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Abstract

This paper reviews our current state of knowledge of the
roles the small leucine-rich proteoglycans (SLRPs) play
in the formation of connective tissue and mineralised tis-
sue matrices. Both, the SLRPs biglycan and decorin are
highly expressed in extracellular bone matrix and there is
now substantial evidence to support an increasing role for
biglycan and decorin in influencing bone cell differentia-
tion and proliferative activity.  In addition decorin and
biglycan have been implicated in regulating mineral depo-
sition and crystal morphology, whilst decorin has also roles
in organic matrix assembly.  In order to further assess the
role of  these SLRPs during bone formation we have initi-
ated studies investigating primary bone cell culture mod-
els from rats (bone marrow stromal cells, and bone cells
from alveolar bone explants), and identified periods relat-
ing to cell proliferation, organic matrix deposition, remod-
elling of the osteoid, and mineral deposition.  Analysis of
mRNA levels and the nature of the proteoglycan demon-
strated that dermatan sulphate substituted biglycan was
expressed during phases relating to cell proliferation,
ceased at early matrix deposition, and then biglycan was
re-expressed at the onset of mineralisation, but was conju-
gated to chondroitin sulphate.  Decorin was expressed later
than biglycan, was associated with early matrix deposi-
tion, but then continued to the mineralisation stages.
Again, dermatan sulphate-decorin prevailed earlier within
osteoid matrix, whilst chondroitin sulphate-decorin pre-
dominated later within the mineralizing matrix. The na-
ture of the GAG chain conjugated to SLRP and the timing
of its expression would seem to dictate the functions
biglycan and decorin play in bone formation.
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Introduction

Matrix components decorin and biglycan fall into the
class I division of the larger family of the small leucine-
rich proteoglycans.  Encoded by 8 exons and approxi-
mately 45-50kDa in molecular weight, they are composed
of a core protein containing 10 tandem leucine rich re-
peat sequences which are flanked at either end by cysteine
rich disulphide loops.  The N-terminal within decorin
and biglycan provides the attachment sites for 1 or 2
glycosaminoglycan (GAG) chains respectively.  In line
with other members of the leucine-rich superfamily, their
core proteins are proposed to adopt a horseshoe struc-
ture.  Recent evidence has also suggested that decorin is
capable of forming a dimeric structure (Scott et al., 2003).
Such structural features are considered important in fa-
cilitating protein-protein interaction with a range of other
matrix components and with the mineral phase in the
formation of calcified tissues. Indeed the functions of these
macromolecules may now be described as varied and
expanding, with roles ascribed in cell regulation, matrix
assembly and in either the inhibition or controlled depo-
sition of mineral crystal.

Decorin and biglycan have been identified in many
connective tissues.  Classically decorin and biglycan
within mineralised matrices of bone and dentine have
been described to be predominately substituted with the
GAG chondroitin sulphate (CS), whilst those identified
in soft connective tissues, such as skin and ligament, pre-
dominantly carry the isomeric form dermatan sulphate
(DS).  In addition, non glycosylated forms of these
proteoglycan have been identified in human invertebral
disc (Johnstone et al., 1993), articular cartilage (Roughley
et al., 1993) and predentine (Waddington et al., 2003).
Such differences in structure may imply that these
proteoglycans perform differing functions in matrix for-
mation.

Both biglycan and decorin are highly expressed in
bone.  A number of studies have been successful in the
extraction and purification of these SLRPs from the min-
eralised matrices of bone where biochemical characteri-
sation has indicated that they carry predominantly CS
chains at the N-terminal (Fisher et al., 1989; Bianco et
al., 1990; Waddington and Embery, 1991).  Immunohis-
tochemical localisation using antibodies which recognise
different GAG species have demonstrated the localisa-
tion of CS both on the cell surface and in the pericellular
area around osteocytes and bone canaliculi.  In addition,
a more diffuse distribution has been described within the
mineralised matrix associated on and between the fibrous
collagen network (Bartold, 1990; Smith et al., 1997;
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Takagi et al., 1996). Antibodies raised against the protein
core have suggested that within developing bone biglycan
is localised to the walls of the osteocyte lacunae and bone
cell surface, whilst decorin is present throughout the oste-
oid matrix and associated with bone cells associated with
osteogenic and non-osteogenic layers of the periostium
(Bianco et al., 1990).  Studies on mature bone have indi-
cated the presence of decorin in the perilacunar matrix
and canaliculi of osteocytes, whilst biglycan appears to be
evenly distributed throughout the bone matrix (Ingram et
al., 1993).

The observed differences in the distribution of these
two SLRPs in immature and mature bone provide the first
indication that decorin and biglycan play different roles
in the development of the initial osteoid matrix and also
during bone mineralisation.  To this end, and in light of
new emerging roles for decorin and biglycan, the present
paper discusses the potential for these macromolecules in
providing several different roles in the formation of bone.
The paper reviews our current state of knowledge in an
attempt to assign roles to the SLRPs in the formation of a
mineralised matrix.  This consolidation of knowledge fol-
lows from recent studies by ourselves, presented herein,
which have examined the temporal expression and subse-
quent remodelling of decorin and biglycan by bone cells
in vitro.  Throughout the course of our studies we have
examined cells derived from two different tissue sources,
namely bone marrow stromal cells (Waddington and
Langley, 1998) and bone cells derived from explant cul-
tures derived from alveolar bone (Roberts and Waddington,
2003), the supporting bone around the incisors and man-
dibles of rat teeth.  The use of such bone cell culture model
systems have enabled us to gain further information relat-
ing to the functions of SLRPs in providing differing roles
during cellular proliferation, in the development of oste-
oid matrix and through to the mineralisation process.

Materials and Methods

Bone culture model systems
In both model systems used cells were grown in min-

eralising conditions, supplemented with ascorbic acid, β-
glycerophosphate and dexamethasone.  Although cells
required slightly different needs in terms of their mainte-
nance in culture, both models yielded similar trends in
relation to the expression profile of decorin and biglycan.

Bone cell cultures were established from bone marrow
washes of male Wistar rats and maintained in αMEM
(Minimal Essential medium), 10% foetal calf serum, 50µg/
ml ascorbic acid, 10mM β-glycerophosphate, 10-8M dex-
amethasone and antibiotics (10,000 units/ml penicillin G,
10mg/ml streptomycin, 25mg/ml amphotericin B) in 5%
CO2, 37ºC.  5 days post isolation, cultures were reseeded
to 1x104 cells/cm2 and cultured in the above media.

Rat alveolar bone cells were obtained from 28 day old
male Wistar rats by the dissection of the alveolar bone
immediately surrounding the incisor and molar teeth.
Bone fragments were cleared of soft periodontal ligament
by treatment with 1mg/ml collagenase / 4.5U/ml elastase

for 2h at 37ºC.  Cells were then cultured in 1:1 RMPI
1640 and F-12 Hams, 10% foetal bovine serum, 5mg/ml
insulin-transferin-sodium-selenite and antibiotics (10,000
units/ml penicillin G, 10mg/ml streptomycin, 25mg/ml
amphotericin B) in 5% CO2, 37ºC for 3-4 weeks, after
which cells were reseeded at 1x104 cells/cm2.  On reach-
ing confluency, cells were supplemented with 50µg/ml
ascorbic acid, 10mM β-glycerophosphate, 10-8M dexam-
ethasone and 1mM CaCl2.  Although the bone cells de-
rived from alveolar bone presented with high expression
levels of alkaline phosphatase and osteocalcin, cells did
not produce a mineralised matrix if supplemented with
ascorbic acid, β-glycerophosphate and dexamethasone
immediately following isolation.  This observation may
reflect the special metabolic nature of alveolar bone, where
progenitor cells are derived from the associated bone
marrow of the deeper-seated supporting alveolar bone and
also from the periodontal ligament, which is involved in
the attachment of the teeth to the bone.  Supplementation
with these mineralising factors appeared to decelerate the
development of the osteoblast phenotype and consequently,
supplementation was suspended until cells had ceased pro-
liferation.

Characterisation of cell cultures
For both cell cultures, cells were grown in culture for

between 1 and 28 days following reseeding of the cells.
Phases relating to cell proliferation were identified
through daily counts of viable cells stained with ethidium
bromide /acridine orange within five fields of view under
the fluorescent microscope.  The synthesis of early ma-
trix components cells was determined within 2% formal-
dehyde fixed cells by immunolocalisation studies using
rabbit anti-type I collagen (Sigma, St. Louis, MO, USA).
Immuno-reaction was visualised using the Universal per-
oxidase Vectorstain (Vector Laboratories Inc, Burlingame,
CA, USA) kit, using a pan specific secondary antibody
system and examination under the light microscope.  Ini-
tial deposition of mineral was visualised using von Kossa
staining within 2% formaldehyde fixed cells (Waddington
and Langley, 1998).

Determination of SLRP expression
Analysis of proteoglycan expression was determined

for cells grown in culture for between 1 and 28 days fol-
lowing reseeding of the cells.  mRNA levels for decorin
and biglycan were assessed by RT-PCR and normalised
by comparison with levels of GAPDH.  Expression at the
protein level was assessed by Western blot analysis using
polyclonal antibodies against the core protein of decorin
and biglycan respectively (generous gift from L. Fisher,
NICDR, NIH, USA).  Proteins were separated by SDS-
PAGE using the BioRad system and following
electroblotting and incubation with appropriate primary
and secondary antibotties (anti-rabbit conjugated to horse
radish peroxidase) immunoreactivity was detected using
ECL plus (Amersham Biosciences, Amersham, UK).
Constituent GAGs attached to the protein cores were re-
leased by protease digestion (5mg/ml protease type IX
(Sigma), 0.05M Tris HCl, 5mM CaCl2, pH 7.5, 18h at



14

R J Waddington et al.                                                                                                          SLRPs in bone formation

55ºC) and separation of the glycosaminoglycan (GAG) con-
stituents by cellulose acetate electrophoresis (Waddington
and Langley, 1998).  Following staining with Alcian blue,
sheets were scanned using BioRad densitometer and quan-
tified by comparison with commercial GAG standards
(Sigma) run on the same sheet at known concentration.

Results

Despite the differences in the culture requirements for the
two model systems we were able to see similarities in the
pattern of expression of decorin and biglycan and relate
their expression to specific periods within the development
of the osteoblast phenotype leading to the deposition of a
mineralised matrix.  For consistency, results shown relate
to those obtained following the culture of alveolar bone cells.
However, the same results were obtained for bone marrow
stromal cells and therefore to avoid repetition, these results
are not included.  Figure 1 shows a summary of the charac-
terisation of the culture development in terms of cell prolif-
eration, matrix formation and mineralisation and follows
previous studies such as those of Lian and Stein (1992) and
Waddington and Langley (1998).  Examination of mRNA
expression by RT-PCR and semi-quantification by normali-
sation with GAPDH levels showed that biglycan was ex-
pressed in two distinct phases relating to cell proliferation
and appeared to be re-expressed at a time point relating to
the onset of mineralisation (Figs. 2a, b).  Expression levels
of biglycan then ceased at the commencement of early ma-
trix synthesis, which correlated with an increase in the ex-
pression of decorin.  Significant expression of decorin con-
tinued throughout phases associated with matrix formation,
remodelling and through into matrix deposition.  Identifi-
cation of the protein synthesised into the matrix by Western
blot analysis using polyclonal antibodies against the core
protein of decorin and biglycan respectively reiterated the
trend established through the examination of mRNA levels
(Fig. 3).  The absence of biglycan within the matrix during
formation of the osteoid and its subsequent remodelling
would indicate its complete removal from the matrix prior
to the second expression period during mineral deposition.
During this mineralization phase, strong bands are seen at
45kDa corresponding to the core protein, along with higher
molecular weight forms of biglycan.  By contrast, decorin
was detected within the matrix throughout all phases relat-
ing to matrix deposition, matrix remodelling and mineral
deposition.  Evidence was seen for decorin with molecular
weights of 62 and 85kDa.   In addition, the identification of
distinct immuno-reactive peptides with molecular weight
40kDa and below indicates degradation or processing of
decorin.  The presence of a distinct band with molecular
weight approximately 50kDa, would suggest that this mac-
romolecule is not completely removed, but processed to leave
the core protein, which may play subsequent roles in the
formation of a mineralised matrix.  Similar remodelling of
the decorin core protein has been identified in the transi-
tion of predentin to mineralised dentin (Embery et al., 2001;
Waddington et al., 2003).

The expressed protein was further analysed with respect
to the nature of the GAG chain conjugated to the protein

core.  Table 1 demonstrates the distribution of DS and
CS at specific time points relating to the development
of the matrix following the culture of alveolar bone cells.
During phases relating to cell proliferation and early
matrix formation DS represented approximately 60-70%
of the total sulphated GAG detected.  The proportion of
DS decreased during presumed matrix remodelling and
was absent during mineral deposition.

Discussion

Collectively these studies indicate the expression of sev-
eral different pools of decorin and biglycan during the
development of a bone matrix.  The results would indi-
cate that the expression of SLRPs, biglycan expressed
during cell proliferation appears to be substituted with
a high level of DS chains, whilst biglycan synthesised
during mineralisation carried only CS chains. Its asso-
ciation with cell proliferation could possibly emphasize
a role in cell signalling whilst the expression of a CS
biglycan with the onset of mineralisation would per-
haps indicate different roles in directing mineral crystal
formation.  Similarly, decorin expressed during early
matrix formation contained significant levels of DS
whilst decorin expression associated with matrix min-
eralisation expressed only CS chains.  This observation
would support roles for decorin in matrix organisation,
particularly collagen fibrillogenesis, however during
mineral deposition the presence of decorins substituted
with CS may indicate additional roles in mineral depo-
sition.  Although outside the remit of this article, we
also identified degradation products relating to versican
during the first two days post reseeding.  Versican is a
large aggregating proteoglycan, previously proposed to
be expressed during early osteoid formation but is rap-
idly degraded (Robey et al., 1993; Waddington and
Langley, 2003).  The identification of CS within the
matrix during this period may therefore be derived from
versican.

Roles in modulating cellular activity
Our results have highlighted a potential role for

decorin and biglycan in acting either indirectly or di-
rectly as signal molecules.  The early expression of DS-
biglycan may associate with directing proliferation or
development of the osteoblast phenotype.  Conversely,
the later expression of decorin may indicate a role in
down regulating cell proliferation. Unfortunately, only
a few studies have focused on the potential role of SLRPs
on bone cell behaviour and it is only possible to specu-
late on their role through a potential correlation with
the observed activities of DS-SLRP expressed by cells
associated with soft connective tissues.

Both decorin and biglycan have been shown to form
complexes with active TGF-b isoforms (Hildebrand et
al., 1994).  The biological consequences of the interac-
tion of TGF-β with decorin have been investigated most
thoroughly, because decorin, in contrast to biglycan, has
an anti-fibrotic effect in several models of diseases (Bor-
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Figure 3:  Immuno-identification of decorin and biglycan by Western blot analysis. Top axis labeling indi-
cates days in culture post reseeding.

Figure 2:  Determination of mRNA levels for decorin and biglycan determined by RT-PCR (2a) and calcu-
lation of relative expression levels following normalization against GAPDH (2b).  Top axis labeling indi-
cates days in culture post reseeding.

Figure 1:  Summary of the phases of development during the culture of alveolar bone cells.

(a) (b)



16

R J Waddington et al.                                                                                                          SLRPs in bone formation

der et al., 1992; Kolb et al., 2001).  Controversy exists
about the mechanism by which the beneficial effects are
mediated (Kresse and Schönherr, 2001).  Studies have
proposed that complex formation leads to an inactivation
of the cytokine (Border et al., 1992).  In another model
using MG-63 osteosarcoma cells only a TGF-β mediated
increase in the synthesis of biglycan was inhibited in the
presence of decorin (Hausser et al., 1994).  For all other
effects under study decorin did not alter the response to-
wards the cytokine.  Further experiments using the same
osteosarcoma cells to compare the effect of decorin addi-
tion with induction of over-expression or inhibition of
decorin expression showed, that the inhibitory effect of
decorin can be explained by sequestration of TGF-β to a
collagen matrix (Markmann et al., 2000).  In other inves-
tigations an activation of TGF-β by complex formation
with decorin was observed (Takeuchi et al., 1994).  So
addition of decorin together with TGF-β led to an in-
creased inhibition of proliferation in the osteoblastic
MC3T3-E1 cells (Takeuchi et al., 1994).  These data show
that the effect of decorin on TGF-β activity may not only
be influenced by the SLRP itself, but also by the given
biological surrounding which leads to a sequestration or
a more efficient presentation of the SLRP/TGF-β com-
plex to the TGF-β cell surface receptors.

Recent investigations demonstrated that decorin could
directly influence cell behaviour by inducing the expres-
sion and nuclear translocation of the cyclin dependent
kinase inhibitor p21.  This could be shown in a large va-
riety of cells including osteosarcoma cells (Santra et al.,
1997).  Further studies indicated that in tumour cells over-
expressing the EGF receptor or the related Erb4, decorin
could bind to the receptors and induce receptor phospho-
rylation (Santra et al., 2000; Moscatello et al., 1998).  This
leads to the activation of the mitogen activated kinase
pathway and to phosphorylation of Erk1 / Erk2, a Ca2+

influx and eventually to ErbB2 inhibition and p21 ex-
pression and translocation into the nucleus (Patel et al.,
1998; Santra et al., 2000, 2002).  These changes in sig-
nalling suppressed tumour cells growth and led to a more
differentiated phenotype (Moscatello et al., 1998; Santra
et al., 2000).  However, whether this pathway is also main-
tained in bone cells has not been investigated, yet.  The
EGF receptor is also expressed in osteosarcoma cells
(Witlox et al., 2002).  Also during normal bone develop-
ment both osteoblasts and osteocytes were positive for the

receptor in in situ hybridizations and immunostaining
(Davideau et al. 1995).  These observations indicate that
direct signalling of decorin via this pathway may also be
possible during bone development.

This is not the only way how decorin can directly in-
fluence cells.  In endothelial cells decorin activates the
serine / threonine kinase Akt (protein kinase B) by an
EGF receptor independent pathway which eventually also
leads to an increase of p21 expression and translocation
to the nucleus (Schönherr et al., 2001).  Not only in en-
dothelial cells but also in osteoblasts phosphorylation of
Akt is an important survival signal (Chaudhary and
Hruska, 2001).  Whether it can be induced by decorin in
osteoblasts has not been investigated, yet. In addition to
the cyclin-dependent kinase inhibitor p21 also p27, a re-
lated inhibitor, plays an important role in the control of
proliferation and differentiation of osteoblasts (Drissi et
al., 1999).  This inhibitor can also be up-regulated in en-
dothelial cells, but this signal is transmitted by a further
pathway independent of the later two (Schönherr et al.,
2001).  From the investigation of endothelial cells it is
clear that for direct signalling decorin has to exist as a
non-collagen bound molecule.  Whether in bone forma-
tion newly synthesized decorin or decorin released dur-
ing remodeling may be available for direct signalling is
another problem which needs to be investigated.

Roles in matrix assembly
The ability of decorin and biglycan to interact with

collagen molecules and to facilitate fibril formation has
implicated these macromolecules in important roles in
the provision of a collagenous framework, which eventu-
ally allows for mineral deposition.  Initial mineral depo-
sition is proposed to occur within or near the gap zones
along the collagen fibres and the structural architecture
of the collagen fibres along with interacting non-colla-
genous proteins are likely to play a key role in directing
placement of the mineral crystals (Dahl and Veis, 2003).
Early electron microscopy histochemical studies have in-
ferred that proteoglycans interacting with collagen fibrils
adopt a regular orthogonal arrangement in soft connec-
tive tissues such as skin, but lie in a parallel arrangement
within mineralised tissues (Scott and Orford, 1981).  Later
studies have localised decorin at the “d” and “e” bands of
the gap zones (Scott, 1988) where the interaction appears
to be mediated by the core protein.  The interaction of

Table 1: Distribution of dermatan sulphate and chondroitin sulphate proteoglycans extracted from alveolar bone
cultures (ND – not detected).

Days post reseeding ng of DS/µg PG ng of CS/µg PG % DS (total % CS (total
SO4

2- GAG) SO4
2- GAG)

2 (cell proliferation) 9.00±0.20 6.02±0.24 59.9 40.1
5 (matrix formation) 12.18±0.16 5.74±0.18 68.0 32.0
10 (matrix remodelling) 9.82±0,21 6.92±0.20 58.7 41.3
17 (mineral deposition) ND 14.01±0.2 100
20 (mineral deposition) ND 24.30±0.1 100
28 (mineral deposition) ND 7.70±0.07 100
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biglycan with type I collagen has become an issue for de-
bate, but appears to be dependent upon the ionic environ-
ment (Pogany et al., 1994).  Recent studies using surface
plasmon resonance have indicated that both decorin and
biglycan bind strongly to immobilised type I collagen us-
ing a buffer system containing 150mM sodium chloride
and 0.005% surfactant (Sugars et al., 2003b).

Molecular modelling techniques have lead to the pro-
posal that decorin and biglycan adopt an open horseshoe
structure (Weber et al., 1996) where the inner cavity in-
teracts with a single triple helical molecule.  The genera-
tion of mutated forms of decorin has demonstrated the
importance of leucine-rich sequences 4-6 in mediating
this interaction (Schönherr et al., 1995b; Kresse et al.,
1997).  In addition, reduction in the disulphide bridges at
the C- and N- terminal of decorin also abolished interac-
tion with type I collagen (Ramamurthy et al., 1996) and
this lead to the proposal that the disulphide loop at the C-
terminal binds to adjacent collagen fibrils, thereby facili-
tating the lateral assembly and stabilisation of the fibrils.
Interestingly, recent molecular analysis data have put for-
ward the idea that decorin exists as a dimmer in solution
(Scott et al., 2003) and if this is the case in vivo then the
nature of this interaction will be important when consid-
ering the mechanistic role of decorin in fibril assembly.
The GAG moiety of decorin and biglycan have also been
deemed to play an important role in collagen
fibrillogenesis, where the interaction of glycosylated forms
of these SLRPs with collagen appeared to be greater than
non-glycosylated forms (Schönherr et al., 1995a, Bittner
et al., 1996).  Thus, decorin has been suggested to behave
as a bivalent ligand and biglycan as a trivalent ligand,
where their strategic location along collagen molecules
aids in the orientation and stabilisation of fibrils (Scott,
1995; Schönherr et al., 1995a).

In vitro collagen fibrillogenesis studies have provided
further evidence for a role for SLRPs in directing and
regulating collagen fibrillogenesis.  DS substituted
decorin, isolated from soft connective tissues, have been
shown to retard the rate of collagen fibril formation (Vogel
et al., 1984; Vogel and Trotter, 1987; Pogany et al., 1994).
In contrast fibrillogenesis assays utilising small CS
proteoglycans isolated from cartilage have suggested that
these macromolecules promote fibrillogenesis (Vogel et
al., 1984; Vogel and Trotter, 1987).  Studies using
recombinant forms of decorin, which were synthesised
with a CS chain, have also demonstrated that this macro-
molecule promoted collagen fibrillogenesis, as did the core
protein, although there appeared to be a slight delay in
the initial fibril aggregation (Sugars et al., 2003a).  Con-
versely, recombinant forms of biglycan appeared to have
no influence on collagen fibrillogenesis (Sugars et al.,
2003a).

These results would suggest that decorin plays a ma-
jor role in the formation of a collagen matrix during tis-
sue formation.  The nature of the GAG moiety would ap-
pear to be an important factor in determining its role in
regulating assembly of the fibrils and possibly in dictat-
ing fibril diameter.  The appearance of DS decorin in os-
teoid and CS decorin in mineralising matrix would sug-

gest different roles in directing matrix assembly.  The
appearance of a decorin core protein in the matrix as the
osteoid is remodelled in preparation for mineralisation is
also a further consideration for a role for this processed
protein, possibly in promoting fibrillogenesis along with
CS decorin.

Roles in mineral deposition
The expression of CS decorin and biglycan during the

deposition of mineral crystal suggests roles in the miner-
alisation process.  As such, the nature and strength of the
interaction of SLRPs with hydroxyaptite (HAP) and cal-
cium ions has important implications in regulating crys-
tal nucleation, growth, size and morphology.  CS decorin
has been shown to bind preferentially to the 100 face of
the HAP crystal (Fujisawa and Kuboki, 1991).  The inter-
action would appear to involve both the GAG chain and
the core protein (Embery et al., 1998; Rees et al., 2001).
Further studies using recombinant CS decorin and
biglycan indicated that for each, binding to HAP followed
Langmuir-type profiles, with a consistent number of bind-
ing sites occupied on the surface (Sugars et al., 2003a).
Isotherm data indicated that decorin was adsorbed more
readily onto the surface than biglycan, with decorin re-
quiring a lower concentration to achieve maximal bind-
ing to a known surface area of HAP.  However, although
exact affinity constants could not be determined the re-
sults would suggest that the affinity of biglycan for HAP
was greater than decorin (Sugars et al., 2003a).  Similar
results have been obtained for DS decorin and DS biglycan
(Boskey et al., 1997) which have lead to the proposal that
biglycan rather than decorin plays a more prominent role
in interacting with HAP and regulating mineralisation.
Of interest removal of the GAG chain appeared to in-
crease the binding affinity to HAP, possibly due to con-
formational changes to the core protein (Sugars et al.,
2003a).

Binding of SLRPs to the crystal face is an important
consideration not only in directing crystal morphology
but also in regulating crystal growth.  Using a pH STAT
system, where seeded HAP crystal growth can be moni-
tored by protons released during heterogeneous crystal
growth, isolated solutions of recombinant CS biglycan
inhibited crystal growth to a greater extent compared with
recombinant CS decorin (Sugars et al., 2003a).  These
observations mirrored trends determined in binding af-
finity, with biglycan possessing an apparent higher bind-
ing affinity.  Likewise the respective core proteins dem-
onstrated a greater inhibitory effect than the intact pro-
teins (Sugars et al., 2003a).  However, SLRPs would ap-
pear to possess multifunctional properties with respect to
regulating crystal growth.  When immobilised onto agar-
beads, PGs have been shown to promote HAP deposition
(Linde and Lussi, 1989; Linde et al., 1989) whilst free in
solution they inhibit HAP formation (Chen et al., 1984;
Chen and Boskey, 1986).  Using a mineralising gelatin
gel system, inclusion of DS biglycan or CS bone
proteoglycan (decorin and biglycan mixture) appeared to
facilitate the deposition of HAP, whilst no deposition was
witnessed within DS decorin impregnated gels (Boskey
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et al., 1997).  Analysis of CS decorin or CS biglycan within
seeded HAP crystal growth systems following interaction
with collagen also demonstrated reduced inhibitory ef-
fects when compared to the analysis of the proteoglycan
in isolation (Sugars et al., 2003a).

Whilst the data derived from such in vitro experiments
evolves into a complex interactive mechanism, the nature
of the GAG chain carried by the SLRP appears to be an
important issue.  Studies investigating the effect of just
the GAG on seeded HAP crystal growth have suggested
that CS chains exhibit a slightly greater effect than DS
chains (Embery et al., 1998).  Equilibrium dialysis has
shown CS to bind five times more calcium than DS at a
calcium concentration similar to that of serum ultrafiltrate
(Embery et al., 1998) and this has lead to the proposal
that GAGs, particularly CS are able to act as cation ex-
changers directing ion movement at the mineralisation
front.  Furthermore, molecular mechanics have suggested
CS adopts a rigid structure in solution, whilst DS is more
flexible in nature, adopting several energetic conforma-
tions (Casu, 1989), thus providing a mechanism by which
CS SLRPs play more of an important role in interacting
with crystal mineral whilst allowing for crystal growth
(Embery et al., 1998).

Further evidence for important roles for decorin and
biglycan in bone formation

The targeted deletion of genes encoding for decorin
and biglycan within mice has provided a lot of valuable
evidence for the roles of these macromolecules in the bone
formation process in vivo. Following single deletion of
the gene within the mouse genome, the most striking ef-
fect on mineralised tissues was observed for biglycan
knockouts. Most notably, these mice were seen to develop
an osteoporotic phenotype, failing to achieve peak bone
mass due to decreased bone formation with significantly
shorter femurs (Ameye et al., 2002).  Within these ani-
mals lower osteoblast numbers and osteoblast activity were
observed.  In vitro experiments demonstrated that the
number and responsiveness of bone marrow stromal cells
to TGF-β, and hence osteogenic precursor cells, decreased
dramatically with age, whilst apoptosis rates increased
(Chen et al., 2002).   The effects were not only confined
to the skeletal tissues.  Within the teeth the transition of
predentine to dentine appeared to be impaired and the
thickness of the enamel was dramatically increased
(Goldberg et al., 2002).  Taken together these results would
suggest that biglycan plays an important role in the for-
mation of mineralised tissue.  Genetic clinical conditions
involving abnormalities to the X chromosome, where the
biglycan gene resides, would support this notion.  Female
patients with Turners syndrome who lack a second X chro-
mosome characteristically present with a short stature with
a corresponding decrease in biglycan levels, whilst su-
pernumerary of the X chromosomes, as apparent in
Klinefelter’s syndrome, leads to increased limb length and
increased level of biglycan (Vetter et al., 1993).

Both biglycan and decorin deficient–mice introduced
changes in the shape and size of the collagen fibrils in
bone.  For those where the biglycan gene had been de-
leted, the fibrils in cross-section were very irregular in

size, demonstrating variability in size along the length of
individual fibril with notches and protuberances frequently
observed (Corsi et al, 2002; Goldberg et al., 2002).  Of
interest though, the overall nature of the alterations ap-
pear to be tissue-specific, with biglycan deficiency gener-
ally increasing fibril diameter in bone and skin, but de-
creasing fibril size in the patella and tail tendons (Ameye
et al., 2002).  Such differences have been linked to differ-
ences in the expression patterns of biglycan within the
tissues (Ameye and Young, 2002) and would confirm that
biglycan plays some role in collagen fibrillogenesis.  How-
ever, whether this is a direct role or through the effect of
biglycan on other matrix components that play a more
central role in collagen fibril formation is a matter for
debate considering the ambiguous binding ability of
biglycan to collagen and in fibrillogenesis.

Since the role for decorin in collagen fibril formation
is perhaps a more established concept, observed tissue
specific profile of the collagen fibril diameters in decorin
knock-outs are perhaps easily explained (Ameye and
Young, 2002).  Of interest, and considering the impor-
tance of collagen in mineralisation it is perhaps surpris-
ing that the lack of decorin did not affect bone mass, with
the bone appearing both at the histological and macro-
scopic level similar to the wild-type (Corsi et al., 2002).
However, a major role for decorin in bone formation would
appear to be apparent in considering the major phenotypic
changes evident in the biglycan and decorin double knock-
outs.  Within these animals, the decrease in bone mass
was more severe and developed earlier than the single
biglycan knock-out, suggesting the effects of decorin and
biglycan are synergistic within bone (Corsi et al., 2002).
These studies have led to the conclusion that although
single deletion of either decorin or biglycan would sug-
gest that they provide distinct functions, the gross effects
witnessed from the double knockout indicate that a defi-
ciency in one may be compensated by the presence of the
other (Ameye and Young, 2002).

Concluding remarks – potential for tissue
engineering

There is now a wide body of evidence to suggest that
the SLRPs, biglycan and decorin are multi-factorial with
regards their function in the formation of a tissue matrix.
In collaboration with other matrix components they play
roles in regulating cell proliferation, development of the
osteoblast phenotype, deposition of a collagenous matrix
through to deposition of the mineral crystals.  For the
first time, studies presented herein have identified chang-
ing patterns with respect to the nature of the GAG moiety
conjugated to the protein core during the development of
the bone matrix, where the nature of this glycosylation
appears to be important in dictating their function in the
matrix.  Hence, the potential for DS biglycan and decorin
in directing cellular proliferation and differentiation pro-
vides new exciting roles which may be of value when con-
sidering applications in relation to tissue engineering of
bone.  In addition, the roles of SLRPs in directing the
formation of a collagenous scaffold and in regulating crys-
tal size and morphology suggests that these macromol-
ecules have the capacity to influence the nature and qual-
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ity of the bone generated.  The current use of manipulat-
ing bone engineering by application of cytokines and
growth factors such as TGF-b and bone morphogenic pro-
teins are most likely to influence SLRP expression, which
will therefore influence bone formation.  However, ma-
nipulation of SLRP expression directly, particularly
through deletion of the biglycan gene has also shown dra-
matic effects on bone formation and, when considered
along side the potential functions of SLRPs, this may pro-
vide an indication that direct regulation of these proteins
has a potential application in influencing the biological
characteristics of the bone generated by tissue engineer-
ing techniques.
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Discussion with Reviewers

H. Plenk / G.Daculsi: No method for determination of
the mineralization is mentioned. We need to support the
discussion on the mineralization by mineral characteri-
zation.
Authors: The methods used for the culture of bone cells
follow previous published work (e.g. Waddington and
Langley, 1998, 2003).  Here we used just von Kossa stain-
ing to indicate the onset of mineral deposition.   In these
papers we highlight the studies of Maniatopoulos et al.
(1988) who utilised x-ray microanalysis and x-ray dif-
fraction and have suggested that the mineral deposited by
bone cells grown in mineralising conditions is hydroxya-
patite.  Our analysis only focussed on early stages of min-
eral deposition and therefore, as expected, when we ana-
lysed the mineral content by x-ray microanlysis we de-
tected the deposition of a range of calcium phosphate salts.
However, the absence of these results does not detract from
the findings of these ongoing studies, suggesting decorin
and biglycan substituted with chondroitin sulphate is as-
sociated with mineral deposition.

B. Johnstone: If the bone marrow cultures provide the
same results, do the authors have better Western blots for
them than the ones presented for the alveolar cultures?
All that can be seen in the biglycan blot is the 50kDa
product and the decorin is not much clearer. Blotting for
proteoglycans that contain their GAG chains is difficult.
If the authors had predigested the extracts with
chondroitinase, they could have blotted the core protein
bands and demonstrated the pattern of expression more

clearly. It is suggested that they do this, especially given
that there is clearly a band of the 50 kDa biglycan prod-
uct at 10 days, when RNA expression is minimal, so the
data do not match those for Figure 2. The authors could
also blot membranes with predigestion and with diges-
tion after blotting, using one of the CS antibodies such as
2B6 that work after digestion and correlate the protein
and GAG findings.
Authors: Recently we have been successful in obtaining
clearer Western blots using the ECL method of detection,
compared with the less sensitive alkaline phosphatase
BCIP/NTB method.  We have now been able to identify
distinct proteins, which suggest defined mechanisms of
processing for decorin and biglycan within the matrix.
Studies using 2D electrophoresis along with predigestion
of the GAG chain with chondroitinase (as suggested by
the reviewer) will allow for further identification of these
processed metabolites which may have roles in the extra-
cellular matrix.  This issue is to be addressed in future
work.  The presence of biglycan product at day 10 when
mRNA expression is minimal, gives an indication of the
turnover and persistence of these metabolites within the
matrix, reinforcing the hypothesis that they may play ad-
ditional roles.

B. Johnstone: The authors note that there are other
proteoglycans present e.g. versican, and thus it is diffi-
cult to draw the conclusion that the decorin and biglycan
are switching GAG types from the data presented. Can
the authors only extract from the area containing the small
proteoglycan from Western blots with duplicate lanes blot-
ted for each protein? A better method would be to use ion
exchange chromatography to separate the small
proteoglycans from other proteoglycans as others have
done, prior to analysis of the GAG constituents.
Authors: In parallel studies, we have previously detected
degradation products of versican during the remodelling
of predentine to dentine (Waddington et al., 2003, text
reference).  Within this study we purified the proteoglycan
components by anion exchange chromatography.  How-
ever, we were not able to detect large molecular weight
versican, nor were we able to separate degradation prod-
ucts relating to versican which eluted with the same salt
concentration as decorin and biglycan.  By changing the
analytical approach to that of 2D electrophoresis, resolu-
tion of versican, decorin and biglycan may be achievable.
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