondroitinase ABC digestion before

immunoblotting showed positive staining for multiple aggre-

can subpopulation containing the 3B3(+) ‘CS stub’ neoepi-

tope (Figure 2). The 3B3(+) immunostaining also serves to

show that equal amounts of sample were applied to each

electrophoresis lane.

Collectively, these several studies from ours and other lab-

oratories have now established that native CS sulphation

motif epitopes are increased in their expression with the

early onset of OA in hyaline articular cartilage. We believe

that this renewed expression of these native CS GAG motif

epitopes is an attempt at cartilage repair using cellular mech-

anisms that have been recapitulated from those used in

embryonic and adolescent tissue development. Thus,

monitoring the differential expression of these CS ⁄ DS GAG

sulphation motifs may provide useful biomarkers for study-

ing the early onset and progression of OA in humans.

Conclusions

Over the past 40 years, I have had the honour and pleasure

of performing basic biomedical research on the structure,

function and metabolism of proteoglycans and their compo-

nent GAGs in health and disease. Most of my research has

focussed on cartilage metabolism, and therefore, I have been

involved in more detailed studies on HA, KS, CS and DS

GAG metabolism. Furthermore, my introduction to mono-

clonal antibody technologies in the late 1970s has facilitated

much of these past and ongoing research endeavours. In this

review, I have tried to provide some references and examples

that emphasize the importance of glycobiology and, in par-

ticular, subtleties that occur in GAG structure, metabolism

and expression in normal tissue development and with the

onset of musculoskeletal tissue disease. Clearly, the number

of different disaccharide combinations that are present in

the four different GAG subpopulations (i.e. HA, KS, CS ⁄ DS

and Hep ⁄ HS – Figure 1 and Table 1) that are found in

higher order animals (e.g. chicken to man) is not just ran-

domly synthesized and assembled in cells during tissue and

organ development. These post-translational modifications

in GAG biosynthesis and substitution on proteins cost the

cell very significant amounts of energy through utilization of

ATP, GTP, UDP and PAPS and thus their presence would

not have been supported in evolutionary selection processes

if they did not provide a biological advantage. The conserva-

tion of these CS ⁄ DS sulphation motifs within GAG chains

on cell surface and matrix macromolecules in animals (not

plants) has been in evolutionary existence over a very long

and broad range of species (Yamada et al. 2011), that is,

from Platyhelminthes (Planarian), Coelenterata (Hydra)

through to Shellfish and Insects as well as Vertebrates (i.e.

sharks, zebrafish, chickens, rodents through to humans).

This early evolutionary presence and conservation of GAG

(a)

(b)

(c)

Figure 5 Agarose-acrylamide gel separation and Western blot
analyses using mAb 3B3()) and (+) of proteoglycan subpopula-
tions extracted from the Hip (H) and Knee Joint cartilages (i.e.
MK – medial; LK – lateral and MM – medial meniscus carti-
lages) of 3 month old (A) and 9 month old (B & C) retired
breeder (RB) Hartley strain Guinea Pigs. Large aggregating
proteoglycans (L – i.e. aggrecan subpopulations) and small
leucine-rich proteoglycans (S) are identified by mAb 3B3 immu-
nostaining either on the untreated nitrocellulose membranes [A
& B where native 3B3()) CS GAG chain epitopes are present –
see Figure 2] or after the nitrocellulose membranes have been
subjected to a chondroitinase ABC digestion [C] prior to their
immunostaining with 3B3(+) where ‘CS-stubs’ containing a
terminal unsaturated uronic acid adjacent to galactosamine-6-
sulphate are present on both L and S proteoglycan subpopula-
tions [C]. Note: only the slowest migrating (newly synthesized)
aggrecan subpopulation is identified by immunostaining with
3B3()) in [A] and [B]. The arrow points to the 3B3()) positive
staining that can only be found in the medial knee cartilage of
3-month-old animals.

Figure 6 The Glycosaminoglycan Poem. Inspired from the poem
‘My Country’ (2nd verse) composed by Dorothea MacKeller
OBE (1885–1968).
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structures clearly emphasizes their long-standing importance

in basic biology. In conclusion, the poem presented in Figure 6

best describes my passion and conclusions regarding the

diversity and importance of GAG structure, function and

metabolism in living animals as we know and understand

them today.
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