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Abstract. Hyaluronan (HA) is a large but simple
glycosaminoglycan composed of repeating D-glucur-
onic acid, b1 –3 linked to N-acetyl-D-glucosamine b1 –
4, found in body fluids and tissues, in both intra- and
extracellular compartments. Despite its structural
simplicity, HA has diverse functions in skeletal
biology. In development, HA-rich matrices facilitate
migration and condensation of mesenchymal cells,
and HA participates in joint cavity formation and
longitudinal bone growth. In adult cartilage, HA
binding to aggrecan immobilises aggrecan, retaining it
at the high concentrations required for compressive

resilience. HA also appears to regulate bone remod-
elling by controlling osteoclast, osteoblast and osteo-
cyte behaviour. The functions of HA depend on its
intrinsic properties, which in turn rely on the degree of
polymerisation by HA synthases, depolymerisation by
hyaluronidases, and interactions with HA-binding
proteins. HA synthesis and degradation are closely
regulated in skeletal tissues and aberrant synthetic or
degradative activity causes disease. The role and
regulation of HA synthesis and degradation in carti-
lage, bone and skeletal development is discussed.
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The biology of hyaluronan

Structure and properties of hyaluronan
Hyaluronan (HA) is the simplest glycosaminoglycan.
It is unsulphated, unbranched, immunologically inert,
and unlike other glycosaminoglycans, it is synthesised
as a free polysaccharide rather than substituted on a
core protein. Newly synthesised HA polymers of
2500 – 25 000 repeating disaccharides have a molec-
ular mass of 106 – 107 Da.

HA has biophysical properties that distinguish it from
other components of the extracellular matrix. In
solution as a long-chain biopolymer it behaves as a
stiffened random coil with a large hydrated volume,
such that each molecule interacts with its neighbours
to create viscoelastic solutions. It shows excluded
volume effects, as it restricts the access of other
macromolecules to its domain and as HA is polydis-
perse its properties are the aggregate properties of a
population of molecules of varying chain length,
rather than those of a unique species.
Molecular diffusion studies have shown that HA
properties in aqueous solution at high concentration* Corresponding author.
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(>1.0 mg/ml) reflect molecular entanglement with no
evidence of chain-chain association [1, 2]. Molecular
dynamics have been very helpful in explaining these
biophysical properties by showing that the HA chain is
very mobile and that the stiffening of the chain is due
to a range of dynamic hydrogen bonds, which restrict
glycosidic bond rotation between adjacent saccha-
rides [3, 4]. This analysis is supported by the diffusion
studies which showed that the major contribution to
stiffening was from the hydrogen bonds between
adjacent saccharides [2]. On its own, HA thus forms a
dynamic network, which restricts the movement of
other macromolecules, but is freely permeable to all
components of low molecular weight. Although
electron micrographs of HA have visualised apparent
ropes and possible anti-parallel helices [5] and NMR
studies have been interpreted to suggest that HA
forms specific stable tertiary structures [5], there is no
evidence that such structures exist in solution [6].
Under physiological conditions the properties of HA
solutions can be predicted directly from the behav-
iour in dilute solution and even at very high concen-
trations, when the solutions are highly viscoelastic,
individual chains remain mobile and they undergo no
transition to a gel-like state. As discussed below,
where HA is organised into higher order structures, it
does so through interactions with a range of proteins,
belonging to several families that have evolved to
bind to it.

HA-rich pericellular matrices
Many cell types elaborate HA-rich pericellular ma-
trices that confer important properties such as shield-
ing against potentially harmful extracellular mole-
cules or pathogens [7 – 13]. For example, chondrocytes
that express abundant pericellular HA are difficult to
transfect with plasmid DNA and transfection effi-
ciency can be improved by hyaluronidase (HYAL)
treatment [14, 15].
The assembly of HA-rich matrices can occur via HA
binding to cell surface receptors. Pericellular HA is
detected using an assay in which the surrounding
matrix excludes erythrocytes (added in suspension)
via steric exclusion, producing erythrocyte-free �coats�
[16]. The coats depend upon HA for their integrity
and are lost after treatment with HYALs or HA
oligosaccharides [17, 18]. Pericellular HA provides a
direct link between the cell and its extracellular
environment.

HA and CD44
It would be impractical to review the functions,
synthesis and degradation of HA without considering
the role of the widely expressed, archetypal HA
receptor, CD44. The CD44 gene contains 21 exons,

many of which are alternatively spliced to generate
multiple isoforms [19, 20]. Chondrocytes express the
standard isoform of CD44, CD44 s [21]. CD44-HA
interactions link chondrocytes with their matrix and
these interactions are essential for maintaining nor-
mal cartilage homeostasis [22]. Treatment of cartilage
explants with antisense oligonucleotides that inhibit
CD44 expression causes substantial loss of aggrecan
[23], and treatment with HA oligosaccharides that
compete with endogenous HA for binding to CD44
have both anabolic and catabolic effects [24]. These
studies suggest that chondrocyte CD44-HA interac-
tions modulate cartilage metabolism, and that dis-
rupting these interactions promotes matrix remodel-
ling [22]. Other studies have shown that CD44-HA
interactions also modify chondrocyte survival and
apoptosis [25, 26].
In bone, CD44 is expressed in haematopoietic marrow
cells, osteoclasts and osteocytes, and less so in mature
osteoblasts and osteoprogenitor cells [27]. CD44 is
present at the osteocyte plasma and basolateral
membrane, and the cytoplasmic processes of active
osteoblasts, but not in osteoclast ruffled borders or
clear zones in direct contact with bone [28]. HA-CD44
interactions restrict osteoblast-mediated osteoclasto-
genesis [29] and may play roles in inter-osteocyte and
osteocyte-osteoclast communication [30]. The inter-
actions might also provide �stop signals� for bone-
resorbing osteoclasts [31] and osteoclastogenesis [27 –
33].

HA biosynthesis by HA synthases
Early pioneering work on the identification and
characterisation of the bacterial HA synthase
(HAS), and its mechanism of action, provided the
basis for identifying the HASs in eukaryotes [34 – 36].
The bacterial HAS (has) operon consists of the hasA,
hasB, and hasC genes, which correspond with the HAS
(hasA) responsible for polymerising HA, UDP-glu-
cose dehydrogenase (hasB, UGDH) that converts
UDP-glucose to UDP-glucuronic acid, and UDP-
glucose pyrophosphorylase (hasC, UDPG-Ppase)
that forms UDP-glucose from UTP and Glc-1-phos-
phate. Ablating any of these bacterial has genes
disrupts HA synthesis and impairs assembly of their
protective HA-rich glycocalyx.
Eukaryotic cells possess a similar set of functionally
related enzymes for HA biosynthesis [37 –41]. The
vertebrate genome has three HAS genes, HAS1,
HAS2 and HAS3 (Table 1), and separate genes
encoding UGDH and UDPG-Ppase. HA synthesis is
essential for embryo development and ablation of the
has2 gene in mice is embryo lethal at E9.5 [42], as is
UGDH deletion in zebrafish [43]. In contrast, lacking
one or both of the has1 or has3 genes is not lethal,
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suggesting that has2 is the critical HAS required for
HA biosynthesis in development [44].
HAS enzymes polymerise HA by alternate transfer of
UDP-N-acetyl-D-glucosamine, and UDP-glucuronic
acid, with loss of the UDP-moiety after each sequen-
tial addition to the growing HA chain. Unlike other
glycosaminoglycans, HA synthesis does not require
attachment to a core protein to initiate polymerisation
and does not occur within the Golgi. HA is synthesised
at the inner face of the plasma membrane and either
retained inside the cell [45] or exported to the
extracellular matrix, possibly via the action of ABC
transporters [46]. Nascent HA extruded into the
extracellular space can be released, or retained at
the cell surface to form the pericellular matrix.
Although the mechanism for terminating HA poly-
merisation is unknown, it is likely to be influenced by
substrate availability, intracellular environment, ac-
cessory proteins or HAS stability. These same factors
could account for the finding that HAS mRNA levels
do not always correlate with the levels of HA activity
[47]; post-translational phosphorylation of HAS en-
zymes, as reported for HAS3 [48], could also be
important. The third feature that distinguishes HA
from other glycosaminoglycans is that HA chains are
not modified by N-acetyl transferases, sulphotransfer-
ases or fucosyltransferases.
The three HAS enzymes share a high degree of
sequence and structural homology. They each contain
two N-terminal and five C-terminal membrane-span-
ning domains, and a central cytoplasmic region with
approximately 80 % sequence identity. Despite this,
HAS enzymes differ in their stability, the rate at which
they elongate HA and the length of the HA they
produce [49]. The molecular mass of HA produced in
vitro by cells expressing HAS3 is 105 – 106 Da, whereas
cells expressing HAS1 and HAS2 can produce HA
that is twice that size, and in the case of HAS2, even
larger than 2 � 106 Da [49]. The pericellular coats
formed by HAS1 transfectants in vitro are smaller
than those formed by HAS2 and HAS3, which could
be due to a reduced stability of the HAS1 enzyme, or it
could be a consequence of in vitro expression, since
the HA polymers produced by HAS3 in vivo and in
vitro are significantly different in molecular mass [49].
The in vivo products of HAS activity can be as large as
1 � 107 Da.

HA degradation by HYALs
In vivo, HA is degraded by the action of oxygen free
radicals [50] and HYALs [51, 52]. Only the HYALs
are reviewed here. Most HA (80 – 90 %) is cleared
from the circulation by endocytosis in the lymph nodes
and liver, via the HA receptor for endocytosis, HARE
[53]. Other HA receptors including CD44, LYVE-1,
RHAMM and layilin [54 – 58] have local, tissue-
specific roles in HA endocytosis. This is particularly
important in cartilage and bone where HA is immo-
bile and cannot reach the lymphatics. Once internal-
ised, HA is degraded in lysosomes by HYALs and
exoglycosidases.
Mammalian HYALs are endo-beta-N-acetylhexosa-
minidases that catalyse the hydrolysis of HA; some
also degrade the related glycosaminoglycans, chon-
droitin sulphate (CS) and dermatan sulphate. Despite
their presumed importance for degrading HA in
development, morphogenesis, wound healing, inflam-
mation and tumour metastasis, there are large gaps in
what is known about these enzymes. For example,
hyal1, hyal2 and hyal3 null mice have been produced
[51, 52] but their phenotypes are not published; the
modified targeting of HA and CS by HYALs has not
been confirmed, and it is unclear whether the putative
GPI-linkage in the predicted HYAL2 cDNA sequence
is translated, universally, or only in selected cell types
under certain conditions [59, 60].
The family of human HYAL genes include HYAL1,
HYAL2, HYAL3 HYAL4, HYALP1 and PH-20
(SPAM-1, sperm adhesion molecule1). These six
genes are clustered on two chromosomes [51]
(Table 2). HYAL1 and HYAL2 are ubiquitously ex-
pressed and are considered the major HA-degrading
enzymes in somatic tissues [52, 59]. HYAL1, together
with b-D-glucuronidase and b-hexosaminidase, de-
grades HA to its constituent monosaccharides [51,
61]. This is the final step in HA degradation and
occurs in lysosomes, even though HYAL1 is also
found in plasma, synovial fluid and urine. Prior to that,
HYAL2 is thought to cleave high molecular mass HA
to intermediate-sized fragments of ~ 20 kDa (50 dis-
accharides) [59]. Studies in native chondrocytes and
transfected cells including HeLa, COS-7 and C6
glioma cells [59, 60] show that HYAL2 expression is
restricted to lysosomes, where it has a pH optimum of
~ 4.0. However, other studies in Xenopus [52, 62],

Table 1. Hyaluronan synthases (HASs) in humans and mice.

Enzyme Human gene Human chromosome Mouse gene Mouse chromosome

HAS1 HAS1 19q13.4 has1 17 A3.2

HAS2 HAS2 8g24.12 has2 15 D1

HAS3 HAS3 16q22.1 has3 8 D3
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transfected HEK293 cells [63 –66], and a breast
tumour cell line [65] show that HYAL2 is GPI-
anchored at the plasma membrane where it exhibits a
broader pH spectrum and extracellular HA-degrad-
ing activity.
Less is known about the role of HYAL3, HYAL4 and
HYALP1 in humans. HYAL3 is expressed in many
tissues and there is some evidence from in vitro
transcription/translation experiments that it has HA-
degrading activity [67]. There is no evidence that
human HYAL4 can degrade HA. HYALP1 is an
expressed pseudogene with a premature stop codon
that blocks translation of the mRNA [68].
Mice have an additional hyaluronidase gene, hyal5,
which is expressed in the testis [69]. Mouse HYAL1,
HYAL2 and HYAL3 are expressed in most tissues
[70] and again, HYAL1 and HYAL2 are thought to be
the major HA-degrading enzymes. Mouse HYAL3
and HYAL4 have high homology (>75 %) with their
human orthologues, but there is no evidence that they
are active. The mutation that prevents translation of
the human HYALP1 gene is absent in mice, so the
rodent gene is translated; however, it is not clear
whether the enzyme is active [71, 72]. Finally, tran-
scription of mouse HYALs is complex; hyal1 is co-
transcribed with the downstream genes Fus2 and
Hyal3 [73] and the Fus2 gene, which codes for an
acetyl transferase, is partially embedded within the
Hyal3 gene [74].

Products of HYAL activity
There is a vast literature describing the effects of HA
fragments on numerous cell types and disease proc-
esses, including those of the skeletal system. However,
there is scant evidence that such fragments exist in
vivo. Stern and colleagues [75] have proposed elegant
pathways detailing how HA fragments with size-
specific activities, might be produced by HYALs. The
pathways and activities of the fragments are compiled
from data showing that HA oligosaccharides of low
relative molecular mass (Mr) are inflammatory, an-
giogenic and immunomodulatory, whereas high Mr

HA fragments are non-inflammatory, non-angiogenic
and immunomodulatory. The same authors duly
report that, to date, evidence for the presence of HA
fragments in vivo is minimal, and they provide
important caveats to bear in mind when reviewing
the many published studies on HA fragments [76].
Nevertheless, the sheer volume of data, coupled with
the reproducible effects of specific fragments on
critical biological processes such as angiogenesis,
provide compelling reasons to believe that endoge-
nous fragments exist. A dilemma for researchers at
present is knowing how to interpret studies showing
increased HYAL expression. One interpretation is
that bioactive HA fragments (created by HYALs) are
important for the system under study. Another
interpretation is that removing HA is important or
necessary for the system. The latter interpretation is
more compelling when increased HYAL activity is
coordinated with decreased HAS activity, as in
precartilage condensations of the skeletal elements
[77, 78]. Both interpretations could be equally im-
portant and there is no reason why they should be
mutually exclusive. HA fragments may be short-lived
and therefore difficult to detect. However, the few
studies that have successfully identified HYAL-medi-
ated HA fragmentation in vivo [79] give hope that
more evidence will be forthcoming.

Cartilage

HA in cartilage
Adult articular cartilage is avascular, aneural and has
very few cells (chondrocytes). Cartilage matrix con-
tains a structural scaffold of type II collagen, and
aggrecan densely substituted with CS and keratan
sulphate chains that confer a high charge density,
creating large hydrodynamic domains and osmotic
swelling pressures. The swelling pressure of aggrecan
is balanced by the tension in the collagen network, and
the balance is essential for the compressive resilience
of cartilage. Accordingly, the biomechanical proper-

Table 2. Hyaluronidases (HYALs) in humans and mice.

Enzyme Human gene Human chromosome Mouse gene Mouse chromosome

HYAL1 HYAL1 3p21.2 cluster hyal1 9 F1 –F2 cluster

HYAL2 HYAL2 3p21.2 cluster hyal2 9 F1 –F2 cluster

HYAL3 HYAL3 3p21.2 cluster hyal3 9 F1 –F2 cluster

HYAL4 HYAL4 7q31.3 cluster hyal4 6 A2 cluster

PH-20 SPAM1 7q31.3 cluster Ph-20 6 A2 cluster

HYALP1 HYALP1 7q31.3 cluster hyalp1 6 A2 cluster

hyal5 6 A2 cluster
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ties of cartilage rely on an intact collagen network and
a high concentration of aggrecan. Aggrecan mono-
mers bind to HA and a small protein, called link
protein, forming non-dissociable aggregates
(Kd < 1 � 10–11 M) that can contain up to 100 aggrecan
monomers (Mr ~ 2 � 106 Da per monomer). The mo-
lecular mass of the aggregates is therefore vast and
limits the opportunity for aggrecan loss from cartilage.
Immobilising aggrecan in cartilage is one of most
important functions of HA. Aggrecan structure and
function has been reviewed elsewhere [80 – 83].
Newly synthesised HA has a very high molecular mass
and although the concentration of HA in human
articular cartilage increases with age, the molecular
mass decreases (Mr ~ 3 � 105 – 6 � 105 Da) [84, 85].
These results suggest that HA in normal cartilage is
degraded in a regulated manner during homeostasis
and ageing. HA extracted from diseased cartilage is
also decreased in size [86].

HASs in cartilage
HAS2 is the major HAS isoform expressed in human
and animal articular cartilage and by articular chon-
drocytes in culture [47, 87, 88]. Human chondrocytes
treated with antisense oligonucleotides that block
HAS2 function respond by decreasing HA produc-
tion, pericellular matrix formation and retention of
newly synthesised aggrecan [89]. Conversely, over-
expression of HAS2 in vitro produces a large molec-
ular mass HA that supports pericellular coat forma-
tion [49]. Therefore, HAS2 appears to play a key role
in producing HA necessary for the organisation and
retention of normal cartilage matrix.
HAS3 is also expressed by articular chondrocytes [87,
88, 90] and hypertrophic growth plate chondrocytes
[91], although at lower levels than HAS2, and cultured
chondrocytes are variably reported to express HAS1
[47, 87 – 89, 91].
The decreasing levels of HA seen in joints of osteo-
arthritis (OA) patients can be supplemented by intra-
articular injection of HA to provide therapeutic
benefits [92, 93]. The benefits of intra-articular HA
are consistent with observations of HAS2 down-
regulation in an inflammatory model of arthritis [94]
and up-regulation of HASs during repair of cartilage
defects with autologous chondrocyte transplants [95].

HYALs in cartilage
Human and bovine chondrocytes express HYAL1,
HYAL2 and HYAL3 [60, 64, 96] and PH-20 mRNA
has been detected in human chondrocytes [97]. We
have found that 6-day-old mouse chondrocytes also
express high levels of hyal1, hyal2, and hyal3, and low
levels of PH-20 mRNA (Fig. 1), but that mRNA for
hyal4, hyal5 and hyalp1 was undetectable.

It appears that cartilage HA is degraded by HYALs
intracellularly or extracellularly, depending partly on
its association with aggrecan. HA free of aggrecan, or
HA complexed to sufficiently small aggrecan frag-
ments, is internalised via CD44 and degraded within
lysosomes [23, 98, 99]. In contrast, HA complexed to
intact, or high molecular mass aggrecan is catabolised
outside the cell, because it cannot be internalised
[100]; the complex is simply too large.
The delivery of HA to lysosomes by CD44-medi-
ated endocytosis is well documented for cartilage,
but it is possible that only pericellular HA is
endocytosed in this way and that inter-territorial
HA, remote from the chondrocyte and without a
CD44 attachment, might escape endocytosis. Ag-
grecan fragments have a long tissue half-life, and
whereas large fragments have a half-life of approx-
imately 3 years, smaller fragments, comprising only
the G1 domain, survive in cartilage with an extra-
ordinarily long half-life of 20 – 25 years [101, 102] .
These G1 fragments might survive in cartilage
because their distance from cell surfaces precludes
CD44-medited endocytosis of the HA to which they
are bound, or because CD44 receptors occupied by
large aggrecan-HA complexes are not available to
endocytose smaller complexes. HA is also likely to
have a long half-life in cartilage, given that HA-
aggrecan-link protein complexes do not dissociate
under physiological conditions, and that HA and
aggrecan are catabolised with identical kinetics in
cartilage explants [103] .

Figure 1. Expression of mouse hyaluronidases (HYALs). Messen-
ger RNA for mouse HYALs was amplified by RT-PCR from
extracts of 6-day-old epiphyseal cartilage, 6-day-old liver and 6-
week-old testis; B: blank control. Mouse cartilage does not express
hyal4, hyal5 or hyalp, and PH-20 was only weakly expressed.
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HA in cartilage extracts is substantially smaller than
newly synthesised HA, and a number of studies
suggest that HA might be degraded extracellularly
[104 – 112]. Studies with adult articular cartilage ex-
plants show that catabolic stimuli induce concomitant
release of HA, link protein and aggrecan G1 frag-
ments into media [104, 105, 112 –115], and that the
released HA and G1 domains are small. Other in vitro
studies in growth cartilages have also found evidence
of extracellular HA degradation [106 – 109]. For
example, intact aggrecan monomers are released
from foetal cartilage without cleavage in the protei-
nase-sensitive region between G1 and G2 [108], and
HA released from IL-1-stimulated foetal cartilage
explants is smaller than HA released from unstimu-
lated cultures [109]. Furthermore, electron micro-
scopy studies show that HA-aggrecan aggregates in
the hypertrophic zone are smaller than aggregates in
other zones of the growth plate, due to a decrease in
HA polymer length and a consequent decrease in the
number of monomers attached [106, 107]. These
studies provide convincing evidence for extracellular
degradation of HA, particularly in growth cartilage.

HYALs and HASs in the synovial joint
The major HAS enzymes in human synovium are
HAS1 and HAS2 [47]. Substantially more total HAS
mRNA is expressed by human synovium than by
human articular cartilage [47], and HA synthesis by
synovium is further increased during inflammatory
synovitis. Because of its rheological properties, HA in
diarthrodial joints is a lubricant important for mini-
mising friction between adjacent surfaces during
articulation.
HA is secreted into the synovial fluid by synovial
fibroblasts [116]. In inflammatory joint disease, both
the molecular mass and the concentration of HA in
synovial fluid is decreased [117 – 121]. The changes in
concentration may be the result of dilution as synovial
fluid volume increases [122], HA degradation, altered
HA synthesis or a combination. HYAL2 mRNA is
increased in OA and rheumatoid arthritis (RA)
synovium, whereas HAS1/HAS2 mRNA is reduced
[111]. HAS3 mRNA expression is increased in RA
synovium. This latter finding is particularly interesting
and may explain the significantly lower size and
concentration of HA in RA synovium, compared with
either OA or normal synovium, as synthesis switches
from a HAS1- to a HAS3-mediated process.
The reduced molecular mass of HA in synovial fluids
of patients with arthropathy might exacerbate their
disease in several ways. Along with the increase in
synovial fluid volume, the reduction in HA molecular
mass will decrease synovial fluid viscosity, leading to
decreased friction-free articulation and increased

cartilage damage. The importance of maintaining
synovial fluid HA size and concentration is seen in
viscosupplementation studies where intra-articular
injection of high Mr HA reduces pain in inflamed
joints and promotes wound healing [123– 125]. This
effect is dependent entirely on the elastoviscous
properties of the HA solutions used. However,
decreases in HA molecular mass can have other direct
effects on chondrocytes and synovial tissues. For
example, cartilage explants treated with HA frag-
ments lose aggrecan via aggrecanase activity [24] and
increase their expression of MMP-13 via an NF-kB-
dependent signalling pathway [126]. These pro-catab-
olic effects of HA contrast with their anti-catabolic
effects of failing to increase release of IL-1b into
culture medium, induce AP-1 activation [127] or
induce release of nitric oxide in the presence of
IRAP, the IL-1 receptor antagonist [128]. Instead, HA
oligosaccharides in vitro increase the expression of
type II collagen, HAS2 and aggrecan. These apparent
anomalies highlight the need for further studies on the
role of HA fragments in cartilage biology.

Bone

HA in bone
Although we have known for many years that bone
organ cultures produce HA, the precise function of
HA in bone is unknown. One reason for this is that,
unlike cartilage, HA has no clear structural role in
bone. Bone has separate cell types for matrix synthesis
(osteoblasts), matrix degradation (osteoclasts) and
mechanosensory functions (osteocytes). The forma-
tion and resorption of bone is co-ordinated within
remodelling, or basic multicellular units [129, 130] and
an imbalance in bone formation and resorption
underpins many diseases like osteoporosis, where
targets for therapy are anti-resorptive and pro-osteo-
genic. Bone research has therefore focussed on the
behaviour of osteoclasts and osteoblasts and most
studies have addressed the effects of exogenous HA.
The roles of endogenous HA synthesis and degrada-
tion are slowly being defined [131]; however, it is
important to take care when extrapolating from the
effects of exogenous HA.

Effects of HA on osteoclasts
HA is widely thought to have a role in regulating bone
turnover, but it is unclear whether the HA that
regulates osteoclasts is endogenously produced or
derived from other cell types. Links between bone
resorption and osteoclast HAS induction have, never-
theless, suggested that HA might have a role in
osteoclast binding to bone surfaces and as a diffusion
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barrier for the construction of �sealing zones�, both
essential processes for bone resorption [131]. Intrigu-
ingly, HA taken orally reduces urinary markers of
bone resorption and ovariectomy-induced bone loss
[132], indicating that HA suppresses bone resorption.
If HA is to be exploited therapeutically, the role of HA
and the role, if any, of osteoclasts in HA synthesis must
be determined [133].
There are some data to suggest that the effect of HA
on osteoclasts might depend on the molecular mass of
the HA. HA fragments of <8000 Da, but not high Mr

HA, induce osteoclastic bone resorption via interac-
tions between osteoclast RANK (receptor activator of
NF-kB) and osteoblast RANKL (RANK ligand)
[134]. In addition, HA synthesis and bone resorption,
measured by [3H]glucosamine-labelling and calcium
release, respectively, are well correlated [135]. In
contrast, studies showing that HA secretion is in-
creased by treatment with resorption inhibitors such
as dcAMP or colchicine, suggest that HA might also
suppress osteoclast function [136 – 138]. Exogenous
high Mr HA has an anti-osteoclastogenic effect that
suppresses M-CSF-dependent pathways controlling
RANK signalling via Toll-like receptor-4 (TLR-4);
this could be an important effect since M-CSF/
RANKL governs the differentiation of osteoclasts
[139]. This high Mr HA/TLR-4 regulation of osteo-
clastogenesis is independent of CD44 in contrast to
the pro-inflammatory activity of low Mr HA, which is
also mediated through TLR-4 and is dependent in part
upon CD44 [140]. In vivo, exogenous HA reduces
RANKL-induced resorption and suggests that HA
can restrict osteoclast function [139]. The likelihood
that intact HA restricts, but fragmented HA promotes
resorption is intriguing and warrants further inves-
tigation (Fig. 2).

Effects of HA on osteoblasts
In vitro studies measuring colony number, osteoblast
proliferation, osteocalcin mRNA levels and alkaline
phosphatase have examined the effect of HA on
osteogenesis [141 – 143]. Although they are prelimi-
nary, these studies suggest that HA promotes osteo-
genesis in a manner dependent upon HA mass and
concentration. High Mr HA is reportedly osteoinduc-
tive in vivo [144, 145]; however, this contrasts with
another study showing that HA fails to promote bone
formation in distraction osteogenesis [146]. Since
other glycosaminoglycans might also affect bone, the
osteoinductive effects of HA need further investiga-
tion and care taken when describing their specificity
[147, 148]. Despite the many unknowns, the capacity
for HA to modify osteoblast behaviour strongly
suggests that HA can influence osteogenesis.

Effects of HA on bone remodelling
Bone remodelling involves activation of resorption,
followed by new bone formation, which engages
critical, local interactions between osteoblasts and
osteoclasts. Non-contact co-cultures of osteoclasts
with osteoblasts, or with osteoblast-conditioned me-
dium, show that HA facilitates interactions between
osteoblasts and osteoclasts to regulate osteoclast
responses to parathyroid hormone (PTH). This is
important as PTH stimulates remodelling by promot-
ing formation and resorption, and intermittent PTH
treatment increases bone mass, and points to indirect
actions of HA on osteoclasts to control remodelling
[149]. In addition, HA influences osteoclast progen-
itor recruitment. HA increases RANKL, but not
osteoprotegerin (decoy receptor for RANK) levels in
marrow stromal cells, suggesting that it drives osteo-
clast differentiation. It is possible that HA acts via
CD44 to increase RANKL in bone marrow stromal
cells, and hence remodelling, because anti-CD44
antibodies block these effects, the effects are absent
in CD44-null mice, and the CD44-null mice have
thicker cortices and smaller medullary areas [150].
Exogenous HA also promotes stromal cell prolifer-
ation and osteogenic gene expression [151], indicating
a likely role in pre-osteoblast recruitment, prolifer-
ation and differentiation and osteoclast crosstalk
(Fig. 2).
A cDNA microarray study analysing ligament cells
from patients with an ectopic bone formation disease
further suggests a role for HA in bone remodelling.
This study showed that the HA binding protein,
TNFip6 (TNFa-induced protein 6), was down-regu-
lated during osteoblast differentiation and that
TNFip6 over-expression could restrict mesenchymal

Figure 2. Proposed roles for hyaluronan (HA) and HA fragments
in bone. Schematic model of proposed roles for HA in osteoblast
(OB) recruitment from bone marrow stromal cell (bmSC) progen-
itors, bone formation and mineralisation. Roles for intact, high Mr

HA (HA) and low Mr HA oligosaccharides (o-HA) in RANKL-
related, osteoclast (OC) RANK-mediated promotion of bone
resorption and in endothelial cell (EC) angiogenesis are also
proposed.
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stem cell differentiation. This effect of TNFip6 was
lost in the presence of exogenous HA or TNFip6
lacking the N-terminal HA-binding domain, but only
partial loss was seen with TNFip6 lacking the C-
terminal domain involved in protein interactions. This
interesting study suggests not only that HA-associated
TNFip6 controls osteoblast differentiation, but also
that HA-binding to TNFip6 is a target for therapeutic
intervention in ectopic ossification [152].
Many studies have shown that changes in HA content,
synthesis, retention and release, in several bone cell
types, disease states and dietary conditions are intimately
associated with the control of bone remodelling [153–
158]. For example, bone from patients with the brittle
bone disease, osteogenesis imperfecta (OI), has three
times more HA than normal bone. In addition to
suggesting that HA contributes to the increased fragility
characteristic of OI bone [159], such studies may provide
clues about the function of HA.
Because local diffusion is limited in bone, an extensive
vasculature is vital for the delivery of oxygen and
nutrients. Vascular invasion is also critical for repair
and development and insufficient blood supply is
clearly linked with some bone pathologies [160].
Many studies have shown that high Mr HA is a potent
anti-angiogenic factor [161 – 163] and that, since HA
can inhibit blood vessel sprouting, HA gradients
might provide directional cues for endothelial cells
[164]. Conversely, HA oligosaccharides are angiogen-
ic [165]; they increase endothelial cell proliferation,
motility and tubule formation [166 – 169], and activate
MAPK signalling in endothelial cells to promote
proliferation [170]. High Mr HA does not have the
same proliferative effects as HA oligosaccharides,
suggesting a possible modulatory link between angio-
genesis and osteogenesis in bone diseases such as
osteoporosis and Paget�s disease.
In hypoxic conditions such as fracture callus, bone cells
requiring extra blood supply produce large amounts of
angiogenic factors. Hypoxia also promotes HYAL
activity, suggesting that HA processing into small,
angiogenic fragments might help coordinate bone�s
response to hypoxia [171]. Indeed, HA as a supplement
in bone grafts promotes bone healing [172].

HA synthesis by bone cells
HA synthesis was first identified in bone organ
cultures [136, 137]. Both osteoblasts and osteoclasts
synthesise HA, and in cultured bone explants treated
with PTH, HA accumulates at periosteal surfaces and
around osteocytes [173]. HA synthesis by osteoclasts
is modulated by pro-resorptive stimuli, including 1,25-
(OH)2D3 [174], PTH and glucocorticoids [175].
Isolated osteoblasts synthesise and release HA and
intriguingly, the level of release is characteristic of

their origin within bone and the method of isolation.
For example, cells isolated from layers closer to, or
within the bone matrix show the highest rates of HA
synthesis [176, 177]; these cells are likely to be
osteocytes. Other studies with human osteoblasts
show that HA synthesis is also dependent on cell
density [178, 179]. Clonal populations of isolated
foetal osteoblasts can be distinguished on the basis of
population-doubling times, morphology and respon-
siveness to PTH, as well as on the basis of a distinctive
ratio of HA to other glycosaminoglycans that they
synthesise [180, 181]. We have found that chick
embryo osteoblasts release HA constitutively and
express UGDH [182], an enzyme that we and others
have found is also capable of regulating HA produc-
tion [182, 183]. Foetal osteoblasts synthesise HA and
increase the size of HA they produce in response to
TGF-b [184, 185]. Thus, osteoblast HA synthesis in
vitro is related to cell origin and conditions during
isolation, and it can be regulated by osteogenic
stimuli.
One potential function of HA in bone is as a regulator
of mineralisation. HA binds hydroxyapatite in calci-
fied cartilage and bone, and although it does not
modify mineral growth, it might have a regulatory role
in mineralisation [186]. High Mr HA increases osteo-
blast proliferation and mineralisation, whereas low Mr

HA (60 kDa) increases proliferation but not mineral-
isation [142]. HA synthesis by osteoblasts is mediated
by HAS2 and HAS3 [187, 188]. HAS2 knockdown in
vitro disrupts HA accumulation, coat formation, cell
motility and cell invasiveness [188]. HAS2 expression
is not altered during mineralisation in the MG-63 cell
line and the observed decrease in HA production
corresponds to a decrease in HAS3 expression [187].
Thus, endogenous HA synthesis may restrict miner-
alisation, and its regulation at the level of the HAS is
important for the modulation of mineral deposition
during osteogenesis.
The most crucial function of bone is to bear load and
accordingly, much research is focussed on signalling
mechanisms that ensure bone adapts to applied loads
[189]. Studies showing that the MLO-Y4 osteocyte
line elaborates an HA-rich matrix, essential for flow-
induced increases in PGE2 release, suggest a crucial
role for pericellular HA in transducing mechanical
signals [190]. Our recent studies have found that
primary human osteoblasts also show magnitude-
dependent modulation of HA release in response to
mechanical strain in vitro (Clarkin et al. , unpublished
data), and we have previously found in other cell types
that the supply of monosaccharide, up-stream of HAS
(UGDH), can control HA release and pericellular
HA coat formation [182]. Thus, HA synthesis by
osteoblasts might also be regulated up-stream of HAS
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[191]. Since strain induces anti-resorptive osteogenic
behaviour, strain-induced HA release and the mecha-
nosensory function of HA-rich osteocyte matrices,
might indicate an indirect signalling role for HA in the
control of bone remodelling.
Finally, HA acts as a survival factor in the bone
marrow of multiple myeloma patients and contributes
to pathophysiology [192, 193]. This is important
because it is known that multiple myeloma bone
disease develops almost exclusively in the marrow and
leads to bone destruction by closely apposed osteo-
clasts. These findings suggests that the significant
increases in HAS1 mRNA and HA secretion seen in
the bone marrow mesenchymal progenitor cells of
these patients [193] may drive myeloma marrow cell
survival or osteoclast bone destruction. This extends
the seminal work showing that adherent stromal cells
in haematopoietically active marrow produce HA
[194].

HYAL in bone
Early studies in immature rat bone demonstrated that
all three enzyme activities; HYAL, b-glucuronidase
and b-N-acetylglucosaminidase required for the deg-
radation of HA in bone were present in lysosomal-like
intracellular compartments [195, 196]. At the time, the
different mammalian HYALs were unknown, but it is
now clear that osteoblasts express HYAL2, HYAL3
and HYAL4 [187, 197] and are distinct from most
other cells for their lack of HYAL1 expression. HYAL
activity in osteoclasts has not been characterised.
HYAL gene expression is increased during mineral-
isation: HYAL2 increases by 62-fold, HYAL3 by 13-
fold and HYAL4 expression increasing by 3-fold
[187]. Since HYAL2 is thought to degrade HA to
~ 20-kDa intermediates, increased HYAL2 expression
might produce intermediate-sized HA fragments with
potential roles in intracellular signalling during min-
eralisation to promote bone formation [141, 198].
Coupled with the observation that HASs are down-
regulated during mineralisation (see above: Hyalur-
onan synthesis by bone cells) the up-regulation of
HYALs might have a direct effect of regulating bone
matrix HA content. HYALs are also implicated in the
disruption of matrix vesicles required for bone
mineralisation. The liberation of aggrecan G1 domain
fragments and link protein from vesicles is dependent
upon HYAL treatment [167]. These results are
consistent with the hypothesis that aggrecan is resor-
bed prior to bone mineralisation, with the decrease in
aggrecan content corresponding to the mineralising
front [199]. Osteoblasts might therefore play an active
role in removing matrix components in preparation
for matrix mineralisation during bone formation.

Limb development and morphogenesis

HA-rich pericellular matrices have key roles through-
out skeletal embryogenesis, from the initial outgrowth
of developing limb mesenchyme to chondrogenesis,
joint cavitation and longitudinal bone growth. Dy-
namic changes in these HA-rich matrices rely on both
HA synthesis and degradation.

HYALs and HASs in limb development
Limbs develop when embryonic mesenchyme emerg-
es from the limb bud in a proximo-distal fashion to
form the basic limb primordia. The emerging mesen-
chymal cells proliferate and migrate under the strict
control of signals from the apical ectodermal ridge
(AER), a zone of polarising activity localised to the
distal periphery of the limb bud. HAS2 is abundantly
expressed by the AER and distal subridge mesoder-
mal cells [77] which secrete HA-rich matrices to
provide highly hydrated paths for mesenchymal
migration. The HA-rich matrix also helps separate
mesenchymal cells from each other to prevent the cell-
cell and/or cell-matrix interactions needed to trigger
chondrogenesis [200, 201].
Just before the onset of cartilage formation, precisely
at the time of condensation, mesenchymal cells
express CD44 [202] and gain the capacity to bind
HA [10, 203, 204], concomitant with decreases in
intercellular HA levels, down-regulation of HAS2
expression [77], and increased HYAL activity [78].
This suggests that HA must first be removed from
precartilage condensations in order for later chondro-
genesis to proceed. Over-expression of has2 in chick
limb bud mesoderm interferes with this highly regu-
lated process and results in limbs that are shortened,
malformed and lacking in one or more elements [77],
confirming that excess HA is detrimental to precar-
tilage condensation. HYALs in prechondrogenic limb
mesenchyme are maximally active at pH 2.5– 4.5,
suggesting they are lysosomal [205]. Resorption of the
HA matrix of limb mesenchymal cells is thought to
occur via receptor-mediated endocytosis and trans-
location of HA to lysosomes [205, 206]. CD44 is the
primary receptor for HA-mediated endocytosis in
many systems [79, 207, 208]; however, it is possible
that HA endocytosis in prechondrogenic limb mesen-
chyme is achieved by a receptor other than CD44
given that CD44–/– mice lack a developmental pheno-
type [209]. Alternatively, transient, acidic microenvir-
onments which exist within extracellular matrices
might facilitate extracellular HA catabolism by acid-
active HYALs [205]. Evidence for this comes from a
study in breast cancer cells, which showed that HA
binding to CD44 activates a specific Na+-H+ ex-
changer (ROK/NHE1) that is co-localised with
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HYAL2 and CD44 in lipid rafts and is linked to
changes in lysosomal pH and extracellular acidifica-
tion [65]. While local pH gradients might provide
favourable environments for low pH enzymes, there is
also recent evidence that HYAL2 is active at pH 6.0–
7.0 [63].
These findings do not address the role of the HASs in
ensuing chondrogenesis. The regulation of HA syn-
thesis at stages after the initiation of chondrogenesis
has not been resolved, nor has the relationship
between HA synthesis and the synthesis of sulphated
glycosaminoglycans that are required for cartilage
elaboration.

HYALs and HASs in joint cavity formation
Cells within the developing limb destined, by pre-
patterning, to form a future synovial joint are known
to separate individual chondrogenic regions by �inter-
zones�. An interzone defines a region that consists of
three cell layers comprising two outer intermediate
layers either side of an inner central cell layer. Joint
cavity formation (cavitation) begins from within the
central cell layer of the interzone as a cell-free space is
established to separate the adjacent cartilage ele-
ments. The cells that form the interzone remain pre-
chondrogenic and produce many factors that actively
restrict chondrogenesis prior to cavitation and can be
distinguished from adjacent cartilaginous elements by
their failure to secrete an aggrecan-rich matrix.
Instead, HA is secreted by cells of the interzone
prior to and during overt cavitation. This newly
synthesised HA is readily detected using a biotiny-
lated HA-binding protein as a probe for free binding
sites on the HA polymer [210 – 212].
The precise mechanisms regulating joint cavity for-
mation are not known and apoptosis may [213, 214], or
may not [215, 216], have a role in cavitation. Move-
ment is essential for establishing the joint cavity in
developing chicks (reviewed in [217]). Paralysis in-
duced in the developing chick embryo abrogates joint
cavity formation and induces joint fusion across the
interzone region, associated with increased sulphated
proteoglycan, but decreased local HA content [218].
The application of mechanical strain can also induce
secretion of large amounts of HA by cells derived
from embryonic chick articular surfaces in vitro. It is
therefore thought that embryo movement promotes
local HA secretion into the interzone matrix to
facilitate cavitation. HA accumulated in the interzone
is thought to reach its full swelling potential by
absorbing water, thereby creating a cell-free extrac-
ellular space between adjacent cartilage elements.
Temporospatial patterns of has mRNA expression
and in vitro studies using cells derived from chick
embryonic articular surfaces suggest that has2 is the

major HAS involved in this process [44, 219, 220].
Once formed, fibroblasts at the intimal surface of
synovial membranes, which express predominantly
HAS1 and HAS2 [47], continue to synthesise high Mr

HA.

HYALs and HASs in longitudinal bone growth
After secondary centres of ossification are established in
the epiphyses of growing bones, longitudinal growth
depends on the rate at which chondrocytes proliferate
and mature into hypertrophic cells in the growth plate,
which comprises zones of morphologically and bio-
chemically distinct cells. Cells in the resting zone are
round and sparse, relatively quiescent and surrounded
by a voluminous matrix. Chondrocytes in the prolifer-
ative zone are flattened and stacked in ordered columns,
separated by longitudinal septae. Cells in the pre-
hypertrophic zone retain this columnar organisation,
and as they hypertrophy (hypertrophic zone) begin to
increase their metabolic activity and enlarge by as much
as tenfold [221] to occupy up to 60% of the tissue volume
[222]. The terminally differentiated hypertrophic chon-
drocytes are eventually removed in the erosion zone at
the chondro-osseous border. The hypertrophic zone
contains higher HA concentrations than resting or
proliferative zones [223, 224], and this is associated
with increasing levels of calcium and phosphate, pre-
sumably in preparation for mineralisation [225].
As hypertrophic chondrocytes enlarge [221] to occupy
an increased tissue volume [222], the HA content also
increases. Pavasant et al. [223] showed that this HA
accumulates in the pericellular space surrounding the
hypertrophic chondrocyte in its lacunae, leading the
authors to postulate that HA swelling pressures in this
space contribute directly to hypertrophic expansion and
impact directly on bone growth, and hence overall body
stature. Conversely, aberrant HA production could lead
to abnormal or insufficient hypertrophic expansion and
might contribute to the phenotype in some skeletal
dysplasias [223]. It is not clear which synthases produce
HA in human hypertrophic chondrocytes; however,
has2 and has3 mRNAs are maximally expressed in
prehypertrophic rabbit growth plate chondrocytes [226]
and has1–3 are detected by in situ hybridisation in
hypertrophic chondrocytes of mouse growth plate [91].
The growth plate is highly dynamic; within each zone
there is extensive remodelling and it appears that in
the hypertrophic zone, HA production and degrada-
tion proceed simultaneously. Electron microscopy
studies have shown that aggrecan aggregates in the
hypertrophic zone are smaller than in other zones, due
to a decrease in the length of HA to which aggrecan is
bound [106, 107]. Other studies show that HA
released from rabbit growth plate chondrocytes dur-
ing in vitro differentiation has a broad ranging
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molecular mass [226]. Since hyal1 and hyal2 are
expressed in the proliferative and hypertrophic zones
of rabbit growth plate [227], these results suggest that
HYALs, and synthases producing high Mr HA, are
active concurrently.
Depolymerisation of HA by HYALs in growth plate
cartilage will simultaneously depolymerise the HA-
aggrecan-link protein aggregates. HYALs therefore
provide a non-proteolytic mechanism for degrading
aggrecan aggregates and facilitating their loss from
cartilage (Fig. 3). The early literature records some
controversy over whether aggrecan is [228 – 231] or is
not [232 – 235] lost from the hypertrophic zone just
before cartilage calcifies. However, it is now clear that
aggrecan is lost from the hypertrophic zone [236], and
clear that, although the concentration of aggrecan
increases [110, 236], there is a net loss of aggrecan
before calcification [236]. A number of recent studies
suggest that aggrecan loss from hypertrophic cartilage
might not involve the aggrecanases or MMPs tradi-
tionally associated with aggrecanolysis. Analyses of
mice with knockin [237, 238] or knockout [239 – 241]
mutations show that ablation of aggrecanase activity
[238, 239, 241, 242], or MMP activity [237] does not
disrupt growth plate organisation or bone formation.
Some strains of mice showed differences in their
susceptibility to experimental arthritis [238, 239, 241],
but surprisingly, all the strains developed normally
without skeletal deformity. These results challenge the
prevailing dogma about aggrecan degradation in
growth cartilage, and suggest that aggrecan loss from

the growth plate might not be driven by the same
proteolytic mechanisms that drive aggrecan loss from
articular cartilage in joint disease. Instead, these data
are consistent with emerging evidence that there
might be “non-proteolytic” mechanisms for aggreca-
nolysis in epiphyseal cartilage [109] that involve
hyaluronidases [108, 110] (Fig. 3).
Extensive growth plate remodelling occurs in the
lower hypertrophic zone, where blood vessels from
the metaphysis break through the transverse septa
into the hypertrophic zone lacunae. This is followed by
the appearance of osteoblasts that deposit osteoid that
will mineralise to form bone. Immunohistochemical
studies show that osteoprogenitor cells at the meta-
physeal border endocytose HA via CD44 for degra-
dation in lysosomes [33]. Hypertrophic chondrocytes,
osteoclasts and septoclasts adjacent to invading capil-
laries [243] might also degrade HA. Septoclasts in
particular appear to secrete lysosomal enzymes in-
cluding cathepsin-B [244]. Indeed, their abundant
lysosomal content makes it tempting to speculate that
septoclasts, as well as cells in the lower hypertrophic
zone, are responsible for local HYAL release and
degradation of HA-aggrecan aggregates by lysosomal
exocytosis. Lysosomal exocytosis occurs when con-
ventional lysosomes (distinct from the specialised
secretory lysosomes found in haematopoietic cells and
osteoclasts [245]) fuse with the plasma membrane in
response to cell wounding in a calcium-dependent
process thought to be a repair mechanism for patching
holes in cell membranes [246 – 251]. During hyper-

Figure 3. Proteolytic and non-proteolytic mechanisms of aggrecanolysis. (a) Intact aggrecan monomer showing the G1, G2 and G3
globular domains, with the N-terminal G1 domain bound to HA and link protein. Keratan sulphate chains are represented as short straight
lines attached to the core protein; chondroitin sulphate chains are represented as longer wavy lines. (b) Proteolysis of an aggrecan
monomer by ADAMTS enzymes. Cleavage in the region between the G1 and G2 domains is most detrimental for cartilage function. (c)
Aggrecan aggregate showing aggrecan monomers and link protein assembled on a single HA polymer. (d) Fragments of degraded aggrecan
monomers bound to intact HA. (e) Intact aggrecan monomers bound to short (degraded) HA.
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trophy, chondrocytes expand their volume substan-
tially over a short period of 3 –4 days, experiencing
rapid increases in stretch-induced load. This mechan-
ical challenge might induce lysosomal exocytosis and
release of HYALs in hypertrophic chondrocytes [252].
The invasion of blood vessels into the growth plate is
critical for initiating bone formation. Vessel ingrowth
delivers new mesenchymal cells that differentiate into
osteoblasts that secrete bone matrix. The presence of
low molecular mass HA fragments in the medium of
differentiating chondrocytes in vitro is intriguing
considering that (exogenous) fragments of HA are
angiogenic [165, 166, 253 – 255]. It is possible that, in
addition to secreting angiogenic factors such as VEGF
(vascular endothelial growth factor) [256], cells at the
bottom of the growth plate might stimulate capillary
invasion into the hypertrophic zone by inducing
HYAL activity that generates low Mr HA fragments.
This is consistent with the synergistic effects of VEGF
and exogenous HA oligosaccharides on the angio-
genic response in bovine microvascular endothelial
cells [257] and it is tempting to hypothesise that
hypertrophic chondrocytes might also respond syn-
ergistically to endogenous HA fragments and VEGF.
Although deficiencies in HYALs are not widely
reported, there are two patients (siblings) with
mucopolysaccharidosis type IX, a lysosomal storage
diseases caused by a mutation in the HYAL1 gene
[258, 259]. The phenotype in these patients is mild,
and includes periarticular soft-tissue masses, erosions
of the acetabulum and short stature [258]. The short
stature is consistent with an impaired ability to resorb
HA-aggrecan aggregates in the growth plate, leading
to abnormal or delayed cartilage resorption and
defective ossification and growth of long bones.

Summary

For such a simple molecule, HA is remarkable for its
diversity of functions, its distribution across species
and its non-Newtonian physical properties. HA links
cells with their extracellular environment by binding
to CD44 and when the linkages are disrupted, cells
respond by modulating gene expression and matrix
remodelling. HA is produced as large polymers by
HASs located at the cell membrane, and it is degraded
by HYALs. Selected HYALs can, in collaboration
with lysosomal exoglycosidases, degrade HA to its
monosaccharide constituents; others depolymerise
large HA polymers to fragments of variable sizes.
HA fragments in vitro have bioactivities that are
distinct from the parent molecule, and efforts to
identify such fragments in vivo, and to confirm their
bioactivities, are in progress. The biochemical proper-

ties of the HYALs vary and might depend on cell,
tissue, age, disease or development; these variable
properties include their pH optima, substrate specif-
icity, and their site of expression within the cell.
HA production by HASs is essential for the develop-
ment, and the function, of synovial joints. In develop-
ment, HAS2 expression at the AER generates HA
that provides hydrated paths for the migration of
mesenchymal cells, and separates cells to prevent cell-
cell interactions that trigger chondrogenesis. Indeed
chondrogenesis requires removal of HA, and the
down-regulation of HAS activity, up-regulation of
HYAL activity and increased expression of CD44 are
coordinated to achieve this. Failure to remove excess
HA prior to chondrogenesis in vivo results in short-
ened and malformed limbs. Skeletal growth occurs in
the growth plate where dynamic synthesis and degra-
dation of HA occur simultaneously to continuously
remodel growing bones. The angiogenic properties of
exogenous HA oligosaccharides seen in vitro could be
important for directing vascular invasion into the
growth plate, and also for bone healing.
In the adult, high Mr HA facilitates lubrication and
articulation in the joint space; it immobilises and
concentrates aggrecan in articular cartilage to achieve
high compressive resilience and in bone, it is thought
to suppress resorption and limit mineralisation. Pro-
moting HA synthesis as an adjunct therapy for
managing joint diseases might therefore have efficacy
in stabilising cartilage and bone matrices and increas-
ing friction-free movement.
Although much is known about where and when HA
is produced and degraded, much remains to be learned
about the activities of the HASs and HYALs and how
they are regulated. Future studies with targeted
mutations in the HAS and HYAL genes in mice will
provide clearer insights into the functions of these
important enzymes.
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