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Abstract

Craniosynostosis (CS), the premature ossification of cranial sutures, is attributed to increased osteogenic potential of
resident osteoblasts, yet the contribution of the surrounding extracellular matrix (ECM) on osteogenic differentiation is
unclear. The osteoblast-secreted ECM provides binding sites for cellular adhesion and regulates the transport and signaling
of osteoinductive factors secreted by the underlying dura mater. The binding affinity of each osteoinductive factor for the
ECM may amplify or mute its relative effect, thus contributing to the rate of suture fusion. The purpose of this paper was to
examine the role of ECM composition derived from calvarial osteoblasts on protein binding and its resultant effect on cell
phenotype. We hypothesized that potent osteoinductive proteins present during sutural fusion (e.g., bone morphogenetic
protein-2 (BMP-2) and transforming growth factor beta-1 (TGF-b1)) would exhibit distinct differences in binding when
exposed to ECMs generated by human calvarial osteoblasts from unaffected control individuals (CI) or CS patients.
Decellularized ECMs produced by osteoblasts from CI or CS patients were incubated in the presence of BMP-2 or TGF-b1,
and the affinity of each protein was analyzed. The contribution of ECM composition to protein binding was interrogated by
enzymatically modulating proteoglycan content within the ECM. BMP-2 had a similar binding affinity for each ECM, while
TGF-b1 had a greater affinity for ECMs produced by osteoblasts from CI compared to CS patients. Enzymatic treatment of
ECMs reduced protein binding. CS osteoblasts cultured on enzymatically-treated ECMs secreted by osteoblasts from CI
patients in the presence of BMP-2 exhibited impaired osteogenic differentiation compared to cells on untreated ECMs.
These data demonstrate the importance of protein binding to cell-secreted ECMs and confirm that protein-ECM interactions
have an important role in directing osteoblastic differentiation of calvarial osteoblasts.
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Introduction

Craniosynostosis (CS), the premature fusion of cranial sutures, is

a congenital defect occurring in one in 2000 live births.[1,2] Sutural

ossification occurs at the osteogenic front of cranial sutures through

direct (membranous) bone formation, and this process has been

largely attributed to increased osteogenic potential of resident

osteoblastic cells and mutations in a select number of genetic targets.

Osteoblasts and progenitor cells derived from both leporine and

human patients with craniosynostotic diseases exhibit increased

osteogenic potential in culture.[3,4,5] At the genetic level, mutations

in at least seven genes (FGFR1, FGFR2, FGFR3, TWIST1, EFNB1,

MSX2 and RAB23) result in enhanced ossification of the sutures in

CS patients.[6] Most of these genes harbor gain-of-function

mutations, while mutations in TWIST, an upstream repressor of

FGFR (fibroblast growth factor receptor) genes, induces loss of

function leading to constitutive overexpression of these genes. These

data suggest that abnormalities in growth factor signaling via FGFR

contribute to the rate of suture fusion.[7,8].

In addition to the activity of resident cells, calvarial bone

formation is directed by the presence and activity of various

growth factors secreted by the underlying dura mater.[9,10]

Specifically, the dural production of growth factors such as

transforming growth factor-beta 1 (TGF-b1) and basic fibroblast

growth factor (FGF-2), as well as the absence of inhibitors of bone

formation (e.g., noggin) correlate to the timing and location of

suture fusion in rodent and rabbit models.[11,12] The identifica-

tion of these molecules during development has led to the delivery

of antibodies and inhibitors as a proposed treatment option to slow

synostosis.[13] However, this approach suffers from short- and

long-term difficulties due to challenges in timing and stability of

delivering such large molecules to the defect site.

The extracellular matrix (ECM) plays a critical role in directing

the behavior of surrounding bone cells by instructing various

processes including cellular proliferation, differentiation, and

regulating the transport and signaling of endogenous osteoinduc-

tive growth factors.[14,15] While osteoblasts from craniosynostotic

patients appear to possess enhanced osteogenic potential, the
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contribution of the surrounding ECM to regulating growth factor

signaling to neighboring cells has been largely unexplored.

Differences in ECM composition, particularly glycosaminoglycans

and proteoglycans, may alter the osteogenic profile of responsive

osteoblasts due to availability of binding sites for endogenous

osteoinductive molecules.[16] Chondroitin sulfate proteoglycans

such as biglycan and decorin are involved in regulating postnatal

skeletal growth and osteogenic differentiation of mesenchymal

stem cells (MSCs) and preosteoblasts in culture.[17] The treatment

of cell-produced ECMs with heparanase and chondroitinase to

cleave heparan sulfate and chondroitin sulfate glycosaminoglycans

the proximal binding sites for osteoinductive proteins, resulted in

increased osteogenic differentiation of MSCs in culture due to

continued BMP signaling.[18,19] In light of previous reports

describing the role of proteoglycans on growth factor binding, the

purpose of this paper was to examine the role of ECM

composition derived from calvarial osteoblasts on osteoinductive

protein binding and its resultant effect on cell phenotype.

We hypothesized that calvarial osteoblasts from patients

diagnosed with CS secrete ECMs that differentially bind

osteoinductive proteins compared to cells from unaffected control

individuals (CI), and the resulting binding capacity would

subsequently modulate the osteogenic potential of associated cells.

To test this hypothesis, decellularized ECMs were produced by

calvarial osteoblasts from CS patients or unaffected CI, TGF-b1

or BMP-2 was adsorbed to each ECM, and the affinity of each

protein for the ECMs was quantified. These two osteoinductive

molecules were selected due to their presence and role in

contributing to sutural fusion.[12,13] To further explore the

interplay between growth factor-ECM interactions and osteogenic

response, osteoblast-secreted ECMs were enzymatically modified

to reduce heparan sulfate and chondroitin sulfate proteoglycans,

after which the affinity of each growth factor was characterized

and the resultant effect on osteogenesis was assessed.

Results

Differential binding of osteoinductive proteins to
osteoblast-produced ECMs

We examined the adsorption of TGF-b1 and BMP-2 when

exposed to ECMs secreted by calvarial osteoblasts derived from CI

and CS patients by observing protein distribution and quantifying

fluorescence. ECMs produced by CSObs contained significantly

more total protein (1.15 6 0.17 mg/ml) compared to ECMs

secreted by CIObs (0.756 6 0.02 mg/ml; p,0.01); hence, bound

growth factor concentrations were normalized to total protein

concentrations. Under fluorescence and brightfield microscopy,

we observed greater ECM deposition by CSObs compared to

ECMs secreted by CIObs, and proteins adsorbed to these ECMs

with broad spatial distribution (Fig. 1). The dissociation constant

(Kd) for each protein was then calculated by quantifying the

amount of free (unbound) protein and analyzed by a Scatchard

plot. TGF-b1 maintained a significantly higher Kd, and thus lower

binding affinity in ECMs secreted by CSObs than CIObs (p,0.05)

(Fig. 2A, 2B). No significant differences in BMP-2 binding were

observed between the two ECMs (Fig. 2C, 2D). Importantly,

Figure 1. Overlay images (bright field and fluorescent) of TGF-b1 (0.05 ng/ml) (A, B) and BMP-2 (0.04 ng/ml) (C, D) bound to ECMs
produced by CSObs (A, C) and CIObs (B, D). Images are representative of experiments performed in triplicate and are taken at 100x
magnification; scale bars represent 50 mm.
doi:10.1371/journal.pone.0025990.g001

Growth Factor Adsorption to Extracellular Matrices
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BMP-2 exhibited substantially greater affinity for the ECMs,

regardless of the cell source, compared to TGF-b1, as seen by the

lower Kd values. We observed similar results when adsorbing

growth factors to ECMs deposited at 21% O2 (data not shown),

demonstrating that oxygen tension did not have a significant effect

on the availability and composition of binding sites within these

osteoblast-secreted ECMs.

Characterization of ECM composition
We examined the presence of cell-secreted mineral within

decellularized osteoblast-secreted ECMs by Alizarin red staining

to determine if differences in mineral content might contribute to

differential protein binding. No evident staining was observed for

ECMs produced by either osteoblast population (data not shown).

Next, we aimed to determine the effect of culturing cells in the

presence of enzymes that interfere with GAG and proteoglycan

content and binding to core proteins. Decellularized ECMs were

stained with Alcian blue to qualitatively observe the effect of

enzyme treatment on GAG content. Optical microscopy images

confirmed increased Alcian blue staining in the untreated groups

compared to ECMs grown in the presence of heparanase and/or

chondroitinase ABC (Fig. 3A, 3B). The qualitative findings were

confirmed by quantification of dye intensity, with significantly

lower GAG content in treated versus control (untreated) groups

(Fig. 3C). Although we failed to appreciate significant differences

between ECMs treated with different enzymes, ECMs produced

by CSObs consistently contained more GAG content compared to

ECMs secreted by CIObs.

The presence of DCN, BGN, SYN-2, FN, and COL1 in

enzyme-treated and untreated ECMs was examined with

immunohistochemical staining (Fig. 4). Although the different

enzyme treatment groups resulted in similar staining intensities,

ECMs secreted by CSObs exhibited substantially darker staining

for DCN, BGN, SYN-2, COLI and FN compared to ECMs

produced by CIObs for all groups.

Enzyme-treated ECMs modulate osteogenic response of
CSObs

We used qPCR to measure the osteogenic response of CSObs

when seeded on ECMs produced by CSObs or CIObs deposited

in the presence of GAG-interfering enzymes (Fig. 5). We did not

detect stark differences in gene expression for cells grown on

ECMs in the presence of individual enzymes versus joint

administration. Therefore, we elected to present only qPCR for

cells seeded on ECMs deposited simultaneously with both

heparanase and chondroitinase (enzyme-treated group). After 5

days, CSObs demonstrated significantly less ALP expression on

all ECMs except the enzyme-treated CIObs ECM compared to

untreated CIObs ECM and TCP, while culture for 10 days

revealed consistent inhibition of ALP expression for all ECMs

(Fig. 5A). We observed a similar pattern for both RUNX2

(Fig. 5B) and DCN (Fig. 5D). COL1A expression in CSObs was

Figure 2. Scatchard plot analysis of TGF-b1 and BMP-2 binding to ECMs secreted by CSObs (A, C) and CIObs (B, D). Scatchard plot for
representative data set in each culture condition is included as inset. Plots are representative of experiments performed in triplicate. Kd represents the
dissociation constant.
doi:10.1371/journal.pone.0025990.g002
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reduced for cells grown on all ECMs compared to TCP control

after 5 days. However, after 10 days COL1A expression was

reduced only in CSObs grown on enzyme-treated CIObs ECM

compared to all other groups (Fig. 5C). We examined mRNA

expression of DCN and BGN in reseeded CSObs to probe if cells

would attempt to replenish an enzymatically-treated matrix. At 5

days, BGN mRNA levels were significantly higher in CSObs on

enzyme-treated CIObs ECM compared to cells grown on

untreated CIObs ECM, but mRNA levels were all significantly

lower than cells on TCP (Fig. 5E). This response was not

Figure 3. Alcian Blue stains of GAGs present in ECMs produced by CSObs (A) and CIObs (B) after heparanase (HS), chondroitinase
ABC (CABC), both enzymes (BOTH) and without (CONTROL) enzyme treatment. Images taken at 100X magnification; scale bars represent
50 mm. C: Quantification of Alcian blue stain. *p,0.05 vs. control, #p,0.05 vs. CIObs ECM.
doi:10.1371/journal.pone.0025990.g003

Figure 4. Immunohistochemical staining of molecules contained with ECMs secreted by CSObs (A) and CIObs (B). From left to right,
images for decorin (DCN), biglycan (BGN), collagen type 1 (COLI), syndecan-2 (SYN-2), and fibronectin (FN). Images are taken at 40x magnification;
scale bars represent 100 mm.
doi:10.1371/journal.pone.0025990.g004

Growth Factor Adsorption to Extracellular Matrices

PLoS ONE | www.plosone.org 4 October 2011 | Volume 6 | Issue 10 | e25990



observed for CSObs seeded on cell-matched ECMs. However,

BGN expression increased after 10 days for cells on untreated

ECMs produced by CIObs versus enzyme-treated platforms. To

determine if changes in gene expression altered the downstream

osteogenic response, we quantified calcium deposition by CSObs

cultured on ECMs secreted by CIObs versus native ECMs

(Fig. 5F). After 5 and 10 days, CSObs cultured on ECMs

secreted by CIObs ECM exhibited significantly lower amounts of

deposited calcium compared to those cultured on native ECM,

regardless of the enzyme treatment. When examining the

behavior of CIObs on ECMs produced by CSObs, we observed

significantly greater ALP expression in CIObs after 5 days

compared to CIObs seeded on ECMs produced by CIObs

(Fig. 6A). Similar trends were observed for RUNX2 (Fig. 6B),

COLIA (Fig. 6C), and calcium deposition (Fig. 6D) after 10 days,

thus demonstrating the osteogenic potential of ECMs secreted by

CSObs.

Growth factor binding is altered by enzyme treatment of
ECMs

The deposition of osteoblast-secreted ECMs in the presence of

heparanase, CABC, or both enzymes resulted in significantly

increased values of Kd for both TGF-b1 and BMP-2 as compared

to untreated ECMs, confirming reduced protein binding for these

matrices (Table 1). Furthermore, the application of both enzymes

significantly reduced protein binding compared to ECMs

produced by a singular enzyme. Similar to data collected without

enzyme treatment (Fig. 2A-B), Kd was significantly higher and

thus binding of TGF-b1 was lower for enzyme-treated ECMs

deposited by CSObs compared to CIObs-secreted ECMs. We did

not observe significant differences in BMP-2 binding between

enzyme-treated ECMs deposited by either osteoblast population,

perhaps due to the enzyme concentration used. However, BMP-2

binding was reduced on enzyme-treated ECMs compared to

untreated ECMs, thus confirming the efficacy of removing protein

binding sites during enzyme treatment.

Differential binding of growth factors to enzyme-treated
ECMs modulates osteogenic response

After determining differences in the osteogenic response of cells

seeded on ECMs and protein binding on enzyme-treated

substrates, we examined the osteogenic response of CSObs when

seeded on ECMs and cultured in the presence of TGF-b1 or

BMP-2. In the absence of osteoinductive proteins, the osteogenic

response of CSObs seeded on ECMs produced by CIObs was

lower than those seeded on ECMs produced by CSObs. Thus, we

characterized osteogenic potential of CSObs seeded on CIObs-

produced ECM in the presence of either osteoinductive protein to

detect greater differences due to each stimulus (Fig. 7). In the

presence of exogenous TGF-b1, cells cultured on enzyme-treated

Figure 5. Quantitative PCR results for genes monitored in CSObs when seeded on enzyme- treated or untreated ECM from CSObs
or CIObs or TCP: ALP (A), RUNX2 (B), COL1A (C), DCN (D), BGN (E), and calcium deposition (F). Values reflect fold change in the target mRNA
expression over RPL13. #p,0.05 vs. untreated ECM; *p,0.05 vs. TCP.
doi:10.1371/journal.pone.0025990.g005
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ECM exhibited lower ALP expression after 5 and 10 days

compared to cells on untreated ECM. Conversely, RUNX2

expression was greater for cells on enzyme-treated ECMs with

TGF-b1. Despite differential binding of TGF-b1 to enzyme-

treated versus untreated ECMs, we did not detect differences in

COL1A expression at 5 or 10 days, yet mRNA expression in both

groups was significantly lower than cells cultured on TCP in the

presence of TGF-b1. After 10 days, the amount of calcium

deposited by cells seeded on enzyme-treated ECMs stimulated

with TGF-b1 was significantly lower compared to cells on

untreated ECMs. In the presence of BMP-2, the expression of

each osteogenic gene was significantly lower in CSObs cultured on

enzyme-treated ECMs compared to cells on untreated ECMs at 5

and 10 days. We detected a similar trend in calcium deposition at

5 and 10 days.

Discussion

The ossification of developing human calvarial tissue is a

complex process dependent upon the coordination of endogenous

osteoinductive signaling cues and the osteogenic potential of

responsive cells. Craniosynostosis, the premature fusion of the

cranial sutures, restricts brain growth and requires surgical

intervention to provide space for normal development. To

investigate causality of this disease state, a significant portion of

studies have focused on genetic mutations involving FGF receptors

and DNA binding proteins such as MSX2 and TWIST [20]. In

addition, others have shown differences in local TGF-b1 and

insulin-like growth factor (IGF1) between patent and fused sutures

Figure 6. Quantitative PCR results for genes monitored in CIObs when seeded on enzyme- treated or untreated ECM from CSObs or
CIObs or TCP: ALP (A), RUNX2 (B), COL1A (C), and calcium deposition (D). Values reflect fold change in the target mRNA expression over
RPL13. #p,0.05 vs. untreated ECM; *p,0.05 vs. TCP; $p,0.05 vs. CSObs ECM.
doi:10.1371/journal.pone.0025990.g006

Table 1. Dissociation constants (Kd) for TGF-b1 and BMP-2
binding to enzyme-treated ECMs.

Enzyme
treatment TGF-b1 Kd (ng/ml) BMP-2 Kd (ng/ml)

CIObs CSObs CIObs CSObs

heparanase 0.56660.05# 1.49360.002#* 0.25660.004# 0.266360.021#

chondroitinase 0.64460.04# 1.30160.009#* 0.26860.039# 0.28860.018#

Both enzymes 1.49660.03 2.33760.279* 0.45460.043 0.46060.044

None 0.45960.07# 0.73460.017#* 0.028960.002# 0.02460.002#

Values are represented as mean 6 std. dev. (n = 3).
*p,0.05 vs. corresponding CIObs ECM, #p,0.05 vs. both enzymes.
doi:10.1371/journal.pone.0025990.t001

Growth Factor Adsorption to Extracellular Matrices
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[21], hence leading to recent therapeutic approaches of blocking

the activity of these constituents with local antibody delivery.

However, current treatment methods for craniosynostosis lack

techniques to slow the increased osteogenic potential of native

osteoblasts, and the contribution of the surrounding ECM is

unclear. The results of this study demonstrate that cell-secreted

ECMs exhibit differential interaction with osteoinductive cues,

potentially providing a new target for treating patients diagnosed

with craniosynostosis.

The interaction between cells and the surrounding ECM is critical

to instruct cell phenotype, and these interactions have been examined

in vitro and in vivo [22,23]. The characterization of this behavior in vitro

is commonly simplified to examining cell behavior on individual

ECM proteins or on tissue culture plastic, yet the situation in vivo is

more complicated, involving the interaction of cells with a complex

array of proteins and polysaccharides. Thus, the use of cell-secreted

decellularized ECMs provides a more physiologically relevant tool to

explore the role of the ECM on cell behavior. We and others have

demonstrated how decellularized ECMs can be used to control the

cell fate process at different stages of differentiation.[14,24] The

results of our study confirm reduced binding of TGF-b1 to ECMs

deposited by CSObs compared to CIObs. These results agree with

previous studies where decreased TGF-b1 expression was detected in

fused sagittal sutures compared to patent posterior frontal su-

tures.[25] Although the exact mechanism of TGF-b1 activity in bone

formation is not clearly understood, TGF-b1 plays a major role in the

bone remodeling process by regulating bone resorption.[26] Hence,

reduced binding affinity of TGF-b1 to ECMs secreted by CSObs

may contribute to increased bone formation seen in patients

diagnosed with craniosynostosis.

Constituents of the ECM, particularly proteoglycans, play an

important role in regulating the binding, transport, and signaling

of various growth factors including TGF-b1 and BMP-2.[27]

Upon analyzing the ECM secreted by various osteoblastic

populations, others have reported differences in the expression of

proteins including syndecan, decorin, and biglycan in normal

osteoblasts versus those isolated from patients diagnosed with

syndromic craniosynostosis.[16] The presence of biglycan and

decorin has been closely associated with BMP-2 and TGF-b1

signaling, respectively.[28,29] The increased amounts of decorin

and biglycan in ECMs secreted by CSObs compared to CIObs

likely represent a significant contribution to differences in growth

factor binding to each ECM. This is in agreement with earlier

studies demonstrating that the sulfated chondroitin sulfate

structures on the surface of osteoblasts enhance osteogenic activity

due to increased BMP-2 binding.[30] In addition to its effect on

osteoblast activity, certain chondroitin sulfate units reduced

osteoclast activity and impaired bone resorption.[31]

These data support previous results that demonstrate the

osteogenic differentiation of cells of the osteoblastic lineage can

Figure 7. Quantitative PCR results for genes monitored in CSObs seeded on enzyme-treated or untreated ECM from CIObs or TCP
control in the presence of TGF-b1 or BMP-2: ALP (A), RUNX2 (B), COL1A (C), and calcium deposition (D). Values reflect fold change in the
target mRNA expression over RPL13. #p,0.05 vs. untreated ECM, *p,0.05 vs. TCP.
doi:10.1371/journal.pone.0025990.g007
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be modulated in the presence of GAG-modifying enzymes.[17,32]

When cultured on enzyme-treated ECMs produced by CIObs for

short periods, we observed that osteoblasts from craniosynostosis

patients exhibited increased expression of ALP and RUNX2, both

early indicators of osteogenesis, compared to cells cultured on

untreated ECMs. This is consistent with reports of rare RUNX2

duplications in CS patients.[33] Also, this increase in ALP at

earlier time points could be attributed to the lower amount of ALP

present in enzyme treated CIObs ECMs compared to the ECMs

secreted by CSOBs. However, CSObs exhibited significant

reductions in COL1A expression at 10 days when cultured on

enzyme-treated substrates compared to untreated ECMs or TCP.

Furthermore, increased decorin and biglycan within ECMs

deposited by CSObs, even after enzyme treatment, may promote

binding of endogenous BMP-2 compared to ECMs produced by

normal osteoblasts, thus resulting in early increases in osteoblast

activity. Despite significant increases in ALP and RUNX2

expression, we did not detect differences in calcium deposition

by CSObs on ECMs deposited by CIObs. These data suggest that

CSObs are responsive to changes in their environment, suggesting

that CSObs rapidly remodel the underlying matrix or lack

necessary sensitivity to exhibit differences in mineral content. The

temporal response of CSObs to an underlying ECM merits further

investigation to fully understand how these cells remodel their

surroundings and undergo osteogenic differentiation. We also

observed that CSObs cultured on enzyme-treated ECMs pro-

duced by CIObs responded with increased early DCN and BGN

expression compared to cells on untreated ECMs. The lack of

significance in BGN expression from cells on CSObs ECM could

be attributed to greater concentrations of biglycan within these

ECMs. These results confirm differences in the amount of DCN

and BGN present in the enzyme-treated ECM in comparison to

the untreated ECMs from both cell types.

To verify if the enzyme-modulated ECMs would exhibit

impaired protein binding and resultant decreases in osteogenic

markers in CSObs, we calculated the binding affinity of TGF-b1

and BMP-2 on the enzyme-treated ECMs. As expected, enzyme-

treated ECMs had significantly higher Kd values (reduced binding)

for both proteins compared to the untreated groups. TGF-b1

stimulates proliferation of osteoprogenitor cells and inhibits

differentiation of mature osteoblasts.[34] BMP-2 is a potent

inducer of osteoblastic differentiation. By stripping the ECMs of

binding sites for these proteins, it may be possible to impair

osteoblastic activity of CSObs. These data support this hypothesis,

as we did not detect significant increases in expression of mRNA

for ALP, RUNX2, or COL1A for cells cultured on enzyme-treated

ECMs in the presence of TGF-b1. Moreover, CSObs cultured on

enzyme-treated ECMs in the presence of exogenous BMP-2

consistently exhibited reduced expression of these three markers

compared to cells on untreated ECMs.

These data demonstrate that binding of osteoinductive proteins

to underlying cell-secreted ECMs and resultant osteogenic

signaling is distinct between patients diagnosed with premature

cranial fusion and healthy controls. These differences are

attributed to the composition and activity of ECM constituents

such as proteoglycans and not simply due to the presence of highly

hydrophilic hydroxyapatite deposited by active osteoblasts.

Collectively, these data suggest that the increased osteogenic

potential of osteoblasts from craniosynostosis patients is at least

partially derived from differences in the local presentation of

endogenous osteoinductive proteins from the surrounding ECM.

The ECM may serve as a means for the local osteogenic cells to

modulate the effects of the various growth factors. While a more

thorough characterization of the ECM protein-cytokine interac-

tion is necessary to completely understand the signaling mecha-

nism in these cells, the use of enzyme treatment provides an

additional tool to reduce the binding of endogenous BMP-2

binding which may be useful in reducing osteoblast activity of

native cells.

Materials and Methods

Ethics statement
All specimens were obtained following informed written consent

according to an approved protocol granted by the Institution

Review Board at the University of California, Davis. All patients

with coronal craniosynostosis were clinically assessed and found to

have nonsyndromic coronal craniosynostosis without associated

extracranial congenital anomalies or developmental delays.

Cell culture and ECM production
Osteoblasts were isolated from bone fragments following

suturectomy as treatment for nonsyndromic craniosynostosis

(CSObs), while normal calvarial osteoblasts (CIObs) were isolated

from cranial bones of children undergoing surgical intervention for

head trauma. Genetic analysis excluded mutations associated with

syndromic forms of craniosynostosis in the relevant exons of

FGFR1, FGFR2, FGFR3 and TWIST genes as described by

Boyadjiev et al. [2] Osteoblasts were maintained in Dulbecco’s

modified eagle’s medium (DMEM, Invitrogen) containing 10%

fetal bovine serum (FBS, JR Scientific) and 1% penicillin-

streptomycin (Mediatech). Cells were used at passages 4-6. At

confluence, cells were trypsinized and seeded in 24 well plates at

30,000 cells/cm2 and cultured in maintenance media (DMEM/

10% FBS). After 24 h, the media was replaced with osteogenic

media (maintenance media containing 10 nM dexamethasone,

50 mg/ml ascorbate-2-phosphate, and 10 mM b-glycerophos-

phate, all from Sigma), and the cells were cultured for another 5 d.

The cells were cultured in 5% or 21% oxygen as previously

described.[35] After 5 d, osteoblast-secreted ECMs were decel-

lularized by incubation in phosphate buffered saline (PBS)

containing 20 mM NH4OH and 0.5% (w/v) Triton-X for 15

min at 37uC.[14] ECMs were treated with PBS containing DNase

(100 units/ml; Sigma) for 1 h, and resulting ECMs were then

rinsed with PBS, air dried, and used immediately for subsequent

experiments. Total protein concentrations in the ECMs were

measured using Amido black staining.[36]

Adsorption of growth factors to osteoblast-secreted
ECMs

Recombinant human TGF-b1 and BMP-2 (Peprotech) were

reconstituted to a final concentration of 1 mg/ml in PBS

containing bovine serum albumin (BSA) as a carrier. The growth

factors were fluorescently labeled using the Dylight 488 labeling kit

(Pierce Biotechnology) as described by the manufacturer. Briefly,

the growth factors were incubated with the fluorescent dye for 1 h

at room temperature. The unincorporated dye was removed by

passing the mix through a desalting spin column. The labeled

growth factors were diluted in PBS to obtain a range of

concentrations from 0 to 200 ng/ml. ECMs prepared as described

above were incubated overnight at 4uC with 200 ml of PBS

containing either TGF-b1 or BMP-2 at different concentrations.

After 24 h, the growth factor solution was collected, ECMs were

rinsed twice with PBS to remove unbound growth factor, and the

distribution of bound protein on ECMs was imaged using a Nikon

Eclipse TE2000-U fluorescent microscope. Growth factor-bound

ECMs were then scraped in PBS (100 ml/well) using a cell scraper,

and bound concentrations of each protein were quantified via
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fluorescence (excitation: 493 nm, emission: 518 nm) with a plate

reader (Synergy HTTR, Biotek). Growth factor concentration was

calculated from a standard curve corrected for BSA. All

concentrations were normalized to ECM protein concentrations,

and the dissociation constants (Kd) were calculated from a

Scatchard plot analysis using Prism (GraphPad Software, Inc.).

[37]

Enzymatic treatment of ECMs
Osteoblasts were seeded in 24 well plates at 30,000 cells/cm2 in

maintenance media. After 24 h, the media was changed to serum-

free osteogenic media containing heparanase (heparanase I, II, III;

1.2 mU/ml) and/or chondroitinase ABC (50 mU/ml, both from

Sigma) to disrupt GAG formation. The cells were cultured for an

additional 5 d with the medium changed every 3 d. ECMs

deposited by cells without enzyme treatment served as controls.

The ECMs were then decellularized as described above. Binding

constants for TGF-b1 and BMP-2 on enzyme-treated ECMs were

quantified by Scatchard plot analysis.

ECMs were reseeded with CSObs or CIObs at 30,000 cells/cm2

and cultured in 5% O2 and osteogenic media for up to 10 d. The

expression of osteogenic markers including alkaline phosphatase

(ALP), runt-related transcription factor 2 (RUNX2), and collagen-Ia

(COL1A) was evaluated using qPCR.[38] Briefly, ECMs were rinsed

with PBS and total RNA was collected using the RNeasy Mini kit

(Qiagen). 300 ng of total RNA was reverse-transcribed with

Superscript II Reverse Transcriptase (Invitrogen). qPCR was

performed using the TaqMan1 Universal PCR Master Mix (Applied

Biosystems) on a Mastercycler1 Realplex2 (Eppendorf). Primers for

ALP, COL1A, RUNX2, decorin (DCN), biglycan (BGN), and RPL13

were purchased from Applied Biosystems. Amplification conditions

were 50uC for 2 min, 95uC for 10 min, followed by 40 cycles at 95uC
for 15 s and 60uC for 1 min. Quantitative gene expression values were

normalized to RPL13 and presented as DCt values calculated as fold

change in gene expression with respect to expression of the

housekeeping gene. Mineralization was quantified by measuring

calcium deposition as in indicator of late stage osteoblastic

differentiation. Osteoblasts seeded on ECMs were collected in 0.9N

sulfuric acid and incubated at 37uC overnight. Non-cell seeded

ECMs were considered as background to account for any calcium

present in the ECMs. Calcium content was quantitatively assessed

using the OCPC calorimetric method.[39] Calcium deposited by

cells after culturing on the different ECMs was calculated by

subtracting the background from total calcium levels.

We further studied the expression of osteogenic markers by

osteoblasts seeded on enzymatically-treated ECMs when supple-

mented with exogenous TGF-b1 or BMP-2. After decellulariza-

tion, enzyme-treated ECMs produced by CIObs were seeded with

CSObs at 30,000 cells/cm2 and cultured in serum-free osteogenic

media containing either 10 ng/ml TGF-ß1 or 100 ng/ml BMP-2.

CSObs seeded on non-enzyme treated CIObs-produced ECMs or

directly on tissue culture plastic (TCP) and maintained in growth

factor-supplemented media served as controls.

Characterization of ECMs
Staining for GAG and mineral content. Enzyme treated

ECMs were prepared as described above in the presence or

absence of disrupting enzymes. GAG content within ECMs was

quantified using an Alcian blue stain.[40] Briefly, ECMs were

rinsed in distilled H2O, and then incubated overnight in 0.1 N

HCl containing 0.1% Alcian blue (Sigma). The ECMs were rinsed

three times in distilled H2O, extracted using 200 ml of 0.1N HCl,

and absorbance was measured at 620 nm. The presence of mineral

in enzyme-treated and native ECMs was qualitatively assessed

using Alizarin red staining.[41]

Immunohistochemical staining of ECMs to observe

composition. The presence of collagen 1, BGN, syndecan-2

(SYN-2), and fibronectin (FN) in ECMs was examined using

immunohistochemical staining with human primary antibodies

(Santa Cruz Biotechnology) performed with a mouse specific HRP/

DAB detection kit (Abcam) following the manufacturer’s

instructions. Briefly, ECMs were blocked with 200 ml/well of

H2O2 for 10 min, followed by three rinses with wash buffer (10%

TBST, 1% Tween). ECMs were further blocked in 200 ml/well of

protein block to prevent nonspecific protein binding. ECMs were

then incubated overnight at 4uC with specific primary antibodies

(1:50 dilution in PBS containing 2% (v/v) protein block). Controls

were incubated in buffer solution. After rinsing, biotinylated goat

anti-mouse IgG was applied for 30 min at room temperature, ECMs

were rinsed, and streptavidin peroxidase was applied for 10 min.

After rinsing, 200 ml of the DAB chromogen-substrate complex

(20 ml chromogen to 1 ml substrate) was applied to each well for 10

min. The ECMs were rinsed in tap water 7-8 times, air dried, and

imaged using a Nikon Eclipse TE2000-U microscope.

Statistical analysis
Results are expressed as mean 6 standard deviation of the

mean. All assays were performed in triplicate unless otherwise

mentioned. Statistical significance was determined using the

Bonferroni post-hoc test and probability values (p) , 0.05 were

considered significant.

Acknowledgments

Special acknowledgment goes to the participants in the International

Craniosynostosis Consortium (https://genetics.ucdmc.ucdavis.edu/icc.

cfm), all referring physicians and surgeons, and the participating families

for donating their time, effort, and samples. We are thankful to Jia Liu and

Elijah Cherkez for their dedicated efforts in collecting and processing the

osteoblast cell lines and for the excellent general laboratory support.

Author Contributions

Conceived and designed the experiments: AB JKL. Performed the

experiments: AB. Analyzed the data: AB JKL. Contributed reagents/

materials/analysis tools: AB JKL SAB CWS. Wrote the paper: AB JKL.

Revised the manuscript: AB SAB CWS JKL. Approved final version of

manuscript: AB SAB CWS JKL.

References

1. Foster KA, Frim DM, McKinnon M (2008) Recurrence of synostosis following

surgical repair of craniosynostosis. Plast Reconstr Surg 121: 70e–76e.

2. Boyadjiev SA (2007) Genetic analysis of non-syndromic craniosynostosis. Orthod

Craniofac Res 10: 129–137.

3. De Pollack C, Renier D, Hott M, Marie PJ (1996) Increased bone formation and

osteoblastic cell phenotype in premature cranial suture ossification (craniosyn-

ostosis). J Bone Miner Res 11: 401–407.

4. Fragale A, Tartaglia M, Bernardini S, Di Stasi AM, Di Rocco C, et al. (1999)

Decreased proliferation and altered differentiation in osteoblasts from

genetically and clinically distinct craniosynostotic disorders. Am J Pathol 154:

1465–1477.

5. Cooper GM, Durham EL, Cray JJ, Jr., Bykowski MR, DeCesare GE, et al. (2011)

Direct comparison of progenitor cells derived from adipose, muscle, and bone

marrow from wild-type or craniosynostotic rabbits. Plast Reconstr Surg 127: 88–97.

6. Passos-Bueno MR, Serti Eacute AE, Jehee FS, Fanganiello R, Yeh E (2008)

Genetics of craniosynostosis: genes, syndromes, mutations and genotype-

phenotype correlations. Front Oral Biol 12: 107–143.

7. Cohen MM, Jr. (1993) Sutural biology and the correlates of craniosynostosis.

Am J Med Genet 47: 581–616.

8. Reardon W, Winter RM, Rutland P, Pulleyn LJ, Jones BM, et al. (1994)

Mutations in the fibroblast growth factor receptor 2 gene cause Crouzon

syndrome. Nat Genet 8: 98–103.

Growth Factor Adsorption to Extracellular Matrices

PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e25990



9. Roth DA, Longaker MT, McCarthy JG, Rosen DM, McMullen HF, et al.

(1997) Studies in cranial suture biology: Part I. Increased immunoreactivity for
TGF-beta isoforms (beta 1, beta 2, and beta 3) during rat cranial suture fusion.

J Bone Miner Res 12: 311–321.

10. Roth DA, Bradley JP, Levine JP, McMullen HF, McCarthy JG, et al. (1996)
Studies in cranial suture biology: part II. Role of the dura in cranial suture

fusion. Plast Reconstr Surg 97: 693–699.
11. Most D, Levine JP, Chang J, Sung J, McCarthy JG, et al. (1998) Studies in

cranial suture biology: up-regulation of transforming growth factor-beta1 and

basic fibroblast growth factor mRNA correlates with posterior frontal cranial
suture fusion in the rat. Plast Reconstr Surg 101: 1431–1440.

12. Gosain AK, Recinos RF, Agresti M, Khanna AK (2004) TGF-beta1, FGF-2,
and receptor mRNA expression in suture mesenchyme and dura versus

underlying brain in fusing and nonfusing mouse cranial sutures. Plast Reconstr
Surg 113: 1675–1684.

13. Warren SM, Brunet LJ, Harland RM, Economides AN, Longaker MT (2003)

The BMP antagonist noggin regulates cranial suture fusion. Nature 422:
625–629.

14. Decaris ML, Leach JK (2011) Design of experiments approach to engineer cell-
secreted matrices for directing osteogenic differentiation. Ann Biomed Eng 39:

1174–1185.

15. Chen XD, Dusevich V, Feng JQ, Manolagas SC, Jilka RL (2007) Extracellular
matrix made by bone marrow cells facilitates expansion of marrow-derived

mesenchymal progenitor cells and prevents their differentiation into osteoblasts.
J Bone Miner Res 22: 1943–1956.

16. Carinci P, Becchetti E, Bodo M (2000) Role of the extracellular matrix and
growth factors in skull morphogenesis and in the pathogenesis of craniosynos-

tosis. Int J Dev Biol 44: 715–723.

17. Manton KJ, Leong DF, Cool SM, Nurcombe V (2007) Disruption of heparan
and chondroitin sulfate signaling enhances mesenchymal stem cell-derived

osteogenic differentiation via bone morphogenetic protein signaling pathways.
Stem Cells 25: 2845–2854.

18. Prabhakar V, Capila I, Bosques CJ, Pojasek K, Sasisekharan R (2005)

Chondroitinase ABC I from Proteus vulgaris: cloning, recombinant expression
and active site identification. Biochem J 386: 103–112.

19. Jiao X, Billings PC, O’Connell MP, Kaplan FS, Shore EM, et al. (2007)
Heparan sulfate proteoglycans (HSPGs) modulate BMP2 osteogenic bioactivity

in C2C12 cells. J Biol Chem 282: 1080–1086.
20. Robin NH (1999) Molecular genetic advances in understanding craniosynostosis.

Plast Reconstr Surg 103: 1060–1070.

21. Roth DA, Gold LI, Han VK, McCarthy JG, Sung JJ, et al. (1997)
Immunolocalization of transforming growth factor beta 1, beta 2, and beta 3

and insulin-like growth factor I in premature cranial suture fusion. Plast
Reconstr Surg 99: 300–309.

22. Chen XD, Shi S, Xu T, Robey PG, Young MF (2002) Age-related osteoporosis

in biglycan-deficient mice is related to defects in bone marrow stromal cells.
J Bone Miner Res 17: 331–340.

23. Gutierrez J, Osses N, Brandan E (2006) Changes in secreted and cell associated
proteoglycan synthesis during conversion of myoblasts to osteoblasts in response

to bone morphogenetic protein-2: role of decorin in cell response to BMP-2.
J Cell Physiol 206: 58–67.

24. Hoshiba T, Kawazoe N, Tateishi T, Chen G (2009) Development of stepwise

osteogenesis-mimicking matrices for the regulation of mesenchymal stem cell
functions. J Biol Chem 284: 31164–31173.

25. Xu Y, Malladi P, Chiou M, Longaker MT (2007) Isolation and characterization

of posterofrontal/sagittal suture mesenchymal cells in vitro. Plast Reconstr Surg
119: 819–829.

26. Tang Y, Wu X, Lei W, Pang L, Wan C, et al. (2009) TGF-beta1-induced

migration of bone mesenchymal stem cells couples bone resorption with
formation. Nat Med 15: 757–765.

27. Bi Y, Stuelten CH, Kilts T, Wadhwa S, Iozzo RV, et al. (2005) Extracellular
matrix proteoglycans control the fate of bone marrow stromal cells. J Biol Chem

280: 30481–30489.

28. Hildebrand A, Romaris M, Rasmussen LM, Heinegard D, Twardzik DR, et al.
(1994) Interaction of the small interstitial proteoglycans biglycan, decorin and

fibromodulin with transforming growth factor beta. Biochem J 302 (Pt 2):
527–534.

29. Wadhwa S, Bi Y, Ortiz AT, Embree MC, Kilts T, et al. (2007) Impaired
posterior frontal sutural fusion in the biglycan/decorin double deficient mice.

Bone 40: 861–866.

30. Takada T, Katagiri T, Ifuku M, Morimura N, Kobayashi M, et al. (2003)
Sulfated polysaccharides enhance the biological activities of bone morphogenetic

proteins. J Biol Chem 278: 43229–43235.
31. Miyazaki T, Miyauchi S, Tawada A, Anada T, Suzuki O (2010) Effect of

chondroitin sulfate-E on the osteoclastic differentiation of RAW264 cells. Dent

Mater J 29: 403–410.
32. Kram V, Zcharia E, Yacoby-Zeevi O, Metzger S, Chajek-Shaul T, et al. (2006)

Heparanase is expressed in osteoblastic cells and stimulates bone formation and
bone mass. J Cell Physiol 207: 784–792.

33. Mefford HC, Shafer N, Antonacci F, Tsai JM, Park SS, et al. (2010) Copy
number variation analysis in single-suture craniosynostosis: multiple rare

variants including RUNX2 duplication in two cousins with metopic craniosyn-

ostosis. Am J Med Genet A 152A: 2203–2210.
34. Harris SE, Bonewald LF, Harris MA, Sabatini M, Dallas S, et al. (1994) Effects

of transforming growth factor beta on bone nodule formation and expression of
bone morphogenetic protein 2, osteocalcin, osteopontin, alkaline phosphatase,

and type I collagen mRNA in long-term cultures of fetal rat calvarial osteoblasts.

J Bone Miner Res 9: 855–863.
35. Decaris ML, Lee CI, Yoder MC, Tarantal AF, Leach JK (2009) Influence of the

oxygen microenvironment on the proangiogenic potential of human endothelial
colony forming cells. Angiogenesis 12: 303–311.

36. Sheffield JB, Graff D, Li HP (1987) A solid-phase method for the quantitation of
protein in the presence of sodium dodecyl sulfate and other interfering

substances. Anal Biochem 166: 49–54.

37. Takeuchi Y, Kodama Y, Matsumoto T (1994) Bone matrix decorin binds
transforming growth factor-beta and enhances its bioactivity. J Biol Chem 269:

32634–32638.
38. He J, Genetos DC, Yellowley CE, Leach JK (2010) Oxygen tension differentially

influences osteogenic differentiation of human adipose stem cells in 2D and 3D

cultures. J Cell Biochem 110: 87–96.
39. Davis HE, Rao RR, He J, Leach JK (2009) Biomimetic scaffolds fabricated from

apatite-coated polymer microspheres. J Biomed Mater Res A 90: 1021–1031.
40. Nishigaki F, Sakuma S, Ogawa T, Miyata S, Ohkubo T, et al. (2002) FK506

induces chondrogenic differentiation of clonal mouse embryonic carcinoma cells,
ATDC5. Eur J Pharmacol 437: 123–128.

41. Stanford CM, Jacobson PA, Eanes ED, Lembke LA, Midura RJ (1995) Rapidly

forming apatitic mineral in an osteoblastic cell line (UMR 106-01 BSP). J SBiol
Chem 270: 9420–9428.

Growth Factor Adsorption to Extracellular Matrices

PLoS ONE | www.plosone.org 10 October 2011 | Volume 6 | Issue 10 | e25990


