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1. ABSTRACT

A simple, linear polysaccharide with unique
molecular functions, hyaluronan is a glycosaminoglycan
whose biomechanical and hydrodynamic properties have
been thoroughly characterized. However, the exact role the
molecular mechanisms and signaling pathways of
hyaluronan play in the regulation of stem cell fate, such as
self-renewal and differentiation, remains to be determined.
The abundance of hyaluronan in embryonic tissues
indicates that it is highly important in developmental
processes. Recent studies have focused on understanding
the mechanisms of hydrated hyaluronan action and its
interaction with neighboring substances. This review is an
attempt to elucidate the complex role of hyaluronan
signaling in the Iinitialization and regulation of
developmental processes, particularly in events dictating
the fates of mesenchymal stem cells during the
organogenetic phases of chondrogenesis and osteogenesis.
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2. INTRODUCTION

Hyaluronic acid (HA), or hyaluronan is a very
large, high-molecular-weight, linear glycosaminoglycan
composed of between 2,000 to 25,000 disaccharide units of
glucuronic acid and N-acetylglucosamine (betal,4-GIcUA-
B1,3-GIcNAc-),. Unique among glycosaminoglycans, the
polysaccharide has an extracellular biosynthesis site (on the
plasma-cellular membrane) that lacks a core protein
acceptor, a chemical composition devoid of sulphated
esters, and unique and diverse biological functions.
Particularly, during early development, hyaluronan serves
not only as passive space filler, but it also activates and
regulates essential biological events by mediating cell
behavior via its effects on cellular migration, proliferation,
and  differentiation. = Furthermore,  hyaluronan is
ubiquitously distributed in the extracellular matrix of
invertebrate and vertebrate organisms as a major
constituent of tissues, where cells migrate, divide, and
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differentiate. In addition, hyaluronan plays a pivotal role in
the homeostasis of physiological events such as tissue
regeneration, wound healing, and tumorigenesis.

The synthesis of this high-molecular-weight, highly
hydrated biopolymer occurs on the inner side of the plasma
membrane, and the product is released directly into the
extracellular space. Hyaluronan is synthesized by HASI,
HAS2, and HAS3, hyaluronan synthase isoforms that are
encoded by three separate, but related, genes (1-4). The
HAS genes are located on three different chromosomes,
which, in turn, determine different expression patterns, and
confer distinct functions on the products obtained (5, 6).
HAS2 was suggested to be the predominant enzyme in
chondrocyte metabolism (7, 8) and therefore, the major
source of hyaluronan production during embryonic
development (9, 10). Recently, the regulation of hyaluronan
synthesis and degradation was summarized by Bastow et
al. (11).

At least three fundamentally different functions
have been proposed for hyaluronan in the regulation of cell
behavior under both normal and pathological conditions:

— With the advent of glycochemistry research, a passive
structural role was suggested for hyaluronan (12, 13) based
on its unique biomechanical and hydrodynamic properties.
Hyaluronan expands the extracellular space by binding salt
and water, and it creates a highly hydrated ECM that
facilitates cell movement (reviewed in Toole, 2004 (14)).

— Hyaluronan plays the role of supporting element in
supermolecular aggregates that are created by specific
interactions of between it and other extracellular
macromolecules. A good example is cartilage tissue, in
which the highest order hyaluronan structures occur in
conglomerates of aggrecan and collagen type II, both of
which are necessary to maintain the biomechanical
properties of the tissue (15-18).

— The most complex but least understood hyaluronan
function is its signaling role, i.e., its involvement in
intracellular signal transduction and in the activation of
biochemical pathways.

The goal of this review, therefore, is to understand
how hyaluronan regulates signal transduction during the
embryonic development of mesenchymal cells that leads to
the formation of bone and cartilage. Beginning with the
early morphological events of mesenchymal phenotype
development, our analysis also reviews the steps of
aggregation and condensation and a series of differentiation
steps, all of which contribute to the formation of
chondrogenic and osteogenic anlagen. The current
knowledge of the mechanisms that dictate the fate of
hyaluronan -mediated signaling in mesenchymal cells will
be reviewed in human, chicken, rat, mouse, and rabbit
embryonic limb model systems.

3. HYALURONAN RECEPTORS

Hyaluronan -mediated signals are transmitted
through cell surface receptors, and mesenchymal cells

262

express several of the many possible hyaluronan receptors:
CD44 (19, 20), RHAMM (receptor for hyaluronic acid
mediated motility) (21) and the toll-like receptor 4 (TLR4)
(22, 23). The predominant receptor for hyaluronan, CD44,
was suggested to be one of the specific markers for
mesenchymal stem cells (24-26). The expression of
additional hyaluronan receptors has been identified (27,
28), but their exact signaling roles have not been elucidated
yet.

CD44 is a cell surface transmembrane protein that
mediates both cell-cell and cell-matrix interactions.
Originally identified by Hughes in 1981 (29) in NIH 3T3
fibroblast cells, CD44 was shown to be expressed by a
variety of cells and tissues. In mouse embryo, CD44
expression was initially detected in the ectoderm
surrounding the limb-bud mesenchyme from the earliest
stage of limb-bud outgrowth beginning from day 8 of
gestation (30). In rat embryo, CD44 was first detected in
the mesenchyme bordering the neural tube on day 10 (31).
This receptor regulates a variety of biological functions,
such as cell-cell adhesion (20, 32-34), pericellular matrix
assembly (35, 36), and cell migration (37-39), and it also
participates in hyaluronan endocytosis (40-42), and tumor
cell metastasis (43-46).

Although CD44 proteins are all encoded by a single
gene, cells that display CD44 express some heterogenic
isoforms of this receptor due to posttranslational
modifications and to the alternative splicing of ten variant
exons in the cell membrane vicinity at the proximal region
of the extracellular domain. The cytoplasmic and the amino
terminal domains are highly conserved (47). The
cytoplasmic tail of CD44 does not contain any actin-
binding sites, and its interaction with the cytosketeton is
mediated by cytoskeleton-associated proteins, such as
merlin, ankyrin, and others (48). In construct with the
CD44 receptor that integrates with the cytoskeleton
proteins, hyaluronan affects the integrity of the cytoskeletal
structures (49). The cytoplasmic domain is required for
hyaluronan binding and its internalization (50-52).

It has been suggested that mesenchymal cells
mainly express CD44s (CD44N), the standard form of
CD44 (53, 54), while tumor cells are associated with the
expression of a diversity of CD44 isoforms (55-58).

Research has indicated that low-molecular-weight
hyaluronans, practically degraded to oligomers, inhibit the
signaling of high-molecular-weight hyaluronan (59, 60). A
possible explanation for this phenomenon could be that the
activation of a normal hyaluronan signals depends on the
simultaneous interaction of many CD44s molecules with
the same hyaluronan molecule. Indeed, Hardingham and
Muir (61) reported that decasaccharides were the smallest
hyaluronan fragments able to bind strongly to CD44, while
Lesley et al. showed that only oligosaccharides larger than
20 residues could interact with two CD44s simultaneously
(62). Actually, the longer the sugar chain, the more linked
binding sites for CD44 that are present; alternatively, the
higher the overall receptor density, the more binding
activity is achieved, and, in turn, the signal strength rises.
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The affinity of CD44 to hyaluronan seems to be
regulated from inside the cell (63) and can be modulated by
cytokines (64) and the hyaluronan-binding protein TSG-6
(the secreted product of tumor necrosis factor-stimulated
gene-6) (65). It has been shown that CD44 affinity to
hyaluronan requires a very specific glycosylation pattern
(62, 66) and helical folding of the hyaluronan-binding
domain of CD44 (67).

Another hyaluronan receptor, RHAMM has
emerged as a critical regulator of cell motility and focal
adhesion turnover (68-70), and it also has multiple isoforms
(71, 72). RHAMM is located at the cell membrane and has
no transmembrane or cytoplasmic domains. Nonetheless, it
was also reported to be present in the cell cytoplasm, where
it interacts with microtubules and actin filaments (73). In an
in vitro, bovine system, embryos produce RHAMM
mRNA, as detected, beginning from the 2-cell stage (74).
This receptor is generally suggested to be activated during
cell migration (70, 75-77). Further experiments revealed
that the signaling role of RHAMM is not restricted to this
particular function only. As evidenced, inhibition of the
RHAMM gene during embryogenesis causes loss of
pluripotency and cell viability in human embryonic stem
cells (78). Furthermore, in CD44 knockout mice, the
RHAMM gene compensates for the loss of CD44 by
supporting up-regulating genes associated with CD44, as
assessed by a microarray containing 13,000 cDNA clones
(79).

Recently, toll-like receptors (TLRs) for hyaluronan
were shown to be involved in the hyaluronan signaling of
bone marrow-derived mesenchymal cells. Part of the innate
immune system, these transmembrane receptors are used to
detect inflammation and initiate host defense response
mechanisms (80). Recent studies demonstrated that
mesenchymal stem cells of the bone marrow express TLRs
(22, 81), and the expression is upregulated in the
inflammation zones (82). To date, apart from the study of
Chang et al. (83), which indicates that hyaluronan inhibits
osteoblast differentiation of mouse derived bone marrow
cells via TLR4, there is no evidence for the involvement of
this receptor in developmental events.

4. ROLE OF HYALURONAN IN DEVELOPMENTAL
PROCESSES

4.1. Epithelial-mesenchymal transition (EMT)

Normal developmental processes, organogenesis
and growth depend on interactive signaling between cells
and tissues. Epithelial-mesenchymal interactions are critical
mechanisms employed during embryogenesis that promote
cartilage formation from the primary mesenchyme in
parallel with the formation of the neural crest from the
ectoderm (84). Formation of the primary mesenchyme from
the epithelium is known as the process of epithelial-
mesenchymal transition (EMT). Primary developmental
EMTs are morphogenetic mechanisms that drive germ
layer reorganization at the initial primary embryonic
epithelium transition during gastrulation and neural crest
formation (85-87). The entire series of EMT events are
involved in the phenotypic transition of a cell originally
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destined for the epithelium to a cell with a mesenchymal
phenotype, including the corresponding mesenchymal gene
expression profile. The most apparent EMT event is the
reorganization of the cells, through the formation of new
intercellular communications (88-90), from a two-
dimensional sheet of epithelial cells to a more complex set
of juxtaposed tissues. For the transition to be successful,
progenitor cells must be properly positioned to take on the
correct temporal and spatial patterning. Indeed, when
epithelial cells undergo an EMT, certain phenotypic
alterations, such as the loss of cell-cell contact and the
acquisition of cell motility, are immediately obvious (91-
93). Therefore, some components of the extracellular
matrix that contain hyaluronan play a cell-cell adhesion
role, and as a result, they are likely to be modified during
EMT (94-96).

Further experiments revealed that hyaluronan plays
a crucial role in the transition of epithelia to mesenchyme
during embryogenesis. In some cases, hyaluronan plays
both an essential and a sufficient role in the induction of
EMT (94, 96, 97). HAS2 null mice embryos have been
found to totally lack the ability of epithelial-mesenchymal
transformation (10, 97).

Studies of the process of EMT have revealed that
high levels of hyaluronan appear at the site of neural crest
formation (98). Recent findings indicate that hyaluronan is
required for two pivotal events in the EMT: the first event
is the matrix expansion that occurs during the initiation of
the cell migration phase (96, 99), and the second comprises
the anchorage-independent cell survival and cell
proliferation steps (60, 99, 100). These findings indicate
that the EMT program is activated and regulated mainly by
hyaluronan.

Both in vitro and in vivo developmental studies
have revealed that the initial stage of EMT, when the
epithelial cells begin to lose their cell-cell contact, is
mediated by the cadherin-catenin based adherence
junctions, as reviewed previously (101-103). After the
adherence junctions dissociate, the cells undergo a
phenotypic conversion that is expressed in the remodeling
of their cytoskeleton and in the formation of alternative
focal adhesion sites. This process promotes cellular
locomotion and leads to changes in the locations of the
cells that cause further cell growth in an anchorage-
independent manner.

A number of cytokines such as Wnt, TGF-beta
(transforming growth factor beta), SF/HGF (scatter
factor/hepatocyte growth factor), EGF, and other ligands all
bond to the family of tyrosine kinase receptors known to
establish and further induce EMTs (for reviews see (104,
105)). Numerous studies have shown that members of the
TGF-beta superfamily are implicated as potent activators of
cell motility. They stimulate expression of the hyaluronan
receptor RHAMM, located on the cell surface, and elevate
hyaluronan synthesis (106-108). Hyaluronan appears to
mediate tyrosine phosphorylation of cadherins and catenins
which, in turn, leads to a decrease in cell-cell adhesion.
Fujita et al. (95) demonstrated that hyaluronan mediates
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Figure 1. Binding of hyaluronan to cell surface RHAMM activates a signaling cascade that results in dissociation of adherent
junctions and cell motility. RHAMM is associated with protein tyrosine kinases and activates Src phoshorylation via focal
adhesion kinase and ERK kinases, which leads to the phosphorylation of catenins and a decrease in cell-cell adhesion through the
dissociation of adherent junctions. The adherent junctions are composed of clustered cadherins associated with cadherins alpha-
and beta-catenins. This results in local actin filament reorganization and the formation of focal adhesion sites, which involves
integrins and ECM components, such as fibronectin (see fig. 2) and the activation of Ras signaling.

signaling that induces a rapid, transient protein tyrosine
kinase phosphorylation that is quickly followed by a net de-
phosphorylation, a pair of events that is confined to focal
adhesion of the extended laminae (68). Formation of the
focal adhesion sites involves integrins, a large family of
transmembrane proteins that associate with extracellular
matrix proteins outside the cell and with cytoskeleton
proteins in the cytoplasmic domain, which help activate the
local organization of actin fibers (109-111). This course of
events is supported by Hall et al., who showed that
hyaluronan mediates focal adhesion turnover via the
RHAMM receptor (69). The focal adhesion site promotes
cell survival signals through the dephosphorylation of FAK
(focal adhesion kinase), an event that is also RHAMM
dependent (77, 112). Hence, RHAMM regulates both the
transient phosphorylation and the net dephosphorylation of
FAK. The phosphorylation of FAK appears to permit focal
adhesion assembly and to eliminate cell motility.
Conversely, the disassembly of focal adhesions involves
the dephosphorylation of FAK, which enables -cell
movement across the ECM.

This transient phosphorylation process has also
been shown to be CD44-dependent. Indeed, CD44-negative
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control cells did not respond to hyaluronan stimulation
(95), which suggests that there is a structural link between
CD44 and FAK and that the formation of the focal
adhesion sites stimulates CD44 activation and its
association with the tyrosine kinase receptor. Thus, the
activity orchestrated by CD44 and additional factors are
also associated with the control of FAK stimulation (see
Figure 1). This is in accordance with the observations of
Hall et al. (69) that the focal adhesion kinases pp125™¥
and ppl23™K are  phosphorylated/dephosphorylated
subsequent to hyaluronan stimulation (113). Therefore, the
existence was demonstrated of the complex comprising
RAHMM and containing Src, the hyaluronan-stimulated
protein tyrosine kinase, which colocalize with cytoskeletal
elements. The process of cytoskeleton reorganization
promotes events that define the mesenchymal phenotype of
cells, i.e., the induction of cell motility and anchorage-
independent growth and proliferation. Dispersal of the
adherent junctions leads to the accumulation of beta-
catenin, which, in turn, was reported to stimulate the
production of hyaluronan (96). Accompanying the increase
of hyaluronan production in epithelial cells is the induction
of gelatinase production, especially gelatinase B (MMP-9)
(96), which can associate into clusters with CD44 (114).
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Figure 2. Sequent event following the dispersion of adherent junctions is the formation of focal adhesion sites, which involves
integrins and FAK. The integrins interact with fibronectin and other ECM components. Formation of focal adhesion site
associates with CD44 and receptors tyrosine kinaze, indicating involvement of cytokines, such as TGF-beta, in the pathway.
Activation of CD44 stimulates Ras-ERK signaling via activation of PKB and the receptor tyrosine kinase Erb2, triggering further
the survival pathway of the cell. Activation of these signaling pathways in unison leads to survival and anchorage-independent

proliferation.

As the EMT process progresses, the cells succeed in
adapting to the emerging conditions, under which they are
less dependent on cell-cell interactions, as anchorage-
independent growth is among the fundamental
characteristics of the cells during EMT. Normal epithelial
cells undergo apoptosis if they detach from their underlying
substrate, a process termed anoikis (115). Transformed
cells, however, evolve specific mechanisms that allow them
to survive and grow as anchorage independent cells.
Hyaluronan has been shown to play an essential role in the
stimulation of such unattached anchorage-independent
survival. Upon hyaluronan activation of CD44, the cell
forms the focal adhesion site, which involves integrines and
focal adhesion kinase (see Fig.2). Although the exact
mechanism underlying this effect has not yet been fully
elucidated, indications exist that hyaluronan activates Ras-
signaling pathways (116) via the stimulation of Akt
(protein kinase B), glycogen synthase kinase-3beta (96),
and the receptor tyrosine kinase ErbB (97, 117). The
activation of Ras can be altered by adding growth factors,
which leads to the release of receptors and integrins that
trigger the ERK survival pathway. Recently, hyaluronan
has also been shown to stimulate a series of events,
resulting in activation of the MAPK pathway that involves
CD44 (99, 117). Other new findings indicate that some of
the CD44 isoforms are associated with the TGF receptor
(TGFR) via either its intracellular (118) or extracellular
domains (119). Oligomers of hyaluronan reverse the effect
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of elevated hyaluronan production by inhibiting EMT
initiation (120), PI 3-kinase activity (96), and the cell
survival pathway (60, 100).

The large number and variety of extracellular
stimuli that can initiate EMT events suggest that multiple
signaling pathways are involved in this complex process.
Although a number of the key signaling pathways have
been identified, our understanding of these pathways is far
from complete. Tumorogenesis, the process of the initiation
of metastasis, in which cells deposit an organized epithelial
layer, appears to stimulate the pattern of behavior governed
by the above factors and involve the same molecular
pathways (104, 111, 121, 122).

4.2. Limb development

The product of mesodermal lateral plate cells that
undergo  chondrogenesis and  osteogenesis, limb
organogenesis leads to the development of joints and,
through endochondral ossification, of other structures
during skeletal development. Joints develop from the
mesenchyme via the process of mesenchymal
condensation, which is regulated by the interactions of the
epithelial-mesenchymal cells (123, 124).

Early mesenchymal formation is regulated by the
apical ectodermal ridge (AER), an ectoderm layer found
above the mesodermal distal subridge and a zone of
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Figure 3. Development of mesenchyme skeletal elements in the embryonic limb. (A) Early limb formation, the intermediate
mesenchyme covered by ectoderm. (B) Limb growth regulated by AER and ZPA. (C) Condensation of mesenchymal cells. (D)
Interzone formation: mesenchymal cells differentiate into chondrocytes. (E) Separation of the adjacent skeletal anlagen and
formation of synovial cavity. (F) Articular cartilage and synovial cavity formed. (G) Chondrocytes that were proliferating at the
center of condensation region stop proliferating and become hypertrophic. (H) Hypertrophic chondrocytes direct the formation of
mineralized matrix and attract vascular elements. Osteoprogenitor cells arrived with blood vessels form the ossification centers,

remove the mineralized cartilage matrix and form bone tissue.

polarizing activity (ZPA) (Figure 3. A, B) that provides the
molecular cues required for limb patterning and outgrowth
(reviewed in (125)). Studies have shown that both
mesenchymal and AER cells secrete large amounts of
hyaluronan (126, 127) and hyaluronidase (128), such that
the early limb mesenchymal cells are separated by an
extensive extracellular matrix, in which hyaluronan is the
predominant glycosaminoglycan that undergoes rapid
turnover and remodeling. In the early limb bud, the
mesodermal zone subjacent to the AER shows patterns of
gene activity characteristic of undifferentiated tissues
(125). Sherman et al. have demonstrated that in AER, the
CD44v3 isoform acts as a co-receptor for members of the
FGFR family of RTKSs (129). Therefore, the current view is
that a series of signaling systems are functioning
coordinately, and that hyaluronan, together with other
factors such as FGF (130, 131), bone morphogenic protein
(BMP) (132), and Wnt (133-135), contributes to AER
signaling maintenance of the subridge mesenchymal cells
in an undifferentiated state and promotes subridge
mesenchymal cell migration toward the AER (136). Limb
bud growth is accompanied by the gradual distancing of the
cells in the apical mesoderm from the AER. Out of range of
AER influence, the mesenchymal cells can differentiate
independently of the AER.

The first morphological indication that a site is
destined to become cartilage is the occurrence of
mesenchymal condensation (Figure 3 C), an event that is
dependent on cell-cell and cell-matrix interactions. Prior to
the condensation process, the early mesenchymal cells are
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separated by a hyaluronan-rich extracellular matrix.
Maleski and Knudson (34) were the first to describe how
hyaluronan initiates the formation of cellular aggregates
during the precondensation stage by cross-bridging via
multivalent interactions with hyaluronan molecules found
on adjacent cells. After aggregate formation, hyaluronan is
down-regulated and the condensation stage begins. Cells
form close contacts with one another, a process that triggers
the appearance ofprechondrogenic cells that lack their
hyaluronan-rich pericellular coat (137). Mesenchymal cell
morphology is round to polygonal, although sometimes the
cells have spiky projections, and its nucleo-cytoplasmic
ratio is typically high (138). As chondrofication begins, the
pericellular matrix appears in the intercellular space,
initially as a thin film coating the cells, which then become
separated from one another in a manner similar to capsules
(lacunae) (139). The pericellular matrix in the vicinity of
the cell comprises a thin envelope of proteoglycans with an
adjacent layer of collagen fibrils (140). Differentiated
(mature) chondrocytes do not express hyaluronan or CD44
(141). However, as cartilage is formed, both hyaluronan
and CD44 are detected in the expanded surrounding matrix,
and therefore, differentiated cells regain their capacity to
form hyaluronan-dependent pericellular matrices (142).

4.3. Joint cavitation

Synovial joint development involves the formation
of a cavity, initiated in a presumptive joint area called the
interzone, within the condensed mesenchymal cells. An
interzone is a three-layered structure formed from a narrow
band of densely packed flattened cells from which the joint
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cavitates. Although the precise cavitation mechanisms have
not been resolved, the leading hypotheses ascribe this
process to programmed cell death and mechanical
stimulation effected by cell locomotion. Developmentally
programmed cavitation involves a reorganization of the
intercellular matrix that leads to cellular dissociation, the
separation of opposing sides of the joint, and cavity
formation. hyaluronan was suggested to play a crucial role
in the loss of intercellular integrity necessary for joint
formation (143-145).

Concomitant with the first signs of cavitation, free
hyaluronan molecules become available in the joint
interzone (146). Cells within the interzone show high
expression levels of hyaluronan (147) and hyaluronan
receptors (148) before and during cavitation. Evidence
exists that mechanical strains created by movements of the
embryo stimulate hyaluronan synthesis (149, 150), which,
in turn, initiates joint cavity formation. The application of
hyaluronan oligosaccharides close to joint formation
disrupts joint formation by blocking cell surface receptors
(150, 151). According to a widely accepted theory, joint
cavity formation within the interzone is brought about by
swelling pressure produced by hyaluronan. However, it is
likely that since this mechanism also involves cellular
reorganization and cell-cell and cell-matrix interactions, the
directional nature of hyaluronan action in cavity formation
may be the same as that during the epithelial-mesenchymal
transition: the simultaneous disruption of cell-cell
interactions and the formation of cell-matrix interactions
lead to cellular reorganization and phenotypic transitions.

Three types of tissue develop at the site of joint
formation: synovial membranes, joint cavities, and articular
cartilage (138). To accomplish this feat, the cells undergo
transitional cellular metamorphoses in the interzone (152),
a claim that is supported by the finding that ERK/MARK
signaling is involved in controlling joint cavity phenotype
(150, 153).

4.4. Long bone formation

Cartilage anlagen develop into long bones via a
process termed endochondral ossification, in which
chondrocytes undergo terminal differentiation via
chondrocyte hypertrophy, a process characterized by
cartilage matrix calcification, vascular invasion, and
ossification (Figure 3, G, H). Hypertropic chondrocytes
undergo programmed apoptosis in the zone of erosion,
where osteoprogenitor cells migrate into the lacunae, attach
to the surface of calcified cartilage, and form woven bone.
The calcified cartilage is partially eroded and bone is
deposited, replacing the tissue residues penetrated by the
vascular mesenchymeal stream. This process of
endochondral ossification then spreads from the zone of
erosion to both ends of the shaft. The role of hyaluronan in
bone development is not yet fully understood, but the
accumulated evidence suggests that it plays a critical role in
this process.

It has been shown that early in endochondral
ossification, when only undifferentiated cells are present,
HA expression reaches peak levels (154, 155). Moreover,
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observations have revealed that hyaluronan is synthesized
mainly by hyaluronan synthase 2 (HAS-2), the enzyme
capable of synthesizing high molecular weigh hyaluronan
(156, 157).

Histochemical  analysis has  shown that
chondrocytes in the hypertrophic zone secrete large
amounts of HA (158). Pavasant et al. (159) demonstrated
that the same factors that stimulate hyaluronan production
by chondrocytes during the hyperthrophic phase, such as
growth hormone (GH) and insulin-like growth factor-I
(IGF-I), also promote their terminal differentiation during
the erosion phase.

In comparison to chondroblasts, mature
chondrocytes produce larger pericellular coats of
hyaluronan. Composed of both hyaluronan and aggrecan,
the coats are attached to the surfaces of the chondrocytes
via specific hyaluronan receptors and by sustained
transmembrane interactions with hyaluronan synthases. The
development by Clarris and Fraser (160) of the assay
facilitated visualization of the pericellular coat of
hyaluronan, showing that the coat extends outward from
the plasma membrane of mature chondrocytes by as much
as one cell diameter.

Detailed studies comparing hyaluronidase activity
during early pericellular matrix accumulation and at the
hyperthropic stages have shown that hyaluronidase
expression levels were enhanced while the chondrocytes
become hypertophic (161, 162). Hyaluronan turnover in the
zone of erosion causes an increase in hyaluronan
oligosaccharide production, which further stimulates the
production of vascular endothelial growth factor (VEGF)
(120). Up-regulation of VEGF was shown to stimulate the
ingrowth of blood vessels (163, 164) as part of the process
of osteogenesis. Recently, Gao et al. (165) reported that the
initiation of angiogenesis by hyaluronan oligosaccharides
was mediated via a RHAMM receptor, but not by CD44.
The blood vessels bring chondroclasts, osteoblasts, and
osteoclasts into the new ossification centers, which are
responsible for the remodeling of the mineralized cartilage
matrix and for the formation of bone tissue.

A role of hyaluronan oligosaccharides in the bone
formation process was suggested a decade ago by Pilloni
and Bernard (166), who reported on the enhancement of
mineralization and bone formation by degraded
oligosaccharides of hyaluronan (30 — 40D), but not by
high-molecular-weight hyaluronan molecules. Recently,
Tanne, (167) reported that degraded hyaluronan
oligosaccharides have an inhibitory effect on the activity
and expression of Runt-related 2 (Runx2) transcription
factor, a master factor of chondrocyte differentiation
toward hypertrophic chondrocytes (168-170), while high-
molecular-weight hyaluronan has no effect on the
expression of Runx2. According to the reports of Kim et al.
(171) and Takeda et al. (172), Runx2 expression decreased
in late hypertrophic chondrocytes.

Taken together, these findings indicate that the
accumulation of low molecular weigh hyaluronan in the
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Figure 4. Cell signaling is induced by HA via receptors CD44 and RHAMM and involves TRK activation by cytokines and
nonreceptor kinases (Src family). The signaling complexes promote phenotypic transitions, cell survival and cell differentiation
pathways. To induce the pathways, a multi-step activation mechanism occurs at the same time as, for example, the activation of
TRK by cytokines, the activation of hyaluronan-receptor by hyaluronan, and the formation of complex signaling. Only the
intersection of all these activities initiates the complex pathways, which transacted to the cell nucleus where it triggers the

corresponding gene to express its profile.

late stages of chondrocyte hypertrophy induces the invasion
of blood vessels into the hyperthrophic zone and promotes
the terminal differentiation of chondrocytes and their
replacement by bone cells. Furthermore, several studies
have indicated that hyaluronan also effects the proliferation
and differentiation of osteoprogenitor cells to the
osteoblastic phenotype (173). Located in the periosteum
and bone marrow, osteoprogenitor cells generate the
osteoblasts that are responsible for bone formation and
functions. Hughes et al. (174) observed that both
osteoblasts and osteoclasts produce hyaluronan and express
the hyaluronan receptor CD44, while Chang et al. (83)
reported that these cells also express RHAMM and toll-like
receptors for hyaluronan.

Cao et al. demonstrated that the addition of
exogenous hyaluronan increased by 3.6 fold and 3 fold
Receptor Activator for Nuclear Factor KB Ligand
(RANKL) mRNA and protein levels, respectively, in a
dose-dependent manner in murine bone marrow derived
stem cells. An osteoclast regulatory factor, RANKL is an
important activating cytokine that plays a crucial role in the
initiation of the pathway that leads to the differentiation of
osteoclast precursor cells to active osteoclasts. On
osteoclast precursor cells, RANKL binds to the
transmembrane receptor RANK. The stimulation of
RANKL by hyaluronan could be blocked with anti-CD44
antibody (175).

268

5. SUMMARY AND PERSPECTIVE

Increasing in the production and accumulation of
hyaluronan prior to and during essential morphological
developmental events such as chondrogenesis and
osteogenesis suggests that it plays a key role in these
events. In recent decades, many research groups attempted
to elucidate this role, and their work led to the assumption
that the remarkable hydrodynamic properties of hyaluronan
influence cell behavior. Indeed, hyaluronan is capable of
retaining water, and the pressure exerted by its swelling can
cause cells to physically separate structures during such
morphological events as EMT and joint cavity formation.
In addition, hyaluronan plays a direct signaling role
through its interactions with its cognate family of cell
surface receptors. In spite of the acceptance that hyaluronan
-induced signaling exists, the mechanism of its action has
not been fully established.

The initiation of morphological events is preceded
by the temporal and spatial up-regulation of hyaluronan,
including cellular reorganization and phenotypic transitions
during the epithelial-mesenchymal transition, joint cavity
formation, and with endochondral ossification. The
accumulation of hyaluronan at these sites preserves the
cells in an undifferentiated state, while concomitantly
stimulating their proliferation. Once cells and matrix
reorganization have been accomplished, hyaluronan
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undergoes down regulation and degradation via several
well-established  mechanisms.  Hyaluronan  behaves
similarly at the sites of bone fractions, callus formation,
and wound healing, where it assists mesenchymal cell
migration to regions in which regeneration is needed (176,
177).

The functional link between the family of
transmembrane proteins (such as TRK ERBB) and
hyaluronan receptors (activated by cytokines) leads to the
activation of a variety of downstream signaling cascades,
involving Akt, Rac-1, ERK, and FAK, all of which are
critical for cell motility. A variety of co-receptors for CD44
have been described, including among others, EGFR (178),
c-Met, VEGFR (179), and FGFR (118). One possible,
multi-step activation mechanism occurs at the same time
as, for example, the activation of TRK by cytokines, the
activation of hyaluronan-receptor by hyaluronan, and the
formation of signaling complexes (see Figure 4). In this
manner, hyaluronan activates the PI3K-AKT signaling
pathway, which promotes cell survival, the ERBB/Ras-
MARK signaling pathway, which promotes selective cell
differentiation, and the Wnt-beta-catenin signaling pathway
that is critical for cell differentiation.

The complex task of establishing the regulatory role
of hyaluronan still needs to be clarified. The similarities
that exist between hyaluronan-activated and mediated
mechanisms in developmental events and cancer
metastasis, in the latter of which hyaluronan plays a crucial
role in cell survival, invasiveness, and EMT, dictate that
hyaluronan and its mechanisms of action continue to be
studied.
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