Chapter 9
The Role of HA and Has2 in the Development
and Function of the Skeleton

Peter J. Roughley and Pierre Moffatt

Abstract Hyaluronan (HA) is present throughout the body, including all the bones
and cartilages of the skeleton, where it may fulfill both a structural and metabolic
role depending on its molecular size. In mammals, HA is produced by three
hyaluronan synthases (Has), of which Has2 is the predominant form in cartilage
and bone. HA can be degraded by hyaluronidases (Hyal) and free radicals.
Mammals possess five hyaluronidases, of which Hyall and Hyal2 are thought to
be predominant in cartilage and bone. The structural role of HA in cartilage is
dependent on its ability to form proteoglycan aggregates, whereas its metabolic role
involves intracellular signaling induced by interaction with receptors such as CD44
and RHAMM. Such signaling differs between high-molecular-weight HA and its
fragments. HA and its fragments play a major role in endochondral bone formation
and possibly intramembranous bone formation, as they can regulate the differentia-
tion and action of chondrocytes, osteoblasts, and osteoclasts. Cartilage-specific
depletion of HA synthesis has been studied in floxed Has2 mice that have been
crossed with mice expressing Cre under control of either the Prx1 or the Col2al
promoter. Such deletion of Has2 gene expression results in a chondrodysplastic
phenotype, in which all endochondral bones of the skeleton are severely truncated.
The phenotype is characterized by severely impaired longitudinal growth of the
bones due to abnormal organization and differentiation within the growth plates,
particularly in the process of chondrocyte hypertrophy. The Col2al-driven mice
also exhibit defective modeling of the endochondral bone.
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9.1 Introduction

Many bones in the appendicular and axial skeleton are formed from a hyaline
cartilage precursor, which subsequently develop and grow by endochondral ossifi-
cation. The remaining bones of the skeleton, particularly those of the skull, do not
involve a cartilage precursor and arise directly and grow by intramembranous bone
formation. Hyaline cartilage persists in the endochondral bones at their growth
plates during juvenile development and as articular cartilage at the bone surface in
diarthrodial joints, where it allows smooth motion. In contrast, the more restricted
motion of the spine is provided by the fibrocartilaginous intervertebral discs.

Cartilage and bone function depend on the unique structure of their extracellular
matrix (ECM). In mature articular cartilage and intervertebral disc, the ECM
provides the ability to resist compressive loading, and in the growth plate, it
provides the scaffold that maintains the unique cellular organization responsible
for long bone elongation. The cartilage ECM is characterized by the presence of
proteoglycan aggregates that are formed via the interaction of hyaluronan
(hyaluronic acid, HA) with numerous aggrecan molecules. While aggrecan is
absent in bone, HA is present, though it is not thought to play a structural role as
in cartilage but rather may participate in cell signaling. Irrespective of whether HA
fulfills a structural or metabolic role in the skeleton, it is essential for the normal
development and function of both cartilage and bone.

9.2 HA Structure and Metabolism

9.2.1 HA Structure and Distribution

HA was first identified in the vitreous humor of the eye in 1934 (Meyer and Palmer
1953), but its structure was not elucidated until 1954 (Weissmann et al. 1954). Itisa
linear polysaccharide composed of repeating disaccharides of p-glucuronic acid
(GlcA) and N-acetyl p-glucosamine (GlcNAc), which are linked by P(1-3) and
B(1-4) bonds, respectively (Fig. 9.1), and is a member of the glycosaminoglycan
(GAG) family. HA is distinguished from other GAGs, such as chondroitin sulfate
(CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate (HS), and
heparin, by its long chain length, lack of sulfation, and mode of synthesis (Fraser
et al. 1997). A typical HA molecule may possess in excess of 10,000 disaccharide
units with a molecular weight of over 5 MDa, whereas the sulfated GAGs rarely
exceed 50 kDa. HA is synthesized as a free polysaccharide chain at the plasma
membrane of the cell, unlike the sulfated GAGs which are all synthesized on a
protein primer within the Golgi. Its chain elongation is also reported to occur at the
reducing terminus, rather than the nonreducing terminus as occurs in the sulfated
GAGs (Prehm 2006).
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Fig. 9.1 The structure of HA. The figure illustrates the structure of glucuronic acid (GlcA) and
N-acetyl-glucosamine (GlcNAc) that form the repeating disaccharide unit of HA and their
interaction by 1 — 3 and Bl — 4 bonds. The figure also depicts the cleavage site of HA by
mammalian hyaluronidases (Hyall and Hyal2)

HA is present in all vertebrates but has so far not been detected in invertebrates.
It is however produced by some species of bacteria. HA is a ubiquitous molecule in
vertebrates, being present in all tissues and body fluids (Fraser et al. 1997). In man,
the abundance of HA is highest in the umbilical cord, a tissue often used for its
preparation, and synovial fluid, where it is present at concentrations greater than
1 mg/ml. Among the body’s connective tissues, HA is most abundant in skin,
vitreous, and cartilages of the skeleton. In the rat, about 27 % of the HA present
in the body is found in the skeleton and its supporting structures (Reed et al. 1988).
The tissue abundance of HA varies throughout life, but it is present from the
embryo to the adult. HA can have many diverse functions throughout life, which
depend on both its abundance and molecular weight. HA abundance can also vary
with the site within a tissue. In the growth plate, its abundance increases from the
proliferative to the hypertrophic zone (Matsui et al. 1991), where it is thought to
contribute to cell hypertrophy in addition to its more conventional role in proteo-
glycan aggregate formation within the ECM (Pavasant et al. 1996).

9.2.2 HA Synthesis

HA is produced by hyaluronan synthase (Has) residing at the cell membrane
(Weigel et al. 1997). Three distinct mammalian Has have been described, Hasl,
Has2, and Has3 (Shyjan et al. 1996; Watanabe and Yamaguchi 1996; Spicer et al.
1997), and while all produce HA of an identical composition, it can differ in its rate
of synthesis, chain length, and the ease with which it can be released from the cell
surface depending on the Has involved (Itano et al. 1999). Has1, Has2, and Has3 are
integral membrane proteins, with a similar size and structure (Weigel and
DeAngelis 2007). Each possesses seven transmembrane or membrane-associated
domains and a large cytoplasmic domain containing the active site for HA synthesis
(Fig. 9.2). Although the active conformation of Has at the cell membrane has not
been defined precisely, there is evidence that at least Has2 is capable of forming
homodimers and heterodimers with Has3 and that this and ubiquitination are
important for maximal activity (Karousou et al. 2010). Synthesis takes place from
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Fig. 9.2 HA synthesis via Has. Has is depicted as an integral plasma membrane enzyme with
multiple intracellular, extracellular, and transmembrane domains. The largest intracellular domain
possesses the catalytic site for HA synthesis. HA is synthesized in the cytosol by the alternating
addition of glucuronic acid (GlcA) and N-acetyl glucosamine (GIcNAc), with the resulting
growing polymer being extruded directly from the cell

cytoplasmic UDP-glucuronic acid and UDP-N-acetyl glucosamine. The
monosaccharides are added to the reducing end of the nascent HA chain in the
cytoplasm, and the growing chain is continually extruded into the extracellular
space through a pore in the plasma membrane formed by the enzyme. The newly
synthesized HA may be retained at the cell surface via interaction with Has or a HA
receptor such as CD44, or it may be released and diffuse away from the cell. It is not
clear what determines when release occurs. In cartilage, proteoglycan aggregate
formation occurs via the interaction of aggrecan and link protein with the extracel-
lular HA.

All Has genes are expressed by chondrocytes (Hiscock et al. 2000; Nishida et al.
1999; Recklies et al. 2001), with Has2 having the highest expression level and
being principally responsible for HA production in all cartilages. It is less clear
which Has is predominant in bone and whether osteoblasts, osteoclasts, and
osteocytes are all involved in HA production. All three Has are expressed during
embryonic development, albeit at different times and in different locations (Tien
and Spicer 2005). Has2 appears to be by far the most important Has during
embryonic development, as mice lacking Has2 gene expression die during mid-
gestation (Camenisch et al. 2000), whereas those lacking Hasl or Has3 gene
expression are viable and appear normal. Mice lacking both Has1 and Has3 also
appear normal, though there is reported to be accelerated wound healing (Mack
et al. 2012). Conditional inactivation of the Has2 gene in cartilage (Matsumoto
et al. 2009; Moffatt et al. 2011) or over expression of Has2 in limb bud mesoderm
(Li et al. 2007) results in severe chondrodystrophic phenotypes. This illustrates both
the crucial role that Has2 plays in cartilage development and endochondral bone
formation and the need for HA production to be regulated during limb
development.
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9.2.3 HA Degradation

In vivo, HA can be degraded by the action of hyaluronidases (Hyal) and free
radicals (Stern et al. 2007). Six hyaluronidases have been described in
mammals—Hyall, Hyal2, Hyal3, Hyal4, HyalP1, and PH20, though PH20 is a
testicular enzyme confined to the acrosome of sperm and in humans HyalP1 in an
inactive pseudogene (Csoka et al. 2001). All the active hyaluronidases are endo-f3-
N-acetyl hexosaminidases, that utilize hydrolysis to cleave HA at the p(1-4) bonds
(Fig. 9.1). The enzymes are also able to degrade CS via cleavage of the f(1-4) bond
between N-acetyl galactosamine and glucuronic acid, albeit with lower efficiency
than they cleave HA. The exception may be Hyal4, which may possess a greater
chondroitinase activity.

Hyall, Hyal2, Hyal3, and Hyal4 have been shown to be expressed in both
cartilage and bone (Bastow et al. 2008). However, Hyall and Hyal2 are ubiqui-
tously expressed and are considered to be the major hyaluronidases in somatic
tissues. The two enzymes are distinct in their cellular location and the size of the
HA fragments that they produce. Hyall is a lysosomal enzyme, whereas Hyal2 is a
glycosylphosphatidylinositol (GPI)-anchored enzyme on the outer surface of the
plasma membrane. Hyal2 may be responsible for the initial degradation of extra-
cellular HA, which is then internalized for subsequent degradation by Hyall. Hyal2
has a limited capacity to degrade HA and produces fragments of about 20 kDa (50
disaccharide units). In contrast, Hyall results in more extensive degradation and
fragments of smaller size. Hyal2 may also be released from the cell membrane and
function in the more remote ECM, where it has been postulated to play a role in HA
degradation during inflammation (Durigova et al. 2011). Genetic ablation of Hyall
(Martin et al. 2008), Hyal2 (Jadin et al. 2008), or Hyal3 (Atmuri et al. 2008) in the
mouse has very few phenotypic consequences on development, reproduction, and
aging. In the skeleton, only subtle changes were observed in the Hyall and Hyal2
knockout mice: a slight loss of articular cartilage proteoglycan for Hyall and the
appearance of an extraosseous structure in the frontonasal process and abnormally
shaped cervical vertebrae for Hyal2.

HA is also susceptible to nonenzymic degradation by free radicals generated
during cell metabolism (Stern et al. 2007). Superoxide is produced by many cells
via NADPH oxidase and may undergo dismutation to form hydrogen peroxide.
Neither superoxide nor hydrogen peroxide by themselves degrades HA, but when
present together or when hydrogen peroxide is present with a transition metal, rapid
degradation of HA may occur via the production of hydroxyl radicals. Superoxide
also plays a role in the conversion of nitric oxide to peroxynitrite, which can also
result in the degradation of HA. Because of the relatively short half-life of free
radicals, HA near the cell surface will be most susceptible to radical-mediated
degradation.

It is now clear that HA fragments can have distinct functions compared to the
high-molecular-weight HA generated by Has (Stern et al. 2006; Noble 2002). For
example, high-molecular-weight HA plays a structural role, is anti-inflammatory
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Fig. 9.3 The structure of proteoglycan aggregates. The figure depicts the interaction of aggrecan
with HA and the stabilization of the interaction by a link protein (LP). The disulfide-bonded globular
regions (G1, G2, and G3) of the aggrecan core protein and the interglobular domain (IGD) are
indicated. The sites of substitution by chondroitin sulfate (CS) and keratan sulfate (KS) chains are
also depicted together with the location of the two subdomains for CS substitution (CS1 and CS2)

and antiangiogenic, and impedes cell differentiation, whereas HA fragments are
pro-inflammatory and pro-angiogenic. Even the fragments may differ in function
among themselves, depending on their molecular size, with the small HA tetrasac-
charides being anti-apoptotic. HA fragment function may not be confined to the
extracellular environment, as intracellular HA fragments may also influence cell
metabolism (Hascall et al. 2004).

9.3 HA Functional Roles

9.3.1 HA in ECM Structure

HA forms the backbone of the proteoglycan aggregates that characterize all
cartilages (Hascall 1988). A typical proteoglycan aggregate is composed of a
central filament of HA with up to 100 aggrecan molecules radiating from it, with
each interaction being stabilized by the presence of a link protein (LP) (Fig. 9.3)
(Morgelin et al. 1988). The aggrecan core protein possesses three globular regions
(Doege et al. 1987, 1991; Watanabe et al. 1995; Hering et al. 1997), termed G1, G2,
and G3. The G1 region is responsible for the interaction with HA (Watanabe et al.
1997) and is separated from the G2 region by a relatively short interglobular
domain (IGD) (Flannery et al. 1998) The G3 region is separated from the G2 region
by a long GAG-attachment region substituted with CS and KS chains. The G3
region is essential for normal trafficking of the newly synthesized aggrecan through
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the cell (Zheng et al. 1998), while the GAG chains provide the molecule with the
osmotic properties essential for tissue swelling (Hascall 1988). In addition to
aggrecan, the proteoglycan aggregates may contain versican, which belongs to
the same hyalectin family as aggrecan (Wight 2002). The versican core protein
possesses terminal globular regions analogous to the Gl and G3 regions of
aggrecan but contains far fewer CS chains in its central domain. In both cartilage
and intervertebral disc, versican is present at a lower abundance than aggrecan
(Sztrolovics et al. 2002), and its contribution to tissue function is not clear.

The large size of the proteoglycan aggregates results in their entrapment by the
collagen framework of the tissue, and the high charge conferred by the GAGs
results in tissue swelling and water retention. Proteoglycan aggregate function is
impaired by glycolytic cleavage of the HA or proteolytic degradation of aggrecan,
as occurs in the arthritides. Proteolytic processing by aggrecanases and matrix
metalloproteinases (MMPs) (Sztrolovics et al. 1997; Lark et al. 1997; Hughes
et al. 1995) results in the accumulation of aggregates enriched in Gl regions,
which do not possess the osmotic properties associated with more intact molecules.
The G1 regions remaining bound to HA may accumulate in the ECM for many
years (Maroudas et al. 1998; Sivan et al. 2006). While the size of HA in the
proteoglycan aggregates does decrease with age (Holmes et al. 1988), it is partially
protected from both free radical and hyaluronidase cleavage by the presence of the
link proteins (Rodriguez and Roughley 2006). Aggrecan fragments not possessing a
G1 region are no longer bound to HA and may diffuse within the tissue. These
GAGe-rich fragments are rapidly lost from articular cartilage but may be retained for
many years in the intervertebral disc (Roughley et al. 2006).

Proteoglycan aggregate function can also be perturbed by impaired synthesis,
resulting in decreased size or abundance of the HA or decreased abundance or
charge of the aggrecan. The consequence of such defects of aggrecan on skeletal
development is illustrated by the chondrodystrophic phenotypes that result when
gene mutations occur in aggrecan itself—spondyloepiphyseal dysplasia in humans
(Gleghorn et al. 2005; Tompson et al. 2009), cartilage matrix deficiency (cmd) in
mice (Watanabe et al. 1994; Krueger et al. 1999), and nanomelia in chickens
(Primorac et al. 1994; Li et al. 1993)—or in the molecules responsible for its
sulfation (Wallis 1995; Superti-Furga et al. 1996; Karniski 2001). Mutations in
the versican gene also result in heritable disorders in man (Mukhopadhyay et al.
2006), but the phenotype extends beyond the skeleton, as expected for its expres-
sion in many extraskeletal tissues. To date, no human skeletal dysplasia has been
attributed to HA deficiency due to a mutation in a Has gene, possibly because of the
ubiquitous nature of HA and the lethal consequences that its deficiency could have
on embryonic development.

9.3.2 HA Receptors and Signaling

HA should not be viewed as merely the scaffold upon which proteoglycan aggregate
formation occurs, as it is a multifunctional molecule (Lee and Spicer 2000) that can
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interact with many other HA-binding proteins (Day and Prestwich 2002) and so
influence cell metabolism (Fig. 9.4). HA has been shown to interact with several
unrelated proteins generically called hyaladherins. Two of the most studied are CD44
and RHAMM (receptor for hyaluronan-mediated motility, also called CD168), which
exist in many different isoforms through alternative splicing. CD44 is an integral cell
surface membrane protein that contains a “link” module and can be substituted with a
GAG chain on its extracellular domain, depending on whether the appropriate exon is
present or not. The standard CD44 variant encodes a ubiquitously expressed protein,
whereas all other isoforms, possessing variable extensions within the extracellular
portion of the molecule, generally have a more restricted tissue and cell-type
expression pattern. CD44 is thought to act as a cell adhesion molecule and to serve
as a clearance receptor for internalization and degradation of HA (Knudson et al.
2002). RHAMM can be found both intracellularly and extracellularly, even though it
does not possess a signal peptide sequence and is not targeted to the typical secretory
pathway (Maxwell et al. 2008). It is generally accepted that RHAMM is present
extracellularly at the cell membrane, where it can interact with CD44. While HA
binding to CD44 occurs through its link domain, binding to RHAMM involves a
basic region.

CD44 and RHAMM do not present inherent catalytic activity and thus signal
indirectly through clustering and interaction with various membrane co-receptors,
cytoskeletal components, and cytoplasmic molecules (Aruffo et al. 1990; Slevin
et al. 2007; Turley et al. 2002). Some of the intracellular effects mediated by CD44
and RHAMM are through modulation of the phosphorylation status of a variety
of kinases. For instance, CD44 is known to engage in protein—protein interaction
with and modulate the activity of several membrane receptors possessing intrinsic
kinase activity (MAPK, Src, ErbB2, EGFR, c-Met, PDGFR, VEGFR, TGFB-R).
The effects of CD44 are extremely complex, being cell-type specific and dependent
on the isoform produced and whether its interaction is with high molecular weight
or fragmented HA. Accordingly, downstream effectors solicited by CD44 activa-
tion are numerous. Apart from its interaction with other membrane receptors, CD44
is known to associate with the ezrin/radixin/moesin (ERM) protein complex. ERM
is localized just beneath the plasma membrane of cells and is believed to link the
plasma membrane with the cytoskeleton through interaction with cell surface
receptors and actin filaments. CD44 and other cell adhesion molecules (CD43,
ICAM-1, syndecans, and L-selectin) bind to ERM triggering actin filament reorga-
nization and subsequently affecting various processes, such as cell adhesion and
motility, signaling, phagocytosis, and apoptosis.

CD44 has also been shown to signal directly after its nuclear translocation.
Cleavage of the cell surface CD44 by metalloproteases was reported to generate a
soluble fragment and a 25 kDa ectodomain, which undergoes further
juxtamembrane processing to liberate an intracellular domain (ICD) (Okamoto
et al. 2001; Lammich et al. 2002; Murakami et al. 2003). Upon stimulation of
cell signaling through protein kinase C and Ca®* activation, intramembrane
gamma-secretase cleavage at the transmembrane domain of CD44 releases the
72-residue ICD, which is found to accumulate in the nucleus. Nuclear CD44 ICD
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Fig. 9.4 Schematic representation of signaling functions of HA through CD44 and RHAMM.
CD44 can signal directly or indirectly by interaction with a diverse repertoire of other molecules.
CD44 or its intracellular domain (ICD) can translocate to the nucleus and modulate gene
expression (left). CD44 can also act as a co-receptor “presenting” growth factors or transducer
proteins to their corresponding receptor tyrosine kinase (RTK) (middle). Ensuing is a cascade of
phosphorylation events that culminate in transcriptional regulation of gene expression. The
intracellular portion of CD44 also tethers with the ezrin/radixin/moesin complex (ERM) and the
actin network to promote cell motility (right). Intracellular RHAMM can participate in cell
proliferation/division events through interaction with kinases and the mitotic spindle
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has been reported to activate a TPA responsive element luciferase reporter con-
struct. The CD44 gene itself has been shown to be a target of the ICD transcriptional
activity, thus forming a feed-forward loop. Recently, the entire CD44 molecule was
also shown to be present in the nucleus. The mechanism leading to the nuclear
accumulation of full length CD44 has been shown to depend on its active endocy-
tosis and transport from the cell membrane and on interaction with the nuclear
membrane transportin molecule (Janiszewska et al. 2010). Although the
mechanisms involved are still not fully understood, they seem to be independent
of HA binding. In addition, the full length CD44 molecule has been shown to be
internalized and to interact with cytosolic STAT3 and indirectly with the P300
acetyltransferase (Lee et al. 2009). The complex was found to migrate into the
nucleus to regulate expression of cyclin D1 and promote cell proliferation. Other
target genes also regulated by the CD44/STAT3/P300 complex include those for
MMP2, VEGF, and BCL. The CD44 ICD has also been shown to be a docking site
for SMAD1 (Peterson et al. 2004). Treatment of bovine articular chondrocytes with
BMP?7 induced the translocation of CD44-associated SMADI] to the nucleus with
transcriptional activation of a SMAD-binding element reporter plasmid. The
appearance of nuclear SMAD1 was dependent on HA-CD44 interaction, as it was
abolished by hyaluronidase treatment. It was proposed that SMADI1 binding to the
ICD of CD44 would anchor it close to the plasma membrane for rapid presentation
to the type I BMPR upon BMP7 stimulation (Andhare et al. 2009). However, the
mechanism governing the CD44-SMADI interaction was not defined but was
suggested to involve a phosphoserine in the CD44 ICD.

Incubation of articular chondrocytes with low molecular weight HA fragments
has also been shown to stimulate gene expression through different signaling
pathways (Fieber et al. 2004; Ohno et al. 2005, 2006; Schmitz et al. 2010).
Phosphorylation and activation of Akt and NFkB stimulate distinct anabolic and
catabolic responses, respectively, as reflected by the induction of Has2 and MMP
gene expression. Although the upstream signaling cascades have not been clearly
identified, the effects of the HA fragments appear to be partly related to HA
displacement from CD44. It has been proposed that HA fragment binding results
in “declustering” of CD44 and signaling through cytoskeletal (ERM) reorganiza-
tion and possibly activation of kinases such as PKC and NFkB. It is not known
whether degradative HA fragments are produced in the growth plate and whether
they would be at a sufficient concentration to have any significant impact on either
chondrocytes or osteoblasts.

RHAMM is supposedly expressed at very low levels, and its distribution appears
mostly limited to injured tissues and pathologic cases involving inflammation and
cancer (Fieber et al. 1999). Intracellular RHAMM can interact directly with ERK
and is associated with mitotic spindle and microtubule assembly, where it interacts
with BRCA1 (Tolg et al. 2010; Maxwell et al. 2011). Hence, RHAMM has been
ascribed as a tumor-susceptibility gene in breast cancer, and its elevated expression
and effects on the disorganization of the mitotic spindle have been postulated as one
of the putative mechanisms involved in tumorigenicity. The HA-binding properties
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of RHAMM and the interaction with CD44 have also been linked to the neoplastic
transforming capability of RHAMM.

Because of the relatively wide tissue distribution of CD44 and RHAMM and
their roles in many seemingly crucial aspects of cell differentiation and activity,
such as proliferation, migration, and invasion, it was anticipated that their gene
deletion would be detrimental to life. Surprisingly, the knockout mouse models for
CD44 and RHAMM did not display any overt defects under normal conditions
(Protin et al. 1999; Schmits et al. 1997). However, several studies have documented
subtle to more severe defects when the mice, or isolated knockout cells, are
subjected to different insults, either in vivo or in vitro. For instance, the CD44
and RHAMM knockout mice presented striking problems in repair processes after
bleomycin-induced lung damage (Teder et al. 2002), angiogenesis (Cao et al.
2006), and skin wound injury (Tolg et al. 2006). Excessive accumulation of HA
was found in the lungs of CD44 KO mice, suggesting clearance problems.
RHAMM deficient fibroblasts have impaired motility and blunted signaling through
ERK1/2 phosphorylation. Moreover, arthritis was found to be exacerbated in CD44
knockout mice, when induced by collagen immunization (Nedvetzki et al. 2004) or
TNF-a overexpression (Hayer et al. 2005). Given the close relationship in terms of
function for CD44 and RHAMM, it is perhaps not surprising that RHAMM was
shown to functionally substitute for the absence of CD44. ICAM-1, another mole-
cule with adhesion properties, was also found to compensate for the lack of CD44
in vivo and act as a substitute co-receptor for c-Met in CD44 null mice (Olaku et al.
2011).

9.4 HA in Chondrogenesis and Osteogenesis

9.4.1 HA in Chondrogenesis and Endochondral Bone Formation

Chondrogenesis (Fig. 9.5) begins in mice with mesenchymal cell condensation at
about embryonic day 9.5 (E9.5) in a process that is driven by bone morphogenetic
proteins (BMPs) (Barna and Niswander 2007). By E10.5, the templates for most
skeletal elements have been formed, and the mesenchymal cells within the
condensations differentiate into chondrocytes to form the cartilaginous anlagen of
the skeleton, under stimulation by Sox9, Sox5, and Sox6 (Bi et al. 1999; Lefebvre
et al. 1998; Han and Lefebvre 2008). Chondrocyte differentiation is accompanied
by a change from type I collagen (Coll) production to type II collagen (Col2) and
aggrecan. In contrast, the cells at the periphery of the condensations differentiate to
form the surrounding perichondrium. The embryonic cartilages grow by chondro-
cyte proliferation until about E13.5, when cells in the center of the future bones
cease proliferation and undergo a transformation to first prehypertrophic and then
hypertrophic chondrocytes, which are characterized by their expression of type X
collagen (Col10) and the calcification of their surrounding ECM (Karsenty et al.
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Fig. 9.5 Development of a fetal long bone. The figure depicts mesenchymal condensation (a);
chondrocyte and perichondrial differentiation (b); the development of proliferative, maturation,
and hypertrophic zones and the onset of vascularization into the perichondrium (c); the formation
of the periosteal bone collar and vascular invasion of the calcified hypertrophic cartilage (d); and
replacement of the calcified hypertrophic cartilage by bone (e)

2009). At the same time as chondrocyte hypertrophy occurs, cells in the perichon-
drium differentiate into osteoblasts, under stimulation by Runx2 (Ducy et al. 1997),
and enclose the hypertrophic cells with a bone collar. Vascular endothelial growth
factor (VEGF) production by the hypertrophic chondrocytes stimulates blood
vessel ingrowth (Gerber et al. 1999; Dai and Rabie 2007) and the arrival of
osteoblastic and osteoclastic precursor cells. As the hypertrophic chondrocytes
die, osteoblasts deposit bone on the calcified cartilage and a primary center of
ossification is formed. This process of endochondral ossification is recapitulated
later in the epiphyses of many long bones by the formation of secondary centers of
ossification and continues throughout juvenile life within the growth plates. In all
cases, chondrocyte proliferation and hypertrophy are controlled by a variety of
regulatory factors, including fibroblast growth factor receptor 3 (FGFR3), Indian
hedgehog (Ihh), and parathyroid hormone-related peptide (PTHrP) (Ornitz and
Marie 2002; Lanske et al. 1996; Vortkamp et al. 1996; St Jacques et al. 1999).



9 The Role of HA and Has2 in the Development and Function of the Skeleton 231

HA is associated with many stages of chondrogenesis and endochondral ossifi-
cation (Bastow et al. 2008). In the developing limb bud, Has2 secretes the HA
required to facilitate mesenchymal cell migration (Toole et al. 1972; Kosher et al.
1981), and the formation of precartilaginous condensations is associated with the
expression of CD44 by the mesenchymal cells and interaction with the HA
(Rousche and Knudson 2002). Subsequent removal of the HA by hyaluronidase
cleavage then occurs to allow chondrocyte differentiation (Li et al. 2007). During
endochondral ossification, an increase in HA production is associated with chon-
drocyte hypertrophy and appears to be necessary to facilitate cell swelling
(Pavasant et al. 1996). Hypertrophy is also associated with aggrecan loss from the
surrounding ECM (Matsui et al. 1991), and this may be mediated by hyaluronidase
cleavage of the proteoglycan aggregates (Buckwalter et al. 1987). HA fragments
generated in the hypertrophic zone may serve to terminate the hypertrophic process
by suppressing the expression of Runx2 (Tanne et al. 2008). The HA fragments may
also facilitate vascular invasion, as such fragments are known to be angiogenic
(West et al. 1985; Pardue et al. 2008).

The temporal and region-specific expression pattern of the various components
of the Has2/HA/CD44/RHAMM cascade in the forming and developing skeleton
has not been extensively studied. During early development in the chick limb, the
expression of Has?2 by in situ hybridization was highest in the region corresponding
to the apical ectodermal ridge (AER) and was excluded from the condensing
mesenchyme (Li et al. 2007). This result is consistent with HA being produced
mostly by cells of the AER, where it is proposed to maintain the underlying layer of
mesenchymal cells in a proliferative and non-differentiating state. When out of
reach of this HA-rich environment, condensation of mesenchymal cells becomes
favorable and acts as one of the events initiating the chondrogenic program.
Therefore, a gradient of HA diffusion could help control limb bud outgrowth and
patterning. The role of CD44 in the developing limb bud appears to be related to
that of Has2 and HA. The standard CD44 isoform is expressed throughout the limb
bud, but many different splice variants are restricted to the AER (Sherman et al.
1998). Neutralization of CD44 with an anti-CD44 antibody caused diminished
proliferation of mesenchymal cells and reduced the growth of the limb bud in
mice. This may be related to the capacity of FGF8 to bind to or be sequestered by
the V3 variant of CD44 which possesses a HS chain. Thus, CD44 serves an
important function for FGF8 presentation and indirectly regulates the proliferation
of neighboring mesenchymal cells.

Little is also known about the role of Has2, HA, RHAMM, and CD44 during
later limb development in the establishment of the growth plate and in longitudinal
growth. In situ hybridization for Has2 gene expression in the mouse femur and tibia
at birth showed that highest expression was localized to the prehypertrophic
chondrocytes, with some signal in the articular surfaces (Dy et al. 2010). Very
little if any signal was detected elsewhere in the long bones, including regions of the
primary spongiosa where osteoclasts, osteoblasts, and osteocytes are present. Con-
sidering that HA can be detected throughout the growth plate, it is possible that
levels of Has2 mRNA were below the detection limit inherent to in situ



232 P.J. Roughley and P. Moffatt

hybridization. These low levels may still produce sufficient Has2 protein to gener-
ate considerable amounts of HA. Unfortunately, no studies have reported on the
localization of the Has2 protein in the growth plate. At present, it is unclear why a
high level of Has2 expression is needed by the prehypertrophic cells, but it is
possible that this relates to a unique function of HA in the pericellular environment
of these cells and that this differs from its role in the rest of the growth plate.

In developing mouse long bones, CD44 expression appears to be restricted to the
chondro-osseous junction (Jamal and Aubin 1996; Nakamura and Ozawa 1996;
Noonan et al. 1996). At this interface, both osteoclast and osteoblast precursors
express cell surface CD44. As growth and development proceed, osteocytes have
also been identified as expressing high levels of CD44 (Hughes et al. 1994;
Nakamura et al. 1995). Even though CD44 appears to be expressed in cultured
articular chondrocytes, it was not detected in vivo in growth plate chondrocytes. If
true, this would suggest that the effects of HA in the growth plate chondrocytes are
likely not mediated through CD44 interaction. Consistent with studies conducted in
the mouse and rat, CD44 in chick joints showed high levels in the articular
fibrocartilage and weak expression in the epiphyseal chondrocytes (Dowthwaite
et al. 1998). RHAMM just showed slightly lower expression in epiphyseal than
articular chondrocytes. To our knowledge, the specific role of RHAMM in the
skeleton in vivo has not been studied and could represent an alternative molecule
mediating HA signaling. A recent study has shown that RHAMM overexpression in
MC3T3 osteoblasts slightly enhanced ERK signaling and inhibited differentiation
and subsequent mineralization (Hatano et al. 2011). While CD44 knockout mice do
not possess histomorphometric defects associated with osteoblast and osteoclast
parameters (de Vries et al. 2005), a pCT analyses revealed a subtle reduction
in endocortical bone resorption associated with reduced RANKL production
(Cao et al. 2005).

9.4.2 HA in Intramembranous Bone Formation

In contrast to endochondral bone formation, intramembranous ossification occurs
without the formation of an initial cartilaginous template (Hall and Miyake 1992;
Dunlop and Hall 1995), but in both cases, the eventual synthesis of mineralized
bone occurs through the same process. The cranial vault, mandible, and parts of the
clavicle typify bony elements formed purely through an intramembranous process,
and periosteal bone development which forms the thickened cortical midshaft of
long bones is also intramembranous in nature. Intramembranous bones arise
directly through differentiation of mesenchymal cells, initially compacted in sheets
or membranes, into osteoblasts. Although less well understood, the process of
intramembranous bone formation seems to share many developmental cues and
signals (BMPs, TGFp, FGFs, Wnt, Runx2, Sox9) with endochondral bone forma-
tion. It has even been proposed that a chondrocyte-like cell, presenting a gene
expression signature normally found in chondrocytes, is detected as an intermediate
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stage within the sequence of events leading to fully differentiated osteoblasts
(Abzhanov et al. 2007).

The role of HA during intramembranous bone formation in vivo is unknown.
However, osteoblasts do express Has2 message, and HA is also known to influence
the behavior of both osteoclasts and osteoblasts in vitro. HA may participate in
osteoclast binding to the ECM (Prince 2004), and HA fragments induce bone
resorption (Ariyoshi et al. 2005). In contrast, HA has been reported to be an
inhibitor of osteoblast differentiation (Falconi and Aubin 2007).

9.4.3 Has Expression in Chondrogenic and Osteogenic Cell Lines

The ATDCS cell line has been used extensively to study chondrogenesis, as in
culture it can recapitulate the differentiation from a mesenchymal cell to a chon-
drocyte. Has2 has been shown to be expressed at low levels in non-differentiated
cells and to increase three- to fourfold with differentiation to chondrocytes. Has1
expression is 2-3 orders of magnitude lower than Has2, suggesting that Hasl is
unlikely to compensate for a lack of Has2. shRNA-mediated knockdown of Has2
gene expression in ATDCS5 cells using a lentiviral delivery system induces a
sustained knockdown and results in up to 67 % reduction in HA production.
ATDCS cells with the highest degree of knockdown display an altered morphologi-
cal appearance and a dramatic reduction in Alcian blue staining indicative of
proteoglycan depletion in the ECM (Fig. 9.6). Thus, failure to produce normal
HA levels impairs chondrogenesis and reduces cartilage ECM formation.

The MC3T3-E1 cell line is commonly used to study osteogenesis, as in culture it
can recapitulate the differentiation from an osteoblast precursor to a mature osteo-
blast producing mineralized bone. The expression levels of Hasl and Has2 in
differentiating MC3T3-E1 osteoblasts were relatively constant, but the absolute
levels of Has2 expression were 2—-3 orders of magnitude higher than Hasl1. Thus,
Has2 is likely the major contributor to HA production by osteoblasts in osteoid
during bone formation and modeling.

9.5 Has2 Knockout Mice

9.5.1 Prxl-driven Has2 Knockout Mice

The early embryonic lethal nature of the global Has2 knockout mouse prevents the
role of HA production by Has2 in skeletal development from being studied. To
overcome this problem, two cartilage-specific knockout mice have been generated
using the Cre-loxP system. The first of these utilized a mouse line with a floxed
exon 2 in the Has2 gene, which was crossed with a line expressing Cre recombinase
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Fig. 9.6 Knockdown of Has2 expression in ATDCS5 cells. Stable pools of ATDCS5 cells
expressing the lentiviral sSIRNA were analyzed after 14 days for Has2 message levels (a) and
HA secretion in the culture media during the last 24 h (b). Alcian blue staining of the day 14
cultures reveals considerably less proteoglycan production in the shRNA expressing cells (c¢)

driven by a Prx1 enhancer (Matsumoto et al. 2009). The Prx1 enhancer results in
Cre expression in the early limb bud mesenchyme and a subset of craniofacial
mesenchyme (Logan et al. 2002). As such, it allows gene function to be studied in
the developing limbs of the appendicular skeleton but does not result in gene
excision in the axial skeleton. Exon 2 of the Has2 gene contains the start codon
and two transmembrane domains, and its excision generates a null allele. The
knockout mouse limbs show no evidence of Has2 message bearing exon 2, and
HA content is barely detectable.

By E16.5, all bones of both the hindlimbs and forelimbs of the mutant Prx1-Cre-
Has2 mice are extremely short compared to wild-type mice, and Alcian blue
staining of the cartilaginous regions is very much reduced compared to wild-type
mice. This suggests that the aggrecan content of the cartilage is severely dimin-
ished, as might be expected if the HA content of the cartilage is depleted and HA is
essential for aggrecan retention via proteoglycan aggregate formation. In support of
this conclusion, aggrecan expression is not itself altered in the mutant mice,
confirming that the aggrecan depletion is due to loss from the ECM rather that
lack of production by the chondrocytes.

The limb phenotype of the mutant mice indicates that longitudinal bone growth
is perturbed in the absence of HA. It is therefore not surprising that the growth
plates of the developing bones are abnormal, with the normal columnar cellular
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organization being perturbed and the disorganized cells being more densely packed.
Both the cellular disorganization and the dense packing could be related to the loss
of aggrecan from the ECM. Indeed, mice lacking aggrecan, or possessing unstable
proteoglycan aggregates due to the absence of link protein, exhibit a similar growth
plate disorganization (Watanabe and Yamada 2002).

The abnormality in the mutant growth plates is not restricted to cellular organi-
zation but also involves cell differentiation, as the normal progression from resting
to hypertrophic chondrocytes is perturbed. While there is little difference in chon-
drocyte proliferation in the wild-type and mutant growth plates, subsequent chon-
drocyte hypertrophy within the mutant growth plates is impaired. This results in a
reduction in the number of hypertrophic chondrocytes. At least in part, this appears
to be due to a reduction in the expression of Indian hedgehog (Ihh), which is
produced by the prehypertrophic chondrocytes and initiates hypertrophy. Thus,
the phenotype of the mutant mice due to the absence of HA in the growth plates
is not only due to impairment of its structural role in the ECM but also to
impairment in its role in cell signaling.

In addition, the mutant mice exhibit a patterning defect in the proximal phalan-
ges of some digits, though the link between such a specific patterning defect and
HA depletion is unclear. The mutant mice also exhibit impaired joint cavitation, a
process that is driven by HA (Dowthwaite et al. 2003). In the normal mouse, HA is
elevated in the interzone between two developing bones, and its production results
in a cell-free space that drives cavity formation in this region. It is therefore not
surprising that in the absence of HA, the cells of the interzone remain closely
packed. These changes are probably independent of a depletion in HA production
by chondrocytes but reflect the early expression of Prx1 and perturbation of HA
production by the mesenchymal stem cells prior to their patterning or differentia-
tion into various skeletal elements.

9.5.2 Col2al-Driven Has2 Knockout Mice

The second cartilage-specific Has2 knockout mouse was generated by crossing the
floxed Has2 mice described above with mice possessing Cre under control of the
Col2al promoter (Moffatt et al. 2011; Roughley et al. 2011). Excision of the floxed
exon 2 in the Has2 gene will therefore occur later in skeletogenesis than with the
Prx1-driven mice. Thus, while the Prx1-Cre-Has2 mouse undergoes excision in the
mesenchymal stem cells of the limb buds, the Col2-Cre-Has2 mouse is expected to
involve only committed chondrocytes. However, unlike the Prx1-Cre-Has2 mouse,
which only generates a phenotype in the limbs, the Col2-Cre-Has2 mouse is
expected to also involve the intervertebral discs and vertebrae of the spine. Hetero-
zygous Col2-Cre-Has2 mice appeared normal at birth but showed a slightly dimin-
ished growth rate with minimal skeletal abnormality. In contrast, homozygous
knockout animals developed in utero but died near birth and exhibited a severe
chondrodystrophic phenotype, with abnormalities throughout the skeleton,
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Fig. 9.7 Appearance and skeleton of Has2 knockout mice. Wild-type mice (WT) and Has2
knockout mice (KO) at E18.5 are compared for their external appearance (a) and for the structure
of their skeletons (b). Note the severe chondrodysplasia in the knockout mice, with shortened body
length, limbs, snout, and rib cage. Cartilage is stained with Alcian blue and bone with Alizarin red

Fig. 9.8 Histological analysis of the long bones and spine. Non-decalcified sections of femurs
from wild-type mice (WT) and Has2 knockout mice (KO) were stained with Goldner stain (a).
The femurs of the Has2 KO mice possess a thick cortical bone adjacent to the periosteum, with
little evidence for modeling at the endosteal surface. Decalcified sections of femurs (b) and spines
(c) from wild-type mice and Has2 knockout mice were stained with Safranin O. There was little
evidence of an organized growth plate at the femoral epiphysis, and the formation of the vertebral
primary center of ossification and the appearance of the IVDs were abnormal in the KO mice

including the limbs, spine, and rib cage (Fig. 9.7). The severely compressed rib
cage, with its detrimental consequence on lung development, may account for the
premature death of these mice compared to the Prx1-Cre-Has2 mice.

The long bones of the limbs of the mutant mice were short and wide, and while
the cartilaginous anlagen for the bones appeared to develop normally, there was
little evidence of further growth during embryonic development or for bone
modeling within the diaphysis (Fig. 9.8). In the wild-type bones, a distinct primary
center of ossification with adjacent growth plates had formed in the diaphysis by
E15.5, whereas in the mutant, the primary center of ossification had yet to form,
though hypertrophic cells were present. By E18.5, the diaphysis of the wild-type
bones possessed a cortical rim with a well-formed trabecular center, whereas the
mutant bones possessed an extensively mineralized tissue throughout the diaphysis,
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suggesting that the initial mineralized bone matrix had not been modeled. Perhaps
surprisingly, these defects appear to be more severe than those reported for the long
bone of the Prx1-Cre-Has2 mouse. The reason for the impaired modeling is not
clear, as there was no apparent deficiency in vascular invasion or osteoclasts to
account for such a defect. However, both osteoblast and osteoclast functions are
influenced by the presence of HA in their surrounding ECM, and their attachment to
a HA-deficient cartilage matrix may promote osteoid formation and impair bone
resorption.

The increased mineralization in the mutant diaphysis could also be due to
excessive periosteal bone formation. This raises the intriguing possibility of
decreased production of HA by the osteoblasts themselves in the Col2-Cre-Has2
mouse. In support of this possibility, Col2-driven lacZ expression has been tran-
siently detected in the periosteal osteoblasts (Nakamura et al. 2006). Col2 has also
been shown to be transiently expressed during intramembranous bone formation of
the skull (Abzhanov et al. 2007), suggesting that cranial vault osteoblasts might also
be affected in the Col2-Cre-Has2 knockout mice. Interestingly, the heads of the
Has2 knockout mice appear shorter with a dome-shaped cranial vault (Fig. 9.7).
Alternatively, lack of HA in the cartilage could create an environment where
signaling events from chondrocytes to periosteal osteoblasts are disturbed. In this
respect, it is interesting to note that the presence of CS can regulate the diffusion of
Ihh between prehypertrophic chondrocytes and the periosteum (Cortes et al. 2009).
CS localization in the growth plate cartilage is dependent on proteoglycan aggre-
gate formation, which would be prevented in the absence of HA.

To fully assess the role of diminished HA production by osteoblasts on bone
formation and turnover, osteoblast-specific knockout mice will be needed. They
could be generated using an osterix(Osx)-Cre (Rodda and McMahon 2006) or a
bone-specific Collal-Cre (Dacquin et al. 2002) mouse line to excise the floxed
Has?2 gene in the osteoblast lineage. The Osx-Cre line should excise Has2 early in
committed osteoblast precursors but, at the same time, should not affect
chondrogenesis. Such studies can show whether deletion of Has2 only in
osteoblasts affects both intramembranous ossification and endochondral ossifica-
tion. Indirectly, it could also indicate whether the presence of HA in osteoid has any
influence on osteoclast remodeling activity.

At E18.5, there was also no evidence for normal growth plate formation and
organized endochondral ossification in the mutant long bones, as expected in view
of the lack of linear growth (Fig. 9.8). As with the Prx1-Cre-Has2 mice, there did
not appear to be a deficiency in cell proliferation in the region where the growth
plate should be, but the proliferating chondrocytes appeared unable to organize into
linear columns. The cells did however begin to undergo hypertrophy, though the
resulting cells were smaller than normal hypertrophic chondrocytes, more irregular
in shape, and appeared to die prematurely. They also did not efficiently calcify their
surrounding ECM. Thus, the absence of HA affects the formation, function, and
fate of the hypertrophic chondrocytes and impairs the normal progression from
endochondral cartilage to endochondral bone.
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Both the vertebrae and intervertebral discs of the spine also appeared abnormal
at E18.5 (Fig. 9.8). All vertebrae were reduced in height, and there was no evidence
of an organized primary center of ossification with surrounding proliferative and
hypertrophic chondrocytes. As with the mutant long bones, chondrocyte prolifera-
tion and hypertrophy surrounding the primary centers of ossification in the mutant
vertebrae occurred in a haphazard and incomplete manner, with evidence for
excessive mineralized tissue in its center. Development of the mutant intervertebral
discs appeared to be delayed, with an increased abundance of large vacuolated cells
(presumably notochordal cells) in their nucleus pulposus and remnants of the
notochord persisting between adjacent discs.

In contrast to the Prx1-Cre-Has2 mouse, aggrecan was still abundant in the
epiphyseal cartilage ECM despite the depletion in HA synthesis, though in both
mice the amount of ECM was drastically reduced. In the absence of HA, aggrecan
would be expected to diffuse from the tissue, and therefore it is likely that some HA
persists in the Col2-Cre-Has2 mouse. Such HA might have been produced by
mesenchymal cells in the cartilage anlagen of the bones prior to chondrocyte
differentiation and then persist in the developing cartilage. However, such residual
HA is insufficient to maintain normal function.

9.5.3 Inducible Has2 Knockout Mice

While HA production via Has2 gene expression is essential for normal cartilage and
long bone development in the fetus (Moffatt et al. 2011; Matsumoto et al. 2009), it
is not known whether a decrease in Has2 activity or HA production must be present
from the onset of chondrogenesis for a pathologic phenotype to develop or whether
depletion at later stages of development can also be problematic. Deficient HA
synthesis by growth plate chondrocytes in the juvenile could impair long bone and
vertebral growth, and deficient HA synthesis by articular chondrocytes and inter-
vertebral disc cells in the adult could result in premature joint degeneration.

To address this issue, an inducible cartilage-specific Has2 knockout mouse, in
which Has2 expression can be inactivated specifically in cartilage at various stages
of postnatal development and growth, is needed. For this purpose, a mouse
expressing the Cre transgene under control of both the Col2 promoter (for tissue
specificity) and doxycycline administration (for temporal selectivity) has been
generated (Grover and Roughley 2006). The inducible Col2-rtTA-Cre mouse can
be crossed with the floxed Has2 line to generate the conditional knockout line.
Although such mice develop a phenotype similar to that of the Col2-Cre-Has2 mice
when fed doxycycline from the moment of conception, no major phenotype has
been observed when such mice have been fed doxycycline postnatally.

One of the underlying premises upon which the predicted outcomes for postnatal
HA depletion are based is that HA turnover is taking place in cartilage throughout
life at a sufficient rate for diminished HA synthesis to deplete HA levels. If this is
not the case, then no phenotype would be observed. It is certainly possible that HA



9 The Role of HA and Has2 in the Development and Function of the Skeleton 239

turnover in the remote cartilage ECM could be slow and this could have contributed
to the residual Safranin O staining present in the Col2-Cre-Has2 knockout mice.
However, HA turnover is thought to be rapid at the cell surface (Morales and
Hascall 1988), and depletion at this site might be expected to influence cell
signaling and result in an abnormal phenotype irrespective of whether ECM
changes occur or not.

It is also possible that postnatal administration of doxycycline is not able to
promote complete excision of the floxed Has2 alleles in all chondrocytes, either
because of poor delivery into larger avascular cartilages or because the activity of
the Col2 promoter decreases with age. An alternative strategy to circumvent the
latter problem would be the use of an alternative inducible Cre mouse line, such as
the Agcl-Cre-Tet mouse, which uses an aggrecan gene enhancer to drive Cre
expression (Han and Lefebvre 2008), or the aggrecan-Cre-ERT2 mouse, which
possesses an inducible Cre construct within the 3’-UTR of the aggrecan gene
(Henry et al. 2009). Both of these lines allow Cre expression in mature cartilage.
The lack of a phenotype does, however, raise the question as to what level HA must
be depleted in order for an abnormal phenotype to develop?

9.6 Disorders Due to Impaired HA Metabolism

Even though Has gene mutations have not been associated with skeletal disorders in
humans, perturbation in Has expression and HA production has been associated
with several nonskeletal disorders, particularly malignancies (Adamia et al. 2008;
Ghosh et al. 2009; Yamane et al. 2010). Furthermore, in the Shar-Pei dog, a
mutation upstream of the Has2 gene results in increased expression of Has2 and
increased HA production, resulting in the characteristic thickened skin and a
predisposition for periodic fever syndrome (Olsson et al. 2011). This latter feature
may be a consequence of the pro-inflammatory nature of increased HA fragment
generation during hyaluronidase-mediated turnover of the HA. An inability to
degrade HA to small fragments, due to Hyall deficiency, results in mucopolysac-
charidosis type IX (Triggs-Raine et al. 1999), which does show skeletal
abnormalities leading to short stature.

It is also possible that deficient HA production could be associated postnatally
with skeletal problems involving impaired osteogenesis, such as delayed bone
formation during fracture healing and distraction osteogenesis, which both involve
endochondral ossification. This could be due to abnormalities in HA production or
fragmentation. In such cases, there is the intriguing possibility of using local HA
administration to enhance bone repair. Local administration of HA has been used
clinically in several situations for many years, including eye surgery and the
arthritic joint (Laurent and Fraser 1992).
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