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Abstract Immortalized cells are often used to model the

behavior of osteogenic cells on orthopaedic and dental bio-

materials. In the current study we compared the adhesive

behavior of two osteosarcoma cell lines, MG-63 and Saos-2,

with that of mesenchymal stem cells (MSCs) on hydroxy-

apatite (HA). It was found that osteosarcoma cells demon-

strated maximal binding to fibronectin-coated HA, while

MSCs alternately preferred HA coated with collagen-I.

Interesting, the binding of MG-63 and Saos-2 cells to fibro-

nectin was mediated by both a5 and av-containing integrin

heterodimers, whereas only av integrins were used by MSCs.

Cell spreading was also markedly different for the three cell

types. Osteosarcoma cells exhibited optimal spreading on

fibronectin, but poor spreading on HA disks coated with fetal

bovine serum. In contrast, MSCs spread very well on serum-

coated surfaces, but less extensively on fibronectin. Finally,

we evaluated integrin expression and found that MSCs have

higher levels of a2 integrin subunits relative to MG-63 or

Saos-2 cells, which may explain the enhanced adhesion of

MSCs on collagen-coated HA. Collectively our results sug-

gest that osteosarcoma cells utilize different mechanisms

than MSCs during initial attachment to protein-coated HA,

thereby calling into question the suitability of these cell lines

as in vitro models for cell/biomaterial interactions.

1 Introduction

Hydroxyapatite (HA), a calcium phosphate biomaterial, is

known to be highly osseoconductive relative to many other

implant materials [1]. Our laboratory has suggested that

this is due, in part, to HA’s ability to adsorb adhesive

proteins from the endogenous bone microenvironment. Our

prior in vitro studies showed that greater amounts of

fibronectin (FN) and vitronectin (VN), molecules that are

abundant within blood, become adsorbed to HA, as com-

pared with titanium, following coating with fetal bovine

serum [2]. These adsorbed proteins provide a provisional

matrix for attachment of osteogenic cells. In fact, in the

absence of an adsorbed protein layer, HA is a poor sub-

strate for cell adhesion and cell spreading [3, 4].

Osteogenic cells typically bind to biomaterials through

integrin-mediated mechanisms [5, 6]. Integrins are hetero-

dimeric glycoproteins composed of noncovalently-

associated a and b subunits. Integrin specificity is deter-

mined by the combination of these subunits, as illustrated by

a5b1’s specificity for FN, and a2b1’s selectivity for colla-

gen or laminin. In contrast, avb3 receptors bind to many

matrix molecules including FN, VN, bone sialoprotein and

osteopontin. Following ligand binding and clustering of

integrin receptors, aggregates of integrins and cytoskeletal-

associated proteins are formed (e.g., focal adhesions), which

in turn are associated with reorganization of the actin
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cytoskeleton. In addition to cytoskeletal restructuring, acti-

vated integrins stimulate signaling cascades that ultimately

regulate many fundamental cell behaviors including cell

proliferation, survival, motility and differentiation.

Upon placement of biomaterials in bone, mesenchymal

stem cells (MSCs) are recruited from the bone marrow to

the implant site, where they bind to the material surface

and then differentiate into bone-forming osteoblasts [5, 7,

8]. Accordingly, an important goal of biomaterials research

is to functionalize material surfaces with molecules that

promote MSC attachment and osteoblastic differentiation.

Enhanced biocompatibility has been associated with

implant material surfaces that exhibit signaling properties

similar to the endogenous extracellular matrix, thereby

facilitating integration of the material within the host tissue

[9]. Hence, studies aimed at defining the optimal matrix

molecules for MSC adhesion are needed.

In many in vitro studies of cell/biomaterial interactions,

immortalized cell lines have been used in place of primary

cells like MSCs or bone-derived osteoblasts. This is done for

primarily practical reasons. Immortalized cell lines,

including those derived from human osteosarcomas, are

easier to procure than primary cells, and they grow in vitro

for an indefinite number of passages. Saos-2 and MG-63 are

examples of osteosarcoma cell lines that have been widely

used as model systems for elucidating osteogenic cell

behavior on biomaterials. These cell lines are useful because

they have the capacity to undergo osteoblastic differentia-

tion in response to osteogenic chemical cues [10].

While it is possible that osteosarcoma cells represent a

suitable model for studying osteoblastic differentiation on

biomaterial surfaces, it isn’t yet clear that these cells mimic the

behavior of MSCs during the initial phases of cell attachment

to a biomaterial. It is well-established that the acquisition of a

transformed/tumorigenic phenotype causes aberrant expres-

sion and/or activity of integrin receptors [11–14]. In prior

studies from our laboratory, we found that Saos-2 osteosar-

coma cells use different integrins than MSCs when attaching

to serum-coated HA, and these cells also exhibit a divergent

preference for selected matrix molecules [15]. In light of these

results, the goal of the current study was to determine whether

altered integrin-dependent attachment was a general feature of

osteosarcoma cells. To this end, we performed a side-by-side

comparison of mechanisms used by MSCs, Saos-2, and MG-

63 cells to attach to protein-coated HA.

2 Materials and methods

2.1 Cell culture

MG-63 and Saos-2 cells were obtained from American

Type Culture Collection, and were maintained in ATCC

Minimum Essential Eagle Media containing 10% fetal

bovine serum (FBS) and supplemented with Amphotericin

B and pen-strep. Human MSCs were harvested from bone

marrow donations, with IRB approval. Briefly, MSCs were

purified from the bone marrow using a Histopaque gradient

[2] and then grown in Dulbecco’s Modified Eagles Media

(DMEM) containing 10% fetal bovine serum (FBS), sup-

plemented with amphotericin B and pen-strep. MSCs from

passages 7 through 18 were used for the described

experiments.

2.2 Cell adhesion

HA disks were coated with FBS, 2% denatured bovine

serum albumin (dBSA), 20 lg/ml of FN, or 20 lg/ml of

collagen I overnight 4�C in a 24-well plate. dBSA coated

HA disks served as the negative control. Immediately

prior to adhesion assays, cells were labeled with cell

tracker green dye (Molecular Probes) according to the

vendor protocol, and then detached by trypsinization.

Trypsin inhibitor was then added and cells were subse-

quently centrifuged, washed and resuspended in serum-

free DMEM. Cells were seeded onto protein-coated HA

disks and allowed to adhere for 1 h at 37�C. A 1 h time

point for evaluating cell adhesion was selected for two

reasons: (1) cells do not secrete a significant amount of

matrix molecules within this time period (an event that

could compromise the analyses of responses to the

adhesion proteins adsorbed to HA), and (2) a 1-h time

point is insufficient to allow cells to significantly change

their integrin expression profile while adherent to HA,

given that integrin synthesis is known to be relatively

slow [16–18]. Following the 1-h adhesion interval, disks

were washed several times with phosphate buffered saline

(PBS) to remove non-adherent cells, and the adherent

cells were lysed with 1% Triton X-100 in 50 mM Tris

buffer at pH 7.5. The degree of cell adhesion was quan-

tified by measuring the fluorescence in the samples.

Values were reported as fold increases over cell binding

to dBSA.

2.3 Cell morphology

HA disks were coated with selected proteins as described

above. Cells were seeded onto the disks and allowed to

adhere for 1 h at 37�C. The samples were then washed with

Tris-buffered saline (TBS), and the adherent cells were

fixed with 3.7% formaldehyde. After fixation, cells were

permeabilized with 0.2% Triton X-100, and then non-

specific binding was blocked with 2% dBSA. The actin

cytoskeleton was labeled with phalloidin, conjugated to

Alexa 488 green fluorescent dye (Molecular Probes). Cells

were visualized using a Leica fluorescent microscope.
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2.4 Function blocking antibodies

Cells were labeled with cell tracker green, and detached by

trypsinization as previously described. Cells were then

incubated in suspension with anti-integrin function blocking

antibodies for 1 h at 37�C. The following antibodies were

used for these studies; (1) anti-a5 integrin (Chemicon Int.),

(2) anti-av integrin (Chemicon Int.) and (3) a non-specific

isotype control IgG (Chemicon Int.). All of the antibodies

were used at a 20 lg/ml concentration. Following the

incubation with function-blocking antibodies, the cells were

seeded onto HA disks pre-coated with 20 lg/ml FN, and

adhesion was quantified as previously described.

2.5 Western blot

Cells were grown on tissue culture plastic for 24 h and then

lysed in 50 mM Tris buffer containing 1% Triton X-100,

20 lg/ml leupeptin, and 0.5 mM phenylmethylsulfonyl

fluoride (PMSF). Side-by-side lysates were prepared for

MSCs, MG-63 and Saos-2 cells, and lysates were prepared

on three separate days, from three independent batches of

cells (to insure that any observed differences in protein

expression were repeatable). The protein concentrations of

the lysates were normalized through the use of a Bradford

assay (Sigma). The lysates were then resolved by SDS-

PAGE and transferred to PVDF membranes. Membranes

were blocked in 5% milk dissolved in TBS containing

0.05% Tween-20 (TBST). The membranes were subse-

quently incubated with primary antibodies against

fibronectin (Chemicon), vitronectin (Santa Cruz), a5 inte-

grin (Santa Cruz), av integrin (Chemicon), and a2 integrin

(Chemicon), or with an antibody against b-actin. An HRP-

conjugated secondary antibody was then added and pro-

teins were visualized by enhanced chemiluminescence. The

three independent batches of lysates for the three cell lines

were subjected to Western blotting, and densitometry was

used to quantify the visualized bands on each immunoblot.

These data were normalized to the b-actin loading control

band for each sample.

2.6 Statistical analysis

For the graphical data shown in Figs. 1 and 4, three inde-

pendent experiments were performed, with each

experiment performed in triplicate. Data are plotted as

means + SEM, and statistical significance was evaluated

by student’s t-test (P \ 0.05). For the Western blots shown

in Figs. 3 and 5, three separate immunoblots were evalu-

ated by densitometry, as described above. Data are graphed

as mean densitometric units + SEM for the three blots, and

statistics were calculated using a student’s t-test

(P \ 0.05).

3 Results

3.1 Osteosarcoma cells and MSCs bind optimally

to different matrix molecules

MSC, MG-63, and Saos-2 cells were monitored for adhe-

sion to HA disks coated with either FN, FBS, collagen I or

dBSA (binding to dBSA served as a negative control).

Collagen I (col I) was included in this study because it is a

major constituent of the organic bone matrix. HA disks

were pre-coated with the various substrates, washed several

times to remove loosely-bound proteins, and then cells

were seeded onto the disks in serum-free media and

allowed to adhere for 1 h. As shown in Fig. 1, MG-63 and

Saos-2 cells demonstrated a similar preference for matrix

molecules; maximal binding was observed on FN-coated

HA, whereas binding was minimal on col I-coated HA. In

contrast, the greatest degree of MSC attachment was
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Fig. 1 Osteosarcoma cells and MSCs bind optimally to different

matrix molecules. Cells were pre-loaded with a fluorescent dye and

then seeded onto HA disks precoated with FBS, FN, col I or

denatured BSA (a negative control). Cells were allowed to adhere for

1 h, and were then evaluated for cell adhesion using a fluorometric-

based assay. As shown, MG-63 and Saos-2 cells demonstrated greater

attachment to FN coated disks than to FBS or col I-coated disks. This

contrasts with the behavior of MSCs, which adhere better to disks

coated with FBS or col I as compared with FN. Results are from three

independent experiments, each performed in triplicate. * denotes

significant difference from FBS-coated samples (P \ 0.05).

Bars = means + SEM
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observed on col I-coated HA, while MSC attachment was

lowest on FN-coated HA. These data indicate that MSCs

exhibit a markedly different preference for matrix mole-

cules than osteosarcoma cells.

3.2 Osteosarcoma cells and MSCs demonstrate

differential cell spreading on matrix molecules

In order to evaluate the morphology of cells adherent to the

various substrates, the attached cells were labeled with

phalloidin. These studies revealed that maximal cell

spreading of osteosarcoma cells was induced by different

matrix molecules than those stimulating maximal spread-

ing of MSCs. As shown in Fig. 2, both of the osteosarcoma

cell lines were well-spread on FN-coated HA, but were

almost completed rounded on FBS. In contrast, MSCs were

maximally spread on FBS. Cell spreading on col I

appeared to be intermediate for the three cell types.

3.3 Osteosarcoma cells and MSCs synthesize similar

amounts of matrix molecules

We next tested whether osteosarcoma cells synthesize

different amounts of matrix proteins than MSCs. Cells

were grown for 24 h on tissue culture plastic and then lysed

using standard methods. Lysates were evaluated for FN or

VN production by Western blotting (of note, we also

attempted to blot for col I, but were unsuccessful in

obtaining a convincing blot). Results from these experi-

ments indicated that the three cell types produce similar

amounts of VN (Fig. 3). FN synthesis was also similar for

MSCs and Saos-2 cells, however less FN was synthesized

by MG-63 cells (Fig. 3). These data suggest that the

preference of osteosarcoma cells for adhesion to FN-coated

HA (as shown in Fig. 1) cannot be explained by increased

synthesis of this matrix molecule by these cells. Moreover,

in the cell adhesion assays performed in Fig. 1, cells were

allowed to adhere to protein-coated HA for 1 h only (in

serum-free media), a time interval which is generally

insufficient to allow significant cellular secretion of matrix

molecules.

3.4 Osteosarcoma cells use different integrin receptors

than MSCs to adhere to fibronectin

We speculated that variable cell behavior on FBS and

FN-coated HA may be due to differences in integrin

receptor utilization. In a prior study, we determined that

Fig. 2 Osteosarcoma cells and

MSCs demonstrate differential

cell spreading on matrix

molecules. Cells were allowed

to adhere for 1 h on HA disks

pre-coated with pro-adhesive

proteins. The cells were then

fixed with formaldehyde, and

the actin cytoskeleton was

labeled using phalloidin

conjugated to a green

fluorescent dye. Maximal

spreading of Saos-2 and MG-63

cells was observed on FN-

coated HA disks, whereas only

limited cell spreading was

observed on disks coated with

either col I or FBS. The

morphology of MSCs was very

different from that of Saos-2

and MG-63 cells, in that MSCs

appeared to spread better on

FBS than on either collagen or

FN
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Saos-2 cells adhere to FBS-coated HA using both a5 and

av-containing integrin heterodimers, whereas MSCs utilize

av, but not a5. In the present study, we screened for

integrins involved in cell adhesion to FN. Specifically, cells

were preincubated with anti-integrin function blocking

antibodies, and then monitored for cell adhesion to FN-

coated HA. As shown (Fig. 4), MG-63 and Saos-2 cell

adhesion was significantly inhibited by function-blocking

antibodies against both the av and a5 integrin subunits,

indicating the involvement of both of these integrins in

binding to FN. As with osteosarcoma cells, MSCs clearly

use av-containing integrins to adhere to FN (Fig. 4),

however we previously reported that anti-a5 function-

blocking antibodies do not block MSC adhesion to FN

[15]. Thus, although MSCs express a5b1 integrins, this

receptor does not appear to mediate MSC adhesion to

either FBS- or FN-coated HA.

3.5 Osteosarcoma cells and MSCs exhibit differential

expression of integrin receptors

We next examined levels of integrin expression in the three

cell types. Western blot analyses of cell lysates revealed

that the a2 integrin subunit was expressed at higher levels

in MSCs than in the two osteosarcoma cell lines (Fig. 5a),

which may explain the higher degree of MSC adhesion to

col I as compared with MG-63 and Saos-2 cells. MSCs

also expressed higher levels of the av integrin subunit

(Fig. 5b), whereas the expression of a5 integrins was

equivalent in the three cell lines (Fig. 5c). Thus, the two

osteosarcoma cell lines exhibit differential expression of

integrins as compared with MSCs. Importantly, the integrin

expression profile, cell preference for matrix molecules,
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Fig. 3 Osteosarcoma cells and MSCs synthesize FN and VN Cells

were grown overnight on tissue culture plastic and then lysed in

buffer containing 1% TX-100. Lysates were resolved by SDS-PAGE,

transferred to PVDF membrane and immunoblotted for either FN (a)

or VN (b). All blots were stripped and re-probed with an antibody

against b-actin to control for protein loading. Western blots were

performed using three independent harvests of cell lysates, and band

intensities were quantified by densitometry. Values for integrin levels

were normalized to the b-actin control bands. Graphs represent the

means and SEMs; * denotes a statistically significant difference

(P \ 0.05)
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Fig. 4 Osteosarcoma cells use

different integrin receptors than

MSCs to adhere to fibronectin.

MSCs, MG-63, and Saos-2 cells

(labeled with cell tracker green)

were preincubated with function

blocking antibodies against a5

or av integrins, or with a

nonspecific IgG (IgG) as a

control. Trials were also

included in which no antibody

was added (no Ab). The cells

were then seeded onto FN-

coated HA disks, and allowed to

adhere for 1 h at 37�C. The

disks were then washed to

remove non-adherent cells, and

the number of adherent cells

was quantified as previously

described. Results represent the

means and SEMs for three

experiments performed in

triplicate. * denotes significant

difference from the no antibody

samples (P \ 0.05)
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and cell spreading behavior, are strikingly similar for the

two osteosarcoma cell lines, suggesting that there may be

common alterations in osteoblastic cell behavior following

tumorigenic transformation.

4 Discussion

HA is a highly osseoconductive biomaterial that has

numerous clinical advantages. When used as a coating for

hard tissue implants, HA stimulates increased bone for-

mation on implant surfaces, and the newly-synthesized

bone is found in direct contact with the HA layer [1, 19].

These features contribute to proper anchorage of orthope-

dic implants after surgery, a quality that has been shown to

be associated with reduced rates of implant failure [20, 21].

Our lab has suggested that at least one of the factors

underlying HA’s high degree of osseoconductivity is the

capacity of this material for adsorbing pro-adhesive pro-

teins from body fluids within the bone microenvironment

[22]. In vivo, orthopedic implants are bathed in blood,

which contains an abundant amount of integrin-binding

proteins such as FN, VN and fibrinogen [5]. Integrin-

mediated cell attachment to these ligands enables cells to

survive on the implant surface, and further contributes to

the subsequent osteoblastic differentiation of MSCs [23].

Given the importance of integrins in cell/biomaterial

interactions, as well as the current interest in functionali-

zing materials with biomimetic molecules, studies aimed at

defining the mechanisms regulating osteogenic cell

attachment are crucial.

The purpose of the present study was to examine whe-

ther osteosarcoma cell lines serve as good models for

determining which matrix molecules best promote the

attachment of osteogenic cells to HA. We find that MG-63

and Saos-2 osteosarcoma cells prefer FN coatings to FBS

and col I, whereas MSCs bind best to col I and FBS.

Furthermore, MG-63 and Saos-2 cells exhibit maximal cell

spreading while adherent to FN, whereas MSC spreading is

optimal on FBS. The mechanisms underlying the greater

FN-binding capability of osteosarcoma cells, relative to

MSCs, are not currently understood, but do not appear to

involve the upregulation of integrin subunits involved in

FN-binding; for example, av and a5. MSCs actually

express higher levels of av than osteosarcoma cells, and

equivalent levels of a5. Osteosarcoma preference for FN

also does not seem to be due to increased secretion of FN

from the cells themselves, given that MSCs synthesize

equivalent amounts of FN as compared with Saos-2 cells,

and more FN than MG-63 cells.

We speculate that the increased adhesion and spreading

of osteosarcoma cells on FN may be related to the fact that

these cells use different integrins than MSCs when adher-

ing to FN (and also to FBS). In a prior study, we reported

that MSCs used primarily av-containing integrins, whereas

Saos-2 cells used both av and a5-containing integrins, to

bind FBS-coated HA [15]. In the present study we find that

the initial attachment of MG-63 and Saos-2 to FN-coated

HA is similarly blocked by function-blocking antibodies

against both av and a5 integrin subunits, whereas only the

anti-av antibodies are effective against MSC adhesion to

FN. Although a5 and av-containing integrin heterodimers

can both bind to FN, it is known that these diverse integrin

species can direct different cell responses. Clearly MSCs

express significant amounts of the a5b1 receptor, therefore

it is intriguing that this receptor does not participate in

MSC adhesion to FN. It is possible that the a5b1 integrins

expressed by MSCs are in an inactive state, but become

activated later in the osteogenic differentiation pathway.

The expression of inactive cell surface a5b1 integrins is a

common feature of some immune cell types [24–26]. Our

results indicating that osteosarcoma cells have enhanced

FN binding relative to MSCs, directed in part by a5b1, hint
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Fig. 5 Osteosarcoma cells and MSCs exhibit differential expression

of integrin receptors. MSC, MG-63, and Saos-2 cell lysates were

immunoblotted for a2 integrins (a), av integrins (b) or a5 integrins

(c). All blots were stripped and re-probed with an antibody against b-

actin to control for protein loading. Western blots were performed

using three independent harvests of cell lysates, and band intensities

were quantified by densitometry. Values for integrin levels were

normalized to the b-actin control bands. Graphs represent the means

and SEMs; * denotes a statistically significant difference (P \ 0.05)
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that a5b1 function may contribute to some aspect of the

tumor cell phenotype. Alternately, increased a5b1 activity

may reflect differences in the differentiation status of MG-

63 and Saos-2 cells as compared with MSCs.

While a5b1 does not appear to mediate the initial

attachment of MSCs to FN, signaling from this integrin

species could play a role in the development and mainte-

nance of the more mature osteoblastic phenotype.

Function-blocking antibodies against a5b1 integrins have

been reported to inhibit alkaline phosphatase activity [27]

as well as the formation of mineralized nodules [28, 29].

However, it should be noted that none of these prior studies

was performed with MSCs; instead, osteoblast differenti-

ation was assessed using MG-63 cells [27] and fetal

calvarial osteoblasts as model systems [28, 29]. Further

studies are needed to determine if differentiating MSCs

require the same integrin species for osteoblast-related

functions as more mature osteoblastic cell types or osteo-

sarcoma cells.

Interestingly, neither of the osteosarcoma cell lines was

able to spread on FBS-coated HA, whereas MSCs spread

very well on this substrate. In our prior studies we observed

that FN and VN were deposited on HA surfaces following

coating with FBS, and moreover, the adsorbed FN and VN

molecules adopted conformations that were appropriate for

binding to purified integrin receptors [2]. Several other

investigators have also reported that HA adsorbs FN and

VN from FBS [30, 31]. Thus, the finding that osteosarcoma

cells do not spread on FBS-coated HA, despite the presence

of adsorbed FN and VN, suggests that there is some

component within FBS that actively blocks osteosarcoma,

but not MSC, cell spreading. Identification of this com-

ponent could have therapeutic implications with regard to

cancer metastasis.

Finally, it is noteworthy that MSCs express greater

levels of the a2 integrin subunit, relative to MG-63 and

Saos-2 cells, which likely contributes to the high degree of

adhesion to col I exhibited by MSCs. Similarly, a2b1

integrins are more highly expressed by fetal rat calvarial

osteoblasts as compared with R0S17/2.8 osteosarcoma

cells [14]. The organic phase of bone is approximately 90%

col I, and therefore a2b1 function may be important for

anchoring MSCs or pre-osteoblastic cells to bone during

wound healing or bone-remodeling. However, the a2b1

integrin species is not only important for initial cell

attachment, but also appears to play a crucial role in

inducing osteoblastic differentiation in both MSCs [32, 33],

and the MC3T3-E1 preosteoblastic cell line [34–36].

Ligand binding to a2b1 stimulates phosphorylation (and

therefore activation) of Focal Adhesion Kinase (FAK),

which leads to the activation of the osteoblast-specific

transcription factor, cbfa-1 (runx2), possibly through an

ERK-dependent signaling cascade [34, 36–38]. In turn,

activation of cbfa-1 induces increased expression of genes

such as osteocalcin and alkaline phosphatase and promotes

matrix mineralization. Function-blocking antibodies spe-

cific for a2b1 inhibit osteoblast-specific gene expression

and matrix mineralization [29, 35, 39]. Taken together

these results suggest that functionalizing biomaterial sur-

faces with molecules that activate a2b1 receptors may

provide a dual benefit by promoting both initial MSC

attachment and osteoblastic differentiation.

5 Conclusions

The broad goal of the current study was to determine

whether osteosarcoma cell lines represent valid cell sys-

tems for evaluating the behavior of osteogenic cells on

hydroxyapatite biomaterials. Notably we find that two

osteosarcoma cell lines, MG-63 and Saos-2, exhibit strik-

ing similarities in their preferences for matrix molecules, as

well as expression and utilization of integrin receptors.

However, the adhesive behavior and integrin expression

profiles of the osteosarcoma cell lines are quite different

from that of MSCs. These results are important because the

development of biomaterial surfaces that optimally pro-

mote osteogenic cell attachment and survival is a crucial

factor in successful therapeutic strategies for bone regen-

eration. Our results suggest that osteosarcoma cells are not

ideal cell systems for modeling the behavior of MSCs.
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