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ARTICLE INFO ABSTRACT

Keywords: Collagenous and non-collagenous proteins (NCPs) in the extracellular matrix, as well as the coupling mechan-
Osteoporosis isms between osteoclasts and osteoblasts, work together to ensure normal bone metabolism. Each protein plays
Type I collagen one or more critical roles in bone metabolism, sometimes even contradictory, thus affecting the final mechanical,
NCPs

physical and chemical properties of bone tissue. Anomalies in the amount and structure of one or more of these
proteins can cause abnormalities in bone formation and resorption, which consequently leads to malformations
and defects, such as osteoporosis (OP). The connections between key proteins involved in matrix formation and
resorption are far from being elucidated. In this review, we resume knowledge on the crosstalk between collagen
type I and selected NCPs (Transforming Growth Factor-f, Insulin-like Growth Factor-1, Decorin, Osteonectin,
Osteopontin, Bone Sialoprotein and Osteocalcin) of bone matrix, focusing on their possible involvement and role
in OP. The different elements of this network can be pharmacologically targeted or used for the design/devel-

Transforming growth factor-f§
Insulin-like growth Factor-1
Osteopontin

opment of innovative regenerative strategies to modulate a feedback loop in bone remodelling.

1. Introduction

The extracellular matrix (ECM) is an assembly of several compo-
nents, which work together to provide a wide range of functions. The
ECM provides structural support and serves as a repository for growth
factors and therefore provides an optimal environment for cells in a
context-dependent manner. Of the two main types of proteins that
compose bone ECM, type I Collagen is the most abundant, forming
about 90% of the matrix. The non-collagenous proteins (NCPs) com-
prise about 180-200 different molecules, with either structural, sig-
nalling or mechanical roles. [1] Hydroxyapatite (HA) constitutes the
major inorganic phase in ECM and contains elements such as Ca®>* and
PO,>~ organised in a crystalline lattice. The mineralization of the bone

organic matrix is a multistep process: HA incorporation begins 5-10
days after the ECM deposition during primary mineralization; after few
days, this process slows down, and secondary mineralization begins,
with an increase in the number, size and guidance of HA crystals [2].

The maintenance of the bone mass depends on the metabolic ac-
tivity and turnover of the skeleton: bone remodelling involves mainly
osteoblasts (OBs) and osteoclasts (OCs) in a series of events at the bone
surface. The coupling mechanism between OCs and OBs is the result of
paracrine, autocrine and endocrine factors whose effectiveness allows
for the correct ECM composition, thus affecting the mechanical, phy-
sical and chemical properties of bone tissue (Fig. 1). Bone resorption
starts with the recruitment of OC precursors and their differentiation
into mature OCs. The next phase is a transition stage, where
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osteoprogenitor mesenchymal cells migrate in the resorption site and
differentiate into mature OBs. In the final stage of bone resorption, OBs
deposit the new bone matrix called osteoid, which will be later mi-
neralized [3].

ECM proteins, which are crucial for bone structure and miner-
alization, are capable of influencing OB—OC coupling and seem to be
implicated in pathogeneses of bone diseases like osteoporosis (OP). OP
is characterized by low bone mass and microarchitectural deterioration
of the bone tissue which leads to enhanced bone fragility and a con-
sequent increase in fracture risk. The decrease of bone mass is caused
by an imbalance between bone resorption and formation, with osteo-
clastic hyperactivity. [4] Low-density fraction of bone, which corre-
sponds to younger and less mineralized osteons is more frequently
observed in fractures of aged patients than in age-matched controls.
This is probably related to the higher bone turnover that causes in-
complete secondary mineralization [5].

In OP, several morphological changes in bone structure are detect-
able: a decrease in the cortical and trabecular thickness, an alteration in
the transition zones between cancellous and cortical bone, an increase
in the diameter of Haversian canals and the number and width of pores
of trabecular surfaces are often reported. [6,7] The bone matrix also
undergoes important modifications in aging and OP; for instance, the
content of HA diminishes, the carbonate/phosphate ratio decreases,
and the matrix composition changes both in protein content and che-
mical structure, leading to an increase in mineral content/matrix ratio
[8]. Ovariectomized (OVX) mice showed an increase in the disorder of
the bone ECM, with an increased number of random coil structures in
proteins [9].

One of the most significant causes of OP is the decrease in oestrogen
levels such as in menopause: before its onset, no differences in the bone
loss rate between women and men is detectable, but this rate accel-
erates immediately after menopause. Moreover, women subjected to
oophorectomy lose bone mass faster than those undergoing natural
menopause. [4] Likewise, long-term glucocorticoid treatment in pa-
tients with allergic disorders and chronic diseases (i.e. renal, respiratory
and neural diseases) could induce OP: dexamethasone has a destructive
effect on bone mass [10].

A traditional therapeutic approach in OP is represented using
Parathyroid Hormone (PTH): intermittent PTH administration has an
anabolic effect, increasing spinal and femoral bone mass in OP and
inducing proliferation of OBs and precursor cells. On the contrary,
continuous administration of PTH leads to bone catabolism. [11] 1,25-
dihydroxy vitamin D3 (1,25(0H),D3), also named calcitriol, is a phy-
siologic regulator of calcium absorption and its serum levels are di-
minished in OP. Its long-term administration has been used for treating
OP symptomatology, showing an increase in bone mineral density
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Fig. 1. Intercellular communication between OBs and OCs.

b A) During the modelling, OCs (in violet) act on different areas

of OBs (in red). Osteo-transmitters (blue arrow) communicate
| through cells, probably via the osteocyte net. In this process,
the improvement of cortical bone is observed; B) During the
growth in length of bone (green arrow), chondrocytes (in
blue) of metaphyseal cartilage communicate with OCs present
on the trabeculae of newly formed bone; C) During the re-
‘ modelling process that occurs on the trabecular surface, the

communication between OBs and OCs allows the balance be-
tween bone formation and bone resorption, through several
factors released by OCs and acting on OBs; D) During the re-
modelling process, a canopy of bone lining cells cover the
Bone Remodelling Unit represented by OBs and OCs, forming
the Bone Remodelling Compartment (BRC).
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(BMD). However, short-term 1,25(0OH),D3 administration induces in-
creased serum levels of bone resorption markers in OP patients as well
as in in vitro models. [12,13]

The aim of the present review is to resume knowledge on the
crosstalk between collagen type I and selected NCPs (Transforming
Growth Factor-f, Insulin-like Growth Factor-1, Decorin, Osteonectin,
Osteopontin, Bone Sialoprotein and Osteocalcin) of bone ECM, focusing
on their possible relationship with OP onset and/or maintenance. These
different elements of the ECM network can be pharmacologically tar-
geted or used for the design/development of innovative regenerative
strategies to modulate the feedback loop in bone remodelling.

2. Type I collagen

Mature type I Collagen molecule is a right-handed triple helix ty-
pically composed of two al and one a2 chains. (Fig. 2A) Collagen
chains are synthetized as procollagen molecules, with N-terminal and
C-terminal pro-peptides that are cleaved before the molecule becomes
mature. Each mature molecule of 300 nm in length, has two short non-
helix regions at both N- (NTx) and C-terminus (CTx), called telopep-
tides. (Fig. 2A) The molecules of Type I Collagen are parallel to each
other in fibrils, overlapping one another by 67 nm distance (D) or
multiples, and a gap of 0.6D (i.e. 40 nm) is present between the end of a
Type I Collagen molecule and the beginning of the next one. [14]

Every chain is constituted by glycine-X-Y repeating sequences, with
glycine (Gly) residues in the centre of the triple helix and the X and Y
residues on the surface. About 100 proline residues in the Y position, a
few of proline (Pro) in X position and about 10 lysine (Lys) residues in
the Y position undergo hydroxylation. The hydroxylation of Pro to
hydroxyproline (Hyp) is critical to obtain a stable triple helix. The
hydroxylation of Lys residues then serves as a substrate for glycosyl-
transferase and galactosyltransferase that add glucose and galactose
molecules to chains. These post-translational modifications occur be-
fore the triple helical conformation. Glycosylation decreases the dia-
meter of fibrils, intervening in the packaging of mature molecules into
fibrils. [15]

Triple helices are held together by covalent bonds, and collagen
cross-links between the different molecules are mainly obtained by
enzymatic activity. (Fig. 2B, C) Divalent cross-links between telopeptide
and helix are not stable and can be easily reduced. [16] The divalent
cross-links between hydroxylysine (Hyl) of a telopeptide and Hyl pre-
sent in another Type I Collagen helix “maturate” in pyridinium (PYL)
and pyrrole (PYD) cross-links, when they bind allysine and hydro-
xyallysine of a third telopeptide respectively (Fig. 2B, C), which are the
predominant cross-links in bone. The interaction of the divalent cross-
links between Hyl of a telopeptide and Lys present in another Type I
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Fig. 2. Type I Collagen structures and digestion by Cathepsin K (CatK).
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A) Procollagen and mature Type I Collagen molecules; B) Examples of cross-links between molecules of Type I Collagen: pyridinium (PYD) cross-links between
telopeptide- telopeptide- helix are enzymatic mature cross-links, while Pen cross-links belong to Advanced Glycation End Products (AGEs) that are non-enzymatic
cross-links caused by senescence and oxidative stress; C) Trivalent mature cross-links flowchart: the different nature of mature cross-links depends on the different
chemical groups present in telopeptides and helix. D) Type I Collagen fibrils degraded by CatK: homodimers of CatK bind to the collagen molecules at the gap regions
and fragment molecules of type I collagen that release N- and C-telopeptides (NTx and CTx).

Collagen helix, or vice versa, with allysine and hydroxyallysine of a third
telopeptide lead to deoxypyridinoline (DPL) and deoxypyrrololine
(DPD) cross-links respectively. (Fig. 2C) All PYD, PYL, DPD and DPL are
mature non-reducible trivalent cross-links between telopeptide, telo-
peptide and helix and the total quantity of enzymatic cross-link for-
mation is regulated by Lysil- hydroxylase and oxidase enzymatic ac-
tivity. [16]

The main function of Type I Collagen in bone ECM is structural: its
assembly and biochemical features are crucial for bone mechanical
properties. Experimental studies on bone showed that the decrease of
mature cross-links (i.e. PYD, PYL, DPD and DPL) leads to a diminished
deflection capacity, bending strength and elastic stiffness. Moreover,
bone with denatured Type I Collagen loses toughness and strength
compared to that without denaturation. [17] It has been shown that the
increase in Lys hydroxylation leads to modifications on cross-links with
a reduction in fibril diameters and mineral content [18]. The decrease
of enzymatic cross-link content and an increase of hydroxylated Lys
residues occurs in OP, suggesting that these biochemical properties
could be significant for the onset of this pathology. [5,16,18] Note-
worthy, type I Collagen quantity and density decrease in aged bone, but
it does not change in OP bone compared to age-matched samples
[5,18].

The degradation of Type I Collagen produces molecules, such as
NTx and CTx, considered biological markers of high bone resorption
and OP (Fig. 2D), since urinary NTx, CTx, DPD, PYD and serum NTx,
CTx increase as a consequence of oestrogen deficiency in menopause
and OP. [19]

Advanced Glycation End products (AGEs) are the result of sponta-
neous non-enzymatic glycation - by glucose and reactive products of
sugar metabolism - between Type I Collagen molecules that are mainly
caused by senescence and oxidative stress. (Fig. 2B) Pen is one of the
main intermolecular AGEs present in bone. (Fig. 2B) [18] OP patients
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showed significant reductions in enzymatic cross-links and a higher
amount of AGEs in bone, largely Pen, without alteration of Type I
Collagen content compared to age-matched healthy subjects. The ratio
of Pen/total enzymatic cross-links is indicated as an index of collagen
senescence, and it was shown to be more elevated in bone fractures of
OP subjects than in the healthy ones [5].

High bone turnover, oxidative stress and oxidation accelerate AGEs
formation and accumulation in OP bone. [5,20] During bone resorp-
tion, OCs secrete collagenases like Matrix Metalloproteases (MMPs) and
Cathepsin K (CatK), which is the main enzyme that degrades Type I
Collagen during bone matrix resorption. CatK binds to the gap regions
of collagen molecules at N- or C-terminus, depending on the presence of
appropriate glycosaminoglycans (GAGs) and induces the release of NTx
and CTx. (Fig. 2D) [21,22] The presence of AGEs modifies the inter-
action between ECM and bone cells (i.e. OBs and OCs): matrix with an
increased amount of AGEs shows a high number of resorption pits and
pit per area, suggesting their role in increasing bone resorption [20].
AGEs can also alter OBs growth and differentiation, as well as decrease
nodule formation during the mineralization phase. In vitro, AGEs
treatment triggered the AGE-AGE receptor (RAGE) pathway, upregu-
lating the expression of RAGEs mRNA in OBs, and leading to a reduc-
tion in the mRNA expression of alkaline phosphatase (ALP) and os-
teocalcin (OCN). This corroborates the idea that AGEs could contribute
to impaired matrix mineralization. [23] Moreover, the observation that
RAGEs ™/~ mice had increased BMD and biomechanical properties in
conjunction with a decreased in OCs formation and defects in bone
resorption, strengthened the key role of AGEs in bone modelling and
remodelling. [24]

Type I Collagen interacts with HA, and mineral deposition occurs on
the surface of collagen fibrils, within the collagen holes and the overlap
zones. Alteration in Type I Collagen conformation such as AGEs, could
hamper HA deposition. Besides, Type I Collagen interacts with specific
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NCPs playing a primary or secondary role in HA nucleation. [25-28]

3. Transforming Growth Factor-31

Transforming Growth Factor-B (TGF-P) is a superfamily of proteins,
where TGF-31, TGF-B2 and TGF-33 are the most similar isoforms, being
the former the most abundant in bone ECM. (Fig. 3A) TGF-f precursor
is synthesized and then cleaved in a mature TGF-f} protein and a la-
tency- associated protein (LAP). A dimer of LAP and a homodimer of
TGF-3 (25 kDa) remain linked together by disulphide bonds forming a
complex of 100 kDa. This complex enhances TGF-3 stability and pre-
vents the binding of the protein to its receptors. LAP protein of the
complex binds a latent TGF-f3 binding protein (LTBP) to form the Large
Latent Complex (LLC), which interacts with ECM proteins allowing for
the storage of TGF-B within the matrix. (Figs. 4 and 5) In the bone
matrix, most of the TGF-f is present as a latent form inside the LLC.
[29,30]

Molecules, like MMP-2, and MMP-9, could bind LTBPs and activate
latent TGF-B by cleavage of the LLC. [31] Furthermore, integrins
(mainly o,f;, o,fs) recognise the arginyl-glycyl-aspartic acid (RGD)
sequence in LAP and LTBP proteins, enabling the cleavage of LLC and
the subsequent release of active TGF-B. [32] This phenomenon can
occur when the pH decrease, a condition that occurs under the ruffled
border of OCs during bone resorption [30]. (Fig. 4) Active TGF-f binds
to a couple of TGF-f receptors type II (TBRII), which are

. TGF-beta stored IGF-1 stored as
Type I Collage: -
ypel Colagen M S Loree Latent E] IGFBP-IGF-1
Complex Complex

Q Decorin

B ActiveTGF-beta Em Active IGF-1
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Fig. 3. Predicted secondary structures of the
main proteins of the bone ECM derived from
SWISS-MODEL database (www.swissmodel.
expansy.org).

A) Transforming Growth Factor-beta (TGF-f);
B) Insulin-like Growth Factor-1 (IGF-1); C)
Decorin (DCN); D) Osteonectin (ON); E) N-
terminal domain of Bone Sialoprotein-2 (BSP-
2); F) Osteocalcin (OCN).

transmembrane serine-threonine kinase proteins. TBRII/TGF-3 complex
recruits and phosphorylates two TGF- receptors type I (TBRI), forming
a very stable ternary complex [29] The intracellular domain of TRRI
transduces the signal, phosphorylating Smad2 and Smad3 proteins that
form a complex with Smad4. Smad complex moves into the nucleus,
bind to sequence-specific transcription factors and modulate gene ex-
pression. [33]

TGF-f plays a central role on OBs and OCs regulation, inducing the
migration of bone mesenchymal stem cells (BMSCs) to the bone surface
and their differentiation towards OBs by signals at the resorptive site.
[34] In cell culture, TGF-p increases OBs proliferation and exerts an
anti-apoptotic role: high levels of TGF-B were shown to inhibit cell
proliferation and stimulate protein synthesis, mainly Type I Collagen,
however, this molecule is not required for the final maturation of OBs
[35-37]. TGF-f stimulates OBs to secrete also pro-osteoclastic proteins,
like Receptor Activator of Nuclear factor Kappa-B Ligand (RANKL), as
well the proliferation and differentiation of OCs, revealing its role in
bone resorption [35,38]. TGF-f31 protein influences osteoclastogenesis
in a dose-dependent manner: low levels stimulate OCs differentiation
with a sufficient macrophage colony-stimulating factor (M-CSF) ex-
pression and a high RANKL/Osteoprotegerin (OPG) ratio, while high
TGF-P1 levels repress OCs differentiation, repressing both M-CSF and
RANKL/OPG ratio [39]. A study in TBRI™/~ mice confirmed all these
data, showing an increased BMD and Runt-related transcription factor-2
(Runx2) expression, with a consequent increase in OBs number and
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Fig. 4. Representative drawing of the ECM proteins roles on bone resorption and formation.

A) Mutual actions between the ECM proteins and an osteoclast (OC; in violet): OC-matrix interaction, regulation of OC life and activity, protein modifications
occurring during bone resorption; B) Functions of ECM proteins on an osteoblast (OB; in red): regulation of OB-matrix adhesion, regulation of OB proliferation and
protein synthesis. Green arrows indicate stimulation, red arrows show inhibitory effect and dotted arrow underlines unknown action.
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Representative drawing of the role that ECM proteins exert on bone 3D architecture constitution, maintenance, mineralization and on OB—OC coupling in healthy (A,
B, C) and osteoporotic (D, E, F) subjects. In healthy bone: A) IGF-1, ON and DCN exert a pivotal role on collagen synthesis, maturation, incorporation in ECM and
protection from degradation; B) TGF-(3, IGF-1, DCN, ON, BSP-2 and OCN have different functions on mineralization process; C) Different concentrations of TGF-f and
IGF-1 and their cooperation act on OB—OC coupling. TGF-f} action is influenced also by DCN. ON, OPN and BSP-2 mediate the cell-matrix interaction; In OP onset
and/or maintenance: D) The alterations of Collagen structure, like AGE cross-links, stimulate bone resorption by OCs and inhibit ALP and OCN synthesis by OBs. The
role of IGF-1, ON and DCN is unknown; E) TGF-f, IGF-1, DCN, ON, BSP-2 and OCN role on mineralization process needs to be defined; F) OPN and BSP-2 mediate OCs
adhesion, with contradictory information on bond resorption. The role of DCN, TGF-f and IGF-1 in need to be furtherly investigated.

differentiation as well as in bone formation rate. Reduced expression of
RANKL mRNA and inhibition of osteoclastogenesis were also detected.
[38] The dose-dependent effects suggest that TGF-f} availability in vivo
as active molecule could be tailored based on remodelling needs.

This fundamental role of TGF-f3 on OBs —OCs coupling suggests that
this growth factor could be important in the inception of OP. It was
shown that TGF-p reduced the OCs number in OVX rats and that anti-
TGF-B1 antibody inhibited OCs apoptosis induced by oestrogen and
tamoxifen, suggesting a synergy between TGF-B and oestrogen in in-
ducing OCs death. [40]

In vitro, TGF-3 inhibits matrix mineralization and the inhibition of
its receptor TPRI increases bone mineralization, proposing an essential
role of this factor in mineralization control. [35,36,38]

TGF-B also interacts with other ECM proteins with reciprocal reg-
ulation. (Figs. 4 and 5) [30,41-44]

In OP patients no differences were found in serum levels of TGF-$1
compared to controls, whilst TGF-f3 levels increased. [45] Several
studies have revealed sequence variations of TGF-31 gene in OP pa-
tients, with polymorphisms associated with low bone mass and higher
bone turnover [46]. These initials finding were confirmed by studies on
Turkish, Japanese and Italian women. [47-49], whilst no changes in
TGF-B1 gene sequence associated with BMD in menopause were ob-
served in Czech Caucasian women [50].

4. Insulin-like Growth Factor-1

Insulin-like Growth Factor 1 (IGF-1) is a small peptide of 7,6kDa,
whose three-dimensional structure is represented by three helical
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segments connected by (-strands. (Fig. 3B) The name is due to its
homology with the B chain of insulin and the A chain of proinsulin. [51]
Insulin-like Growth Factor Binding Proteins (IGFBPs) bind IGF-1, se-
questering the growth factor and preventing its action (Fig. 4); in bone
ECM the main members are IGFBP-4 and IGFBP-5. [52]

Not much is known about the distribution of IGF-1 within the bone
matrix. In a study on rat tibiae, most of the IGF-1 was detectable on
endosteal and endocortical surfaces of trabecular bone, whilst mRNA
for IGF-1 was found in areas containing OBs and OCs. [53] IGF-1 is
released from ECM during bone resorption, where it promotes the re-
cruitment and the osteoblastic differentiation of BMSCs, and increases
the number of functional OBs. (Figs. 4 and 5) IGF-1 can enhance the
expression of the early markers of OB differentiation, like RUNX2 and
ALP, and inhibit OCN expression, a late marker of OB differentiation.
Furthermore, the second wave of IGF-1 expression appeared with the
mineralization phase, indicating its role in this process [54]. The lack of
IGF-1 causes a decrease in both OB number and activity, with a re-
duction in bone formation and mineral apposition [55]. In OVX rats
treated with intermittent PTH administration, cancellous OBs improved
IGF-1 mRNA expression, indicating IGF-1 as a local mediator of PTH-
induced bone formation in an OP model [56].

IGF-1 was shown to exert a pivotal role also in OCs activity. The in
vivo and in vitro treatment with IGF-1 inhibit bone resorption, de-
creasing OCs number and activity. IGF-1 controls OPG expression in
OBs, that works on OCs maturation and function [54,56], and inhibits
the resorption induced by continuous administration of PTH and
125(0H),D3 to a culture of foetal mouse long bones, in a dose-depen-
dent manner. [57] Nonetheless, in the culture of unfractionated bone
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cells, IGF-1 worked as a supporting factor for OCs recruitment and
differentiation, only in the presence of differentiation-inducing factors,
like 125(0OH),D3. [58]

One of the most significant functions of IGF-1 is the effect on the
synthesis of bone ECM proteins: it stimulates type I Collagen synthesis
at the transcriptional level and reduces its degradation. Furthermore,
the combination of IGF-1, TGF-f and platelet-derived growth factor
(PDGF) induced a significant increase in matrix apposition at con-
centrations which did not work in the case of each factor alone. [30]

A reduction in bone marrow IGF-1 levels was shown in OP in-
dividuals, and numerous studies showed that both bone matrix and
serum IGF-1 are positively related to bone mass and inversely related to
bone loss caused by aging, despite pre- or post-menopausal state and
OP. The grade of association was most pronounced before the meno-
pause onset, therefore IGF-1 may be considered as an early marker of
bone loss. [59] Studies showed that OP postmenopausal women had
also lower serum IGF-1 than those with normal BMD and without
fractures. [59] Although the negative relation between IGF-1 and bone
loss is unrelated to oestrogen levels, the correlation between serum IGF-
1 levels and BMD is gender-specific: men revealed higher IGF-1 con-
centrations than women with no correlation with BMD, whereas
women demonstrated a positive association between the IGF-1 levels
and BMD [60].

5. Decorin

Decorin (DCN) is a protein that belongs to small leucine-rich pro-
teoglycan (SLRP) family, which contain a protein core with one or more
GAG chains. DCN molecular weight is about 120kDa with a core
(40 kDa) composed of 12 tandem leucine-rich repeat sequences (LRRs)
and a single chain of GAG attaches at its N-terminal domain. [61] The
three-dimensional structure reveals an arch-shaped molecule, with
LRRs organised in parallel 3-sheets on the concave surface and short -
strands, a-helices and polyproline II helices on the convex surface.
(Fig. 3C) [62]

DCN is highly expressed in the ECM of all Type I Collagen-rich
tissues, and it is preferentially found in association with Type I Collagen
fibrils. [63] (Figs. 4 and 5) DCN orchestrates the correct collagen fibril
assembly, which is important for the collagen cross-linking. Studies
showed that the diameter of Collagen fibrils decreased when DCN
bound to fibril surface, and its lack causes abnormal Collagen structure
without affecting the total protein amount, thus confirming the im-
portant role of DCN in Collagen construction [25]. These observations
were confirmed in experimental studies on Dcn™/~ and byglican™’~
(bgn~’ ") mice that showed a variation on structure and size of collagen
fibrils in bone. Double-deficient animals presented a consistent reduc-
tion in cortical and trabecular bone mass compared to wild-type (WT)
ones. Changes were evident in collagen fibril structure and organiza-
tion, showing an important synergic effect of both genes that could be
crucial in OP disease. [64]

Several in vitro and in vivo studies investigated the role of DCN in
matrix mineralization. Although DCN was detected more in mineralized
bone than in osteoid and mainly in calcified cartilage, it was revealed
that DCN-rich collagen inhibits calcification and DCN removal pro-
motes calcification. Furthermore, DCN mRNA and protein expression
decreased at the onset of matrix mineralization. The mechanism is not
well understood, but it was postulated that negative charges of GAG
chain could compete with those of HA crystals, inhibiting mineraliza-
tion. [25,65,66]

Takeuchi et al. demonstrated that DCN was the major binding
protein for TGF-f1 among the whole extracted bone matrix proteins.
The core of DCN interacts with TGF-f1(Fig. 4), without affecting its
activity and therefore the increase in TGF-B1 capability to bind re-
ceptors is probably related to its cooperation with DCN. [42]

It was also demonstrated that DCN influences OB behaviour, and in
vitro studies showed that collagen fibrils containing DCN significantly
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enhanced focal adhesion and proliferation of OBs, with a critical role
exerted by the GAG component of DCN. [67]

6. Osteonectin

Osteonectin (ON) is a 35-45 kDa glycoprotein, also named SPARC
(Secreted Protein Acidic and Rich in Cysteine) or BM-40 (Basement-
Membrane protein 40). It is composed of three structural domains: the
N-terminal domain is a highly acidic domain that binds Ca®>* with low
affinity; the second one is a follistatin (FS)-like domain; and the third
domain at C-terminus is an EF-hand Ca%™"- binding (EC) domain that
binds Ca®* and various type of collagen, such as Type I Collagen, III, IV
and V. (Fig. 3D) [68]

The high expression of ON in bone observed in newly mineralizing
bone with no staining in osteoid, suggested that this protein is involved
in the initial formation of mineral bone. [26,65] The ON functions are
closely related to Type I Collagen. (Figs. 4 and 5) In vitro studies sug-
gested that ON is tangled in procollagen processing, regulation of Type I
Collagen fibril diameter and their incorporation into ECM. [69] In ad-
dition, ON has a higher affinity for calcium than phosphate ions in HA.
Type I Collagen is required for ON-mediated mineralization as its pre-
sence as well as other ions could induce a change in ON configuration,
thus favouring its action as a nucleation site for Ca®>* binding. Other-
wise, the role of ON in bone matrix mineralization may be related to its
high affinity for Ca®>*: ON initiates crystallization of HA increasing
local Ca®* concentration thus favouring the interaction with Type I
Collagen. [26,27] In vitro, ON could also stimulate collagenase ex-
pression (mainly MMPs), initiating a cascade of events for the ECM
remodelling. [70] TGF-B1 regulates ON, increasing its expression in
several types of cells, like fibroblasts and osteoblastic rat osteosarcoma
cells [43,44].

ON is also important for the formation and maturation of bone cells.
It was shown that ON ™/~ mice revealed a decrease in the number of OB
precursors, OBs and OCs. OBs expressed transcripts for bone compo-
nent, but cells did not reach a fully mature phenotype. The immature
phenotype of the cells affected the degradation and replacement of
mature collagen, with consequent alterations in bone formation and
resorption as well as in degeneration of trabecular bone volume. [71]

The important role in matrix regulation and mineralization makes
ON a good candidate for the OP onset. As mentioned above, ON~/~
mice manifested fewer OBs and OCs, but the reduction in bone for-
mation exceeded the loss in OCs. The regression in trabecular bone
volume and defects in bone architecture imply an important role of ON
protein in osteopenia and OP pathologies. [71]

Machado et al. showed that the intermittent treatment with PTH
increased the number of OCs and eroded the surface of trabecular bone
in ON™/~ mice compared to WT. Thus, ON could be involved in
modulating the PTH action on bone formation and resorption. [72]
Furthermore, ON polymorphisms seem to affect BMD in humans. De-
lany et al. found that the haplotype commonly associated to a high bone
density is mainly expressed in normal subjects than in OP patients,
while the expression of ON haplotype associated to low BMD is higher
in OP patients than in controls. [73]

7. Osteopontin

Osteopontin (OPN) is a glycoprotein of 44-75kDa, that belongs to
the Small Integrin Binding Ligand N-Glycosylated (SIBLING) protein
family. It is expressed by a single-copy gene and then transformed by
post-translational modifications. Variations in phosphorylation, glyco-
sylation and sulphation induce conformational changes in OPN de-
termining different functional properties. [74]

Computational prediction of its structure displayed that most of the
protein has a highly disordered structure, with short a-helices that re-
present the only folded organization. [75]

OPN contains a motif constitute by nine consecutive aspartic acid
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that binds to HA and an RGD sequence that is central in mediating cell
adhesion. [74] It is secreted by OBs at the beginning and the end of
their life cycle and TGF-f upregulates OPN mRNA expression [44].
Indeed, its effect on OBs is debated as MC3T3-E1 transfected with OPN
c¢DNA showed a reduction in proliferation and differentiation potential,
whilst transfection of OBs harvested from murine bone marrow de-
termine more differentiated and active cells and the formation of mi-
neralization nodules both in vivo and in vitro. [76,77]

OPN is more prominent in trabecular than in cortical bone and
histochemical analyses showed a decreased expression in trabecular
bone of subjects affected by OP. It is mainly localized in the mineralized
tissue, as cement lines and lamellae, whilst weaker staining is detected
in the osteoid portion, suggesting a pivotal role in the mineralization
process. [65,79] The role of OPN in mineralization is still unclear. Even
though OPN is commonly associated with mineralized matrix, cortical
bone of OPN~/~ mice showed a higher mineral content and greater
crystallinity than the WT ones and, moreover, OBs harvested from
OPN ™/~ mediated more mineral deposition in vitro. Additionally, the
supplement of OPN peptide to cell culture media reduced the miner-
alization. [80]

Other studies indicated that OPN post-translational modifications
could contribute to mineral modulation. For instance, OPN inhibits the
growth of HA crystals, but this effect is reduced by the removing of
phosphate and carboxylate groups. Studies indicated that phosphory-
lated OPN isolated from bone inhibited mineralization in vitro, whilst
no significant differences in mineralization were evident after OPN
dephosphorylation. Surprisingly, the highly phosphorylated form pro-
moted HA formation and growth. [81] Another possible regulatory
mechanism of bone ECM mineralization is represented by the interac-
tion between OPN and other proteins such as collagen and osteocalcin
(OCN). (Fig. 4) Thrombin digestion of milk OPN generates three OPN
fragments, including SKK-fragment. The latter linked to collagen in-
duced HA formation in agarose gel, while it showed an inhibitory effect
without collagen. These findings suggested a change of OPN con-
formation due to Type I Collagen binding that improves HA develop-
ment. [27] Furthermore, the in vitro mineralization process was am-
plified precoating HA with OCN before adding OPN to culture media,
while both OCN and OPN alone inhibited HA formation. [81]

OPN is the target of several enzymes, like MMP-3 and MMP-7,
which generate fragments of different molecular weight acting on both
unique and overlapping cleavage sites. [78] Circulating OPN acts as
cytokine, whilst in bone ECM it mediates cell-matrix interaction influ-
encing bone remodelling in both cases. OCs interact with the RGD-se-
quence by a,f3 integrins and adhere to ECM by numerous podosomes.
OCs express high levels of both OPN mRNA and protein, and the de-
tection of OPN between OCs and mineralized bone matrix suggests that
OCs are capable of secreting OPN or, alternatively, may incorporate this
protein during bone resorption. [65,82,83]

The role of OPN in bone remodelling is confirmed by studies on OP
development. OVX OPN*/* mice lost bone mass, while OPN~/~ mice
showed higher bone volume than OPN*/* ones. Furthermore, OVX
mice had decreased BMD and a reduction in the number and area of
resorption pits was observed treating OVX mice with anti-OPN antibody
in a dose-dependent manner, a phenomenon probably related to OCs
apoptosis. [84] Higher levels of serum OPN were found in post-meno-
pausal women with OP compared to osteopenic and normal ones. The
high levels of this cytokine inversely correlated to BMD of the lumbar
spine, femoral neck and hip. Plasma OPN decreased in women with
post-menopausal OP after the intermittent PTH treatment, with an
improvement of BMD. [85]

8. Bone sialoprotein 2
Bone sialoprotein (BSP-2) belongs to the SIBLING family, too. It has

an RGD sequence at C-terminus and high glutamic acid content in the
N-terminal half of the protein. BSP-2 mediates cell adhesion to ECM by
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RGD or non-RGD tyrosine-rich sequences. BSP-2 showed numerous
post-translational modifications, with the addition of sulphate and
phosphate groups as well as carbohydrates, mainly sialic acid, that form
a highly dynamic structure without regions of a fixed secondary
structure, but with the potential to form o-helixes and [-sheets.
(Fig. 3E) [86] The molecular weight of this protein is between
33-80kDa on SDS-PAGE depending on the carbohydrate content and
post-translational modifications [86].

In bone, BSP-2 is localized along cement lines and between collagen
fibrils within the mineralized bone and mineralizing osteoid. Staining
intensity is greater in the deepest layers of bone ECM than in the su-
perficial ones. [65,86] BSP-2 binds Type I Collagen structure by hy-
drophobic interactions which are essential to favour HA nucleation [29]
and glutamic acid-rich sequences may be of importance in this process
[86].

BSP-2 mRNA expression was related to initial formation of miner-
alized connective tissue during late gestational and early postnatal
stages, and bone cells, like the osteocytes (OCYs) recently deposited in
osteoid, mature OBs and OCs, are positive for both BSP-2 mRNA and
protein. [87]. BSP-2 expression is associated with development and
maturation of preOBs to OBs and bone formation, and they are closely
related to early-stage OBs markers like Osterix (Osx) and Runx2 ex-
pression as well as with sites of active bone formation in mature OBs.
Bsp~/~ mice showed an impaired gene expression for some OB mar-
kers, like Collagen alpha-1(I) chain (Collal), Osx, Alp1, Runx2, and bone
gamma-carboxyglutamic acid-containing protein (Bglap), a late-stage
marker, and a delay in mineralization of embryonic and neonatal bones.
[86-89] (Figs. 4 and 5)

Interactions between matrix BSP-2 and integrins a,f; are required
for OC attachment to ECM (Fig. 3) [83,871, even if OCs from bsp™/~
mice did not fully lose the capacity to resorb dentine. The in vitro ad-
ministration of BSP-2 increased resorption area and the number of re-
sorption pits, exerting a significant role in OC differentiation and ac-
tivity, as shown in bsp~/~ mice that exhibited a reduction of the area
covered by OCs with a small reduction in cell number. Additionally,
bone segments were shorter and hypomineralized, with an improved
trabecular bone mass caused by low turnover. These findings propose
that BSP-2 is implicated in bone mass regulation and remodelling.
[90,91]

Serum BSP-2 level is higher in post-menopausal OP women than in
peri-menopausal controls showing a positive correlation with other
markers of bone resorption (i.e. PYD, DPD, NTx). The treatments with
Hormone Replacement Therapy (HRT), Alendronate and combined
HRT/Alendronate decrease serum BSP-2 levels. [92] 1,25(0OH),D3
suppresses BSP-2 synthesis in rat bone organ cultures, and significantly
reduces the mass of mineralized tissues whilst the use of dex-
amethasone increases BSP-2 mRNA levels. [89]

9. Osteocalcin

Osteocalcin, the most abundant non-collagenous protein in bone
ECM, is a 49 amino acid protein of 5-6 kDa characterized by three a-
helices and containing three vy-carboxyglutamate (Gla) residues.
(Fig. 3F) [93] Gla residues are post-translational modifications occurred
after carboxylation reaction by Vitamin K and provide OCN with the
ability to bind Ca®?* and HA with a high affinity, inducing its con-
formational changes. All three Gla residues involved in the HA binding
are on the surface of a-helix 1. It was speculated that lack of Gla re-
sidues on matrix OCN could be involved in OP disease as post-meno-
pausal women with osteoporotic fractures had low levels of circulating
Vitamin K, which could influence the y-carboxylation and bone mi-
neralization consequently. [93]

OCN is produced by OBs during bone formation and is accumulated
at the reversal lines in the fully mineralized matrix. Increase in OCN
synthesis by OBs was observed during the transition from osteoid to
mature mineralized matrix, while low concentrations are shown during
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the first mineral formation. MSCs cultured in osteogenic induction
showed a peak in Ocn mRNA expression after 21 days, and when
transfected with siRNA for Ocn, these cells showed altered mature mi-
neralization and lower mineral/matrix ratio compared to the control
group. Overall, this indicates that OCN is closely associated with pro-
gression of the mineralization process. [65,94] Whereas OCN is im-
portant for the development of mature mineralized matrix in bone, the
lack of OCN leads to an increase in bone formation. Indeed, Ocn™"~
mice exhibited more cancellous and cortical bone than the WT ones.
[95]

When bound to Ca®*, OCN is unstructured at N-terminus and, from
the residue 16, the 3 a-helices are connected by short structures. [93]
When OCN binds HA, unbound regions including C-terminus could be
oriented and recruits OBs and OCs by receptors for cell adhesion and
signalling. The protein acts as chemo-attractant for OC precursors as
well as OBs, without mediating the cell bond [94,96]. (Figs. 4 and 5)

In trabecular bone of human femoral heads, a decrease of OCN
expression in OCYs/OBs was detected in OP subjects, while an in-
creased OCN expression was observed in samples from patients affected
by osteoarthritis compared to healthy controls. [79]

In vitro, 1,25(OH),D3 increases Ocn transcription in OBs, acting by
different regulation pathway, with a greater stimulatory effect at the
first stages of OBs differentiation and a moderate stimulation in cells
within mineralized matrix. [97] TGF-f treatment reduced baseline ex-
pression of OCN in differentiated OBs [44.] OCN is also capable of in-
terfering with the differentiation of OCs, even if for their final ma-
turation systemic hormones like calcitriol or PTH are required [98].

OCN is considered a marker of OP and several epidemiological
studies tried to establish the role of serum and urinary OCN detection as
an accurate biomarker of OP with controversial results. Serum OCN
levels may not be an accurate indicator of the entity of bone resorption,
since OCN is metabolized also by kidneys, liver and lungs. However,
studies evidencing the release of OCN by bovine bone slides after OCs
culture, the relationship between OCN amount with the presence of
PTH in the culture system, and the strong relation between OCN con-
centration and CTx amount, a common marker of bone remodelling,
demonstrates that the main fraction of serum OCN is factually derived
from bone resorption. [97-99] Singh et al. demonstrated an inverse
relationship between serum OCN level and BMD, with raised OCN le-
vels in post-menopausal women affected by osteopenia and OP com-
pared to women with normal BMD [100]. In this study, the difference
between osteopenic and OP women were not statistically significant,
suggesting OCN level as a mere marker of low bone mass conditions. On
the contrary, Wei et al. indicated that OCN levels were lower in the
osteoporotic group than in the osteopenic and normal ones [84], fa-
vouring the discussion on the reliability of this detection.

10. Protein-protein interactions: from normal bone biology to
osteoporosis development

Bone matrix is the result of a balance between several factors: the
proper structure, which confers tensile strength and ductility, the grade
of mineralization, which provides stiffness, and the OB—OC coupling,
which regulates the relationship between bone formation and bone
resorption. ECM proteins and their mutual interactions contribute to
the preservation of ECM properties. Type I Collagen constitutes the
main component of the structure and some NCPs, like IGF-1, DCN and
ON, cooperate to control its synthesis and correct assembly, prevent the
degradation, and preserve the three-dimensional structure. NCPs, like
TGF-beta, IGF-1, DCN, OPN and OCN, regulate the mineralization
process at various stages and in different ways. Also, ON and BSP-2
control mineralization, but they require the interaction with Type I
Collagen to bind HA.

ECM proteins affect OBs and OCs life cycle. For instance, OCN is a
chemo-attractant for OBs and OCs, while other NCPs directly contribute
to cell-matrix bond. In this respect, DCN acts on OB focal adhesion to
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the matrix, and OPN and BSP-2 contribute to the OC adhesion to ECM
through RGD sequences. Other ECM proteins stimulate the proliferation
and/or the maturation of OBs and OCs. TGF-beta and IGF-1, released
and activated during bone resorption, play a dose-dependent role in OB
recruitment, maturation, protein synthesis and matrix formation, and in
OC formation and activity. Physiologically, during the different stages
of bone remodelling the quantity of active TGF-beta and IGF-1 is ad-
justed to reciprocal influence the behaviour of each bone cell involved
in the process. Interestingly, the collaboration between TGF-beta and
IGF-1 enhances matrix apposition, compared to the stimulation oper-
ated by each protein alone. TGF-beta action is also improved by DCN-
TGF-beta connection that stimulates the capability of TGF-beta to bind
its receptors (Fig. 5).

The unbalance of OB—OC coupling and OC hyperactivity, with the
consequent loss of bone mass and microarchitectural deterioration,
detected in OP me be related to mutual altered signals coming from
bone ECM. In OP, biochemical alterations of Type I Collagen such as the
decrease of enzymatic cross-links and the increase of AGEs that nega-
tively influence the mechanical properties of bone, the mineralization
processes and the cell-matrix interactions are reported. AGEs trigger the
AGE-RAGE pathway, inducing the RAGE expression in OBs with the
consequent reduction of ALP and OCN production. Additionally, AGEs
in matrix favour bone resorption. Although no study associated IGF-1,
DCN and ON to Collagen modification observed in OP, their role in the
synthesis, assembly and incorporation of Type I Collagen in ECM could
be critical in OP onset. Furthermore, ON have a direct role in OB—OC
coupling as suggested by the observation in ON~/~ mice of a notice-
able reduction in bone formation compared to bone resorption (Fig. 5).

A far as the proposed serum markers of low bone mass and/or OP,
due to OC hyperactivity, NTx and CTx deriving from Type I Collagen
degradation, IGF-1, OPN, BSP-2 and OCN must be considered.
Differently, the serum amount of TGF-beta and ON is inefficient to
discriminate between the healthy and osteoporotic subjects, even if
some polymorphism of both molecules were shown mainly in OP pa-
tients’ serum.

Therefore, changes in ECM proteins amount influencing the reg-
ulatory effect that they exert on OBs and OCs must be considered in
OB—O0C coupling during OP.

11. Final consideration

Collagenous and non-collagenous proteins in ECM work together to
ensure normal bone metabolism. Each protein plays one or more roles
in bone metabolism, which is influenced by the stage of the bone re-
modelling. Anomalies in the amount and structure of one or more of
these proteins can cause abnormalities in bone formation and resorp-
tion, with consequent defects and malformations, such as OP. To the
best of our knowledge, studies investigating bone matrix biology and
the role of its proteins, were performed mainly in the past. Current
studies are more focused on the identification of markers for the early
identification of OP. The connections between key proteins for matrix
formation and resorption is far from being elucidated. In this review,
we have tried to resume some important networking aspect in bone
ECM that could represent starting points for the development of new
strategies for the management of OP and other bone diseases.
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