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Abstract

Bone, a calcified tissue composed of 60% inorganic component (hydroxyapatite), 10% water and
30% organic component (proteins), has three functions: providing mechanical support for
locomation, protecting vital organs, and regulating mineral homeostasis. A lifelong execution of
these functions depends on a healthy skeleton, which is maintained by constant bone remodeling in
which old bone is removed by the bone-resorbing cell, osteoclasts, and then replaced by new bone
formed by the bone-forming cell, osteoblasts. This remodeling process requires a physical interaction
of bone with these bone cells. Moreover, numerous cancers including breast and prostate have a high
tendency to metastasize to bone, which is in part attributable to the capacity of the tumor cells to
attach to bone. The intensive investigation in the past two decades has led to the notion that the cell-
bone interaction involves integrins on cell surface and bone matrix proteins. However, the
biochemical composition of bone and emerging evidence are inconsistent with this belief. In this
review, | will discuss the current understanding of the molecular mechanism underlying the cell-
bone interaction. | will also highlight the facts and new findings supporting that the inorganic, rather
than the organic, component of bone is likely responsible for cellular attachment.
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INTRODUCTION

The skeleton represents a unique organ system in the body since, unlike most other organs, the
skeletal organ system is composed of a calcified tissue (namely, bone), which consists of about
60% inorganic component (hydroxyapatite), 10% water and 30% organic component (bone
matrix proteins) [1-2]. This chemical and biochemical composition of bone renders the skeleton
distinct mechanical and biological features which are crucial for its three major functions:
providing mechanical support for stature and locomotion, protecting vital organs such as brain
and bone marrow, and maintaining mineral homeostasis.

Bone is a dynamic tissue that undergoes constant remodeling (termed bone remodeling) [1,
3]. Bone remodeling is a physiological process in which old bone is degraded by osteoclasts,
the bone-resorbing cell, and subsequently replaced by new bone formed by osteoblasts, the
bone-forming cell [4-7]. The remodeling process plays a crucial role in maintaining a healthy
skeleton, which is a prerequisite for a proper execution of the important skeletal functions
throughout life [3]. In bone remodeling, differentiation and function of both types of bone cells
depend on attachment onto bone [4-7]. Thus, this calcified tissue is not isolated in the body
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and its maintenance and function requires a close interaction with the cellular components of
the body including osteoblasts and osteoclasts.

While the interaction between bone and bone cells is vital for physiologic functions, aberrant
interactions between bone and some other cells have been shown to occur in certain
pathological conditions. In particular, a number of cancer cells including those of breast and
prostate are capable of interacting with bone and the abnormal interactions are implicated in
the metastasis of these tumors to bone [8-9].

Given that the cell-bone interaction is not only involved in the regulation of physiologic
processes but also implicated in the pathogenesis of various disorders including breast and
prostate tumor bone metastases, enormous efforts have been undertaken to elucidate the
molecular mechanism underlying the cell-bone interaction in the past several decades. Most
previous studies have been focused on adhesion molecules belonging to the integrin family
since integrins play an important role in cell-extracellular matrix (ECM) protein interaction
and numerous bone matrix proteins contain binding motifs for integrins [2,10-11]. As a result,
the current notion is that the cell-bone interaction is primarily mediated by integrins. However,
emerging evidence does not support this view. Moreover, the chemical and biochemical
composition of bone is also inconsistent with this belief.

In this review, | will first provide an overview of the composition of bone as well as the known
adhesion molecules. I will then discuss the current understanding of the molecular mechanisms
underlying the interaction of bone with osteoclasts, osteoblasts, breast cancer cells and prostate
cancer cells. Based on recent findings and the unique chemical and biochemical composition
of bone, | will also provide my perspectives that the inorganic, rather than the organic,
component of bone is likely to play a predominant role in mediating the cell-bone interaction.
I hope that these discussions will facilitate future studies aimed at elucidating the precise
molecular basis of the cell-bone interaction, which will not only provide a better understanding
of bone biology but, more importantly, may also reveal new therapeutic targets for various
bone disorders including osteoporosis and tumor bone metastasis.

COMPOSITION OF BONE

In order to effectively delineate the molecular mechanism of the cell-bone interaction, it is
essential to carefully examine the composition of bone to identify the biochemical and
structural features capable of supporting the cellular attachment. Bone is a composite material
consisting of both inorganic and organic components [1,2,12]. The inorganic component is
primarily crystalline hydroxyapatite: [Caz(POg4)2]3Ca(OH),. The organic component of bone
comprises more than 30 proteins with type | collagen being the most abundant (>90%) [1,2,
12]. By weight, the inorganic constituent accounts for about 60% of the tissue while the organic
component makes up approximately 30%. The remaining 10% is water. By volume, the
inorganic component, the organic component and water are roughly 40%, 35% and 25%,
respectively [1,2,12].

The inorganic component, made of the small plate-shaped (20-50 nm long, 15 nm wide and
2-5 nm thick) hydroxyapatite crystals, contains impurities [1]. The common impurity is
carbonate in place of the phosphate groups [13]. Other known substitutions include potassium,
magnesium, strontium and sodium in place of the calcium ions, and chloride and fluoride in
place of the hydroxyl groups [14-16]. These impurities are believed to decrease the crystallinity
of the bone mineral and thus may change certain mineral properties such as solubility, which
is important for mineral homeostasis and bone adaptation [1,17].

The organic component of bone largely consists of type I collagen (~90%) and the remaining
~10% noncollagenous proteins [1-2]. Type | collagen is a triple-helical molecule containing
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three polypeptide chains, each of which is composed of approximately 1000 amino acids. Two
of the three polypeptides are identical a1(l) chain and the third one is a structurally similar,
but genetically different, a2(I) chain. These polypeptide chains are cross-linked by hydrogen
bonding between hydroxylproline and other charged residues to form a very linear molecule
of around 300nm in length. These linear molecules are aligned together in a parallel fashion
to form collagen fibrils, which are then grouped in bundles to produce the collagen fiber.

While type | collagen represents the major structural component of the bone matrix,
noncollagenous proteins, though present in very small quantities in bone, significantly
contribute to its biologic function [1-2]. Almost 30 noncollagenous proteins including
numerous ECM proteins, growth factors and cytokines have been identified from bone. The
physiologic roles for most of the noncollagenous proteins have not fully been elucidated, but
they are believed to play an important role in bone matrix mineralization as well as in the
regulation of osteoclast and osteoblast function. Specifically, many of the noncollagenous
proteins have been shown to control the differentiation and function of the bone cells by
supporting their attachment onto bone.

Based on the basic constituents and biochemical organization of bone, the calcified tissue may
employ the following major potential mechanisms to interact with cells: 1) as a major
component of bone, hydroxyapatite may possess certain biochemical moieties capable of
interacting with cell surface proteins; 2) as a major constituent of the organic component, type
I collagen represents another important anchor mediating the cellular attachment; and 3) some
noncollagenous proteins may be involved in the bone-cell interaction. Importantly, whereas
one of these different mechanisms may play a predominant role in the interaction of bone and
certain cell types, it is also possible that some cellular interactions with bone involve more than
one mechanism.

INTEGRINS IN CELL-BONE INTERACTION

There are four major known classes of cell adhesion molecules: the cadherin family, the
immunoglobulin superfamily, the selectin family and the integrin family [18-19]. Cadherins
are characterized by the presence of five characteristic cadherin repeats in the extracellular
domain and are primarily involved in homotypic cell-cell adhesion. Members of the
immunoglobulin superfamily contain varying numbers of immunoglobulin-related domains
and play an important role in both homotypic and heterotypic cell-cell adhesions. Selectins are
lectin-like adhesion molecules and mediate heterotypic cell-cell interactions via recognition
of carbohydrate moieties in the counter-receptors on other cells. Selectins mainly play a role
in the adhesion of leukocytes to endothelium. In contrast, integrins are the major known cell
surface molecules that have been shown to mediate the interaction between cells and ECM
proteins [10-11]. Therefore, most previous studies on the cell-bone interaction have been
focused on this class of cell adhesion proteins.

Integrins consist of two transmembrane glycoprotein subunits, the a. chain and the 4 chain
[10-11]. The a and g subunits non-covalently interact with each other, forming a functional
heterodimer. Many combinations of subunits exist and each combination may bind one or more
ligands. Conversely, many ECM proteins can act as ligands for more than one integrin.
Integrins interact with ECM proteins through their extracellular domains. Upon binding
ligands, integrins are activated, leading to the interaction with components of the cytoskeleton
and also intracellular signaling molecules through their intracellular domains [20-21]. Through
these interactions, integrins may regulate diverse cellular functions, including cell adhesion,
motility, spreading, growth, and differentiation [11].

Bone contains many ECM proteins that have capacity to interact with integrins [2,22]. Type |
collagen, the most abundant protein in bone, is a ligand for integrins a1p1, 0B1 and ogf.
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Moreover, a number of noncollagenous bone matrix proteins such as osteopontin, bone
sialoprotein, bone acidic glycoprotein, thrombospondin and fibronectin contain arginine-
glycine-aspartic acid (RGD) sequence, which recognizes integrin ayf3. Fibronectin can also
interact with many other integrins including o3f1, a4B1, asps, ogB1, oyP1, 0aP7, oyPe and
ayPg [2,22]. As discussed below, the intensive investigation in the past two decades has led to
the current view that several integrins, in particular integrin o, B3, play a key role in the cell-
bone interaction.

CELL-BONE MATRIX INTERACTION IN PHYSIOLOGIC PROCESSES

The cell-bone interaction plays a pivotal role in physiologic bone remodeling which isa lifelong
process of bone renewal in which old bone is resorbed by osteoclasts and then replaced by new
bone formed by osteoblasts [1,23]. The actions of osteoclasts and osteoblasts in bone
remodeling depend on their physical interaction with bone matrix. The constant bone
remodeling is important in three ways [3]: 1) bone remodeling is needed to repair fatigue
damage. Bone, like other structural materials, is subject to fatigue. After a number of loading
cycles, tiny cracks may form. Bone remodeling functions to replace bone containing cracks
and prevent structural failure; 2) bone remodeling is required to adapt bone material properties
to the mechanical demands that are placed on bones; and 3) finally, bone remodeling plays a
critical role in regulating calcium homeostasis. Bone is a major reservoir for calcium. When
serum calcium becomes low and there is no intake calcium, calcium needs to be released from
bone by osteoclasts to meet the demand [3].

Osteoclast-Bone Interaction

Osteoclasts are multinucleated giant cells derived from mononuclear cells of the monocyte/
macrophage lineage [4,24]. Attachment of osteoclast precursors onto bone is a critical
prerequisite for osteoclast differentiation [25,26] (Fig. 1). In addition, fully differentiated
mature osteoclasts also need to remain attached to resorb bone [4,27-28]. As depicted in Fig.
1, osteoclast function depends on the establishment of a functional resorption compartment,
which involves the tight osteoclast attachment onto bone through a special structure called the
sealing zone and the formation of the ruffled border membrane. The ruffled border membrane
is highly rich in proton pumps which transport protons into the resorption compartment to
maintain a low-pH environment that is critical for the dissolution of the inorganic component
of bone matrix. Dissolution of the inorganic component of bone is then followed by the
degradation of the organic component of bone, which is carried out by various proteolytic
enzymes also released through the ruffled border membrane. The sealing zone seals the
resorption compartment from its surroundings to prevent the leakage of the protons and
proteolytic enzymes. Degraded products are removed outside of the resorption compartment
by a process called transcytosis in which degraded products are endocytosed at the ruffled
membrane, transported along the transcytotic vesicular pathway, and then released at anti-
resorptive side of cells (Fig. 1).

Most previous studies on osteoclast-bone interaction have been mainly focused on integrins,
in particular integrin a, B3, primarily for two reasons: 1) osteoclasts express a variety of
integrins, including ayf3, axBq and ayPBq [29-31] and 2) various bone matrix proteins such as
osteopontin, vitronectin, and bone sialoprotein contain the RGD sequence, which is recognized
by integrin a, B3 [25-26]. Consistent with this notion, early in vitro and in vivo assays
demonstrated that anti-B3 blocking antibody and RGD-containing peptides blocked
osteoclastic bone resorption [32-35], suggesting that integrin o, 3 may play a functional role
in osteoclast attachment on bone. Subsequent studies with B3 knockout (KO) mice indeed
confirmed a role for integrin B3 in osteoclast function: the KO mice exhibited an osteosclerotic
phenotype due to a functional defect in osteoclasts [36]. Unexpectedly, the KO mice studies
revealed that B3 plays a role in osteoclast function by regulating cytoskeleton reorganization,
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rather than by acting as an anchoring molecule since the 37~ osteoclasts did not lose the
capacity to attach to bone [36-37]. This in vivo data is supported by an independent finding
that peptidomimetic antagonists of integrin a3 inhibit osteoclastic bone resorption by
impairing osteoclast activity, not by blocking osteoclast attachment onto bone [38].

Osteoclasts also express integrin apfq [29-31], which recognizes type | collagen [10,20],
suggesting that this integrin may be involved in mediating osteoclast attachment onto bone. It
is widely known that osteoclasts can efficiently attach onto dentin/bone slices to resorb bone
in in vitro bone resorption assays [37,39-40]. In these dentin/bone slices, bone matrix is not
de-mineralized and thus type I collagens are highly packed with minerals. Therefore, it is
unlikely that integrin ayB and type | collagen play a role in mediating osteoclast attachment
onto bone. Thus, the adhesion molecule(s) mediating the interaction between osteoclasts and
bone have still not been fully elucidated.

The adhesion molecule(s) involved in regulating the attachment of osteoclast precursors on
bone has also not been functionally identified and characterized. It was previously thought that
integrin a,B5 may play a functional role in this adhesion process because integrin B5 subunit
is highly homologous to integrin B3 and integrin o, f5 also recognizes RGD sequence and more
importantly it is abundantly expressed by osteoclast precursors [25,41]. More interestingly,
integrin B3 and Bs are reciprocally expressed during osteoclast differentiation [42-44].
However, despite the numerous in vitro studies suggesting a role for integrin Bs in the
attachment, integrin s knockout failed to show bone phenotype and exhibited normal
osteoclast differentiation [45], suggesting that other unidentified adhesion molecules may play
a role in attachment of osteoclast precursor on bone.

In many pathologic conditions, osteoclast formation and/or function are elevated, leading to
excessive destruction of bone. The most prevalent metabolic bone disease, postmenopausal
osteoporosis, is caused in part by increased osteoclast activity due to the decline in estrogen
levels resulting from the cessation of ovary function in postmenopausal women [46].
Furthermore, osteoclasts are also implicated in bone erosion in rheumatoid arthritis [47].
Finally, osteoclasts have been shown to play an essential role in osteolysis associated with the
bone metastases of several tumors including breast and prostate cancers [9]. The future
identification and characterization of the adhesion molecules mediating the interaction between
osteoclast precursors/mature osteoclasts and bone will not only advance the understanding of
osteoclast biology but, more importantly, will also elucidate novel therapeutic targets for
various bone diseases such as postmenopausal osteoporosis, bone erosion in rheumatoid
arthritis and tumor-induced osteolysis.

Osteoblast-Bone Interaction

Osteoblasts are derived from mesenchymal stem cells (MSC) through a multi-step
differentiation pathway [6,48]. MSC give rise to osteoprogenitors, which differentiate into pre-
osteoblasts and then mature osteoblasts. In bone remodeling, the replacement of resorbed bone
is achieved by osteoblasts derived from MSC and/or osteoprogenitors which are recruited from
the marrow [48]. It has been well established that adhesive interaction of MSC and/or
osteoprogenitors with extracellular matrix components plays critical roles in osteoblast
differentiation, survival, proliferation, and matrix mineralization [49-51], thus indicating that
the cell-bone interaction is critical for bone formation in vivo. As depicted in Fig 2, as a result
of bone resorption, chemokines embedded in bone are released and activated to recruit
mesenchymal progenitors while type I collagen and noncollagenous proteins are de-
mineralized and become available to interact with the recruited cells.

Osteoprogenitor cells and osteoblasts have been shown to express multiple integrins, including
a1B1, aoP1, o3Py, 04P1, osP1, agP1, agP1, oyPs, and oy Ps [29,52-53]. Among these integrins,
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aoB1 and asP1-mediated interactions with ECM proteins have been shown to play an important
role in osteoblast differentiation and function. In vitro assays demonstrated that type I collagen
promotes the development and maintenance of the osteoblast phenotype [54]. Using type |
collagen-specific peptides or antibodies, several groups showed that the disruption of the
apP1-mediated interaction with collagen inhibits the activity of the transcription factor Runx2/
Cbfal, the expression of osteoblast-specific genes, and matrix mineralization [55-58].
Moreover, it was also demonstrated that bioadhesive surface containing GFOGER adhesion
motif form type I collagen supports osteoblast attachment and promotes osteoblastic
differentiation [59].

Using fibronectin-specific peptides and blocking antibodies against fibronectin and integrins,
it was demonstrated that the agf31-mediated interaction with fibronectin is important for
osteoblast attachment, survival, proliferation, osteoblast-specific gene expression, and matrix
mineralization [60-63]. These studies support that integrin-ECM protein interactions,
particularly the asB4-fibronectin and oyB1-collagen type | interactions, play a critical role in
mediating the osteoblast-bone interaction in bone remodeling. Since type | collagen is
abundantly present in bone matrix whereas fibronectin is very scarce, the integrin interaction
with type | collagen is likely to play a predominant role in the interaction between osteoblasts
and bone.

While the elucidation of the molecular mechanism underlying the osteoclast-bone interaction
may reveal novel therapeutic targets for various bone diseases involving elevated osteoclast
formation and function, a better understanding of the molecular mechanism of the osteoblast-
bone interaction may facilitate the development of biologically active implants and grafting
materials for more efficient osteointegration and enhanced bone repair.

CELL-BONE MATRIX INTERACTION IN PATHOLOGIC PROCESSES

Bone metastases are a frequent complication of cancer, occurring in almost 70% of patients
with advanced breast and prostate carcinomas and in 15-30% of patients with other types of
cancers such as the carcinoma of the lung, bladder, colon/rectum, stomach, uterus and kidney
[64]. It is estimated that around 350,000 people die with bone metastases each year in the US
[9]. Bone metastases often lead to serious clinical consequences such as life-threatening
hypercalcemia, spinal core compression, pathologic fractures and extreme bone pain. More
devastatingly, patients with bone metastases have poor prognosis: only 20% of breast cancer
patients live for more than five years after the initial discovery of bone metastasis [64] and
about half of prostate cancer patients with bone metastases after radical prostatectomy do not
survive for more than 5 years [65]. Thus, bone metastases are a prevalent and grave
complication of many cancers.

However, the precise molecular mechanism underlying the preferential metastasis of these
cancers to bone has not been fully elucidated [9,66]. Over 100 years ago, to explain the high
preference of breast cancer to metastasize to bone, Stephen Paget proposed the “Seed and Soil”
hypothesis writing that “the evidence seems to be irresistible that in cancer of the breast, the
bones suffer in a special way, which cannot be explained by any theory of embolism alone.”
Paget’s hypothesis emphasizes an essential point: the preferential metastasis of breast cancer
to bone is mediated primarily by events after extravasation of breast cancer cells from the
bloodstream - recruitment of breast cancer cells to bone via chemotaxis and/or the unique ability
of breast cancer cells to preferentially attach onto bone via adhesion molecules expressed on
the surface of the tumor cells. Thus, cell-bone interaction may be implicated in the pathogenesis
and development of bone metastases of various cancers including breast, prostate, lung, kidney,
thyroid and skin.
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Currently, we still lack effective and safe drugs for preventing and treating cancer bone
metastases [67-68]. Given that the cancer cell-bone interaction is an essential event in cancer
bone metastases, an effective interruption of the cancer cell-bone interaction has long been
recognized as an attractive therapeutic strategy for preventing and treating breast and prostate
cancer bone metastases. ldentification and functional characterization of the key adhesion
molecule(s) mediating the adhesive event can greatly facilitate the development of better
therapeutics for preventing and treating cancer bone metastases.

Breast Cancer-Bone Interaction

Normal and cancerous breast cells express many integrins including axpB1, a3f1, osB1, agBa,
agP1, ayBs, oyP1 and ayPs [69-78]. Moreover, while integrins aspq, aspq, oyP3 are expressed
at lower levels in breast cancers compared to the normal cells, the expression of other integrins
such as agPs, agB1, oyB1 and o, Ps has been shown to be unchanged or increased in the tumor
cells compared to the normal cells [70,73-77]. The altered expression of these integrins is
implicated in the development and progression of the breast carcinoma [79-81].

While bone biologists were actively searching for the adhesion molecule(s) mediating
osteoclast-bone interaction, cancer biologists were also highly interested in elucidating the
molecular mechanism by which breast cancer cells attach onto bone. Given that the numerous
in vitro assays supporting a role for integrin a, 3 in anchoring osteoclasts onto bone, cancer
biologists quickly turned to focus on investigating whether integrin o,3 is also involved in
the breast cancer cell-bone interaction. Subsequently, it was shown that a peptidomimetic
antagonist of integrin ayf3 inhibits breast cancer cell line MDA-MB-435 bone metastasis
[82-84]. As aresult, partially due to its perceived role in the osteoclast-bone interaction and
its expression in breast cancer cells, currently integrin o, 83 has also been considered to be a
major molecule mediating breast cancer cell-bone interaction [85]. However, since B3 KO mice
studies have ruled out a role for B3 in attachment of osteoclasts onto bone, integrin a,f3 is
likely involved in breast cancer bone metastasis by regulating metastatic processes other than
the attachment of breast cancer cells onto bone.

Prostate Cancer-Bone Interaction

Normal and cancerous prostate cells express numerous integrin subunits including oy, as, ag,
as, Og, 07, Oy, O 1b, P1, P3, P4 and Bg [86-99]. These subunits may form many different
combinations of functional integrin heterodimers with the binding specificity for various ECM
ligands. Moreover, the expression of these a and B subunits has been shown to be down-
regulated or unaltered in cancer cells compared to normal tissues. Thus, the integrin-mediated
interactions with ECM proteins have been shown to play important roles in prostate cancer cell
survival, proliferation, migration and tissue invasion, which are all important to the tumor
development and progression [100-103].

Much work has been performed to specifically explore the role of these integrins in prostate
cancer cell-bone interaction, leading to the current view that integrin a,33 plays a major role
in modulating the interaction between prostate cancer cells and bone [103-104]. Consistent
with this notion, the expression of a,f3 has been shown to be up-regulated during tumor
progression into a metastatic stage, and LM609, a blocking o3 antibody, inhibits DU145
prostate cancer cell adhesion to ECM proteins such as osteopontin and vitronectin [99,105].
Several in vivo studies also support the view. For instance, intratumoral administration of
liposome-encapsulated human o,-siRNA significantly inhibits the growth of PC-3 prostate
tumor cells in skeleton, which was associated with decreased integrin a,, subunit expression
and increased apoptosis in tumor cells [106]. Another recent mouse model study demonstrated
that the expression of fully functional a3 promoted tumor growth in bone, whereas inactive
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mutants failed to do so [104], further suggesting that integrin o3 may play a role in prostate
cancer cell-bone interaction.

However, since B3 KO mice studies have ruled out a role for B3 in attachment of osteoclasts
onto bone, a similar concern applies to the notion that integrin o, B3 mediates the interaction
between prostate cancer cells and bone. The two mouse models discussed above may still
support a role for integrin o,B3 in prostate cancer bone metastasis, but the integrin is likely to
regulate metastatic events other than the attachment of prostate cancer cells onto bone. It is
worthwhile to point out that the focus of the investigation on integrin a, 3 was probably
influenced by the findings supporting a role for this integrin in osteoclast-bone interaction and
further by subsequent studies establishing a role of the integrin in breast cancer cell-bone
interaction.

Since prostate cancer cells express integrin aop41 and type | collagen accounts for 90% of the
bone matrix proteins, integrin apBq may play a role in mediating attachment of the tumor cells
onto bone. Supporting this possibility, PC-3 prostate cancer cells exhibited greater proliferation
rates on type | collagen compared to plastic or fibronectin substrates [107]. Recently, it was
reported that only bone metastatic prostate cancer cells attach to type | collagen, while tumor
cells from visceral metastases failed to do so [108]. Moreover, a collagen-binding variant of
LNCaP cells, but not the parental LNCaP cells, exhibited the capacity to develop tumors in
bone when injected into the tibia of nude mice [108].

CONCLUSIONS AND PERSPECTIVES

Despite the intensive investigation on the adhesion molecule(s) mediating the cell-bone
interaction, we have still not fully elucidated the molecular basis of the cell-bone interaction.
One possible reason is arguably that the previous studies have been focused too much on
integrins. Based on the known roles of integrins in cell-ECM protein interaction and the
presence of many ECM proteins in bone, it is very logically expected that this family of
adhesion molecules plays a role in the cell-bone interaction. However, the quantity and
accessibility of these ECM proteins in bone matrix were not adequately considered in many
of the previous studies aimed at understanding the biochemical basis of the cell-bone
interaction.

As described above, by volume, bone consists of 40% inorganic component (hydroxyapatite),
25% water and 35% organic component (proteins) [1,2,12]. 90% of the organic component are
collagen type I and the remaining 10% noncollagenous proteins. Only some of noncollagenous
proteins such as osteopontin, vitronectin, bone sialoprotein and dentin matrix protein-1 contain
a RGD. Osteopontin, vitronectin, bone sialoprotein and dentin matrix protein-1 are 330-a.a.,
476-a.a., 324-a.a. and 513-a.a. long, respectively. Let’s assume that all the noncollagenous
proteins contain a RGD and the average length of non-collagen proteins is 300-a.a (i.e.: RGD
represent 1% of non-collagen proteins). This would lead to the estimation that only 0.03% of
bone contents (35% x 10% x 1%) are actually RGD sequences. This also means that only
0.035% of the bone surface area contains RGD sequences. It is unlikely that this scarce amount
of RGD on the bone surface is sufficient for integrin-dependent cellular attachment.

Moreover, the presence of a certain ECM protein in bone matrix may not necessarily mean
that it is available for interaction with cell surface proteins. For instance, type | collagen is
abundantly present in bone matrix, but it is highly packed in its triple-helical form and tightly
surrounded by hydroxyapatite minerals in compact bone, preventing it from interacting with
other proteins. Type | collagen becomes accessible only after it has been de-mineralized as a
result of bone resorption by osteoclasts. Many of the previous studies were performed to
determine whether cells of interest are capable of attaching onto ECM proteins coated on tissue
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culture dish. One should be cautious to deduce a conclusion regarding cell-bone interaction
from the studies which merely examine the interaction between cells and ECM proteins coated
on tissue dishes.

Based on the basic constituents and biochemical organization of bone described above, there
are three major possible mechanisms by which the calcified tissue may interact with cells: 1)
as a major component of bone, hydroxyapatite may interact with cells; 2) as a major constituent
of the organic component of bone, type | collagen represents another important anchor
mediating cellular attachment; 3) some noncollagenous proteins may be involved in bone-cell
interaction. As reviewed above, most previous studies have primarily been focused on
exploring the potential role of the noncollagenous proteins in cell-bone interaction. However,
the scarcity of these noncollagenous proteins undermines its significance in the adhesive
process. Although type | collagen is abundant in bone and is a nature ligand for integrin
a1B1, 0pPq and agP, its biochemical form and organization in compact bone prevents it from
serving as a anchoring molecule. For instance, it is unlikely that type | collagen is involved in
mediating osteoclast-bone interaction even though osteoclasts express integrin ayp4 since
osteoclasts are able to attach onto mineralized bone surface to initiate bone resorption.
Nonetheless, type | collagen may become available to interact with integrin a1 and a1 on
cell surface after minerals are dissolved and the compact triple-helical organization is
dismantled as a result of osteoclastic bone resorption. As demonstrated by some studies, the
osteoblast-bone interaction involves type | collagen and integrin opf;.

However, as a major component of bone, hydroxyapatite has not received enough attention as
a potential molecular moiety responsible for cellular attachment. Moreover, the limited success
in the previous search for functional molecules mediating the cell-bone interaction encourages
us to redirect our focus in the future efforts in identifying the adhesive molecule(s). In
particular, we may need to embark on paradigm shifts from the organic component to the
inorganic component as the principal substratum supporting cell anchoring, and from integrins
to adifferent/novel class of proteins possessing hydroxyapatite-binding properties as the major
adhesion molecules mediating the cell-bone interaction. Indeed, many known proteins
including those found in bone matrix such as bone sialoprotein exhibit a high binding affinity
for hydroxyapatite [2,109]. Bone sialoprotein binds to hydroxyapatite through polyglutamic
acid regions [109]. It would not be totally a surprise if some cell surface proteins have
hydroxyapatite-binding properties. Moreover, it may be further speculated that some of the
impurities found in the inorganic component of bone may also play a role in supporting cell
anchoring.
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Osteoclast Differentiation and Function Depend on Attachment on Bone Matrix
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Osteoblast Differentiation and Function in Bone Remodeling
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