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The biological effects of fibrin-binding synthetic
oligopeptides derived from fibronectin on
osteoblast-like cells
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Purpose: The aim of this study was to investigate the effects of synthetic fibronectin (FN) fragments, including fibrin binding
sites from amino-terminal FN fragments containing type I repeats 1 to 5, on osteoblast-like cell activity.

Methods: Oligopeptides ranging from g to 20 amino acids, designated FF1, FF3, and FFs, were synthesized by a solid-phase
peptide synthesizing system, and we investigated the effects of these peptides on cell attachment and extent of mineralization
using confocal microscopy, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays, and Alizarin red S staining.
Results: FF3 and FF5 peptides increased the number of attached human osteoblastic cells, and FF3 administration led to
prominent cell spreading. Mineralization was increased in FF3 and FF5 compared to FF1 and the untreated control.
Conclusions: Taken together, it can be concluded that the fibrin-binding oligopeptides FF3 and FF5 enhanced cell attachment
and mineralization on osteoblast-like cells. These results indicate that FF3 and FFs have the potential to increase osteoblast-like
cell activity. Performing an in vivo study may provide further possibilities for surface modification of biomimetic peptides to

enhance osteogenesis, thus improving the regeneration of destroyed alveolar bone.
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INTRODUCTION

The structural and functional reconstruction of collapsed
periodontal tissues caused by periodontitis is one of the ma-
jor goals of periodontal treatment. The restoration of de-
stroyed periodontal tissues may require regeneration of al-
veolar bone, cementum, periodontal ligaments, and other
connective tissue cells. Complex interactions between cells
and extracellular matrix (ECM) components in gingival con-
nective tissue are crucial in this periodontal wound healing
process [1,2].

One of the major components of ECM is fibronectin (FN),

a large glycoprotein, which interacts with cells and transmits
signals through numerous receptors [3]. FN mediates a wide
variety of cellular interactions with ECM and plays important
roles in cell adhesion, migration, proliferation, and differen-
tiation [4]. Among bone ECM proteins, FN is present in its
highest concentrations during osteogenesis and binds to os-
teoblasts more strongly than do other ECM proteins such as
collagen type 1,laminin, or vitronectin [s]. Studies have shown
that FN enhances the expression of several phenotypic mark-
ers of osteoblasts, including alkaline phosphatase activity, os-
teocalcin, and Osf2/Cbfai, a key transcription factor in osteo-
blastic differentiation [6]. Majmudar et al. [7] observed that
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synthesis and deposition of FN, collagen type I, and collagen
type III molecules occurred in chick embryo calvaria as well
during osteoblast mineralization in vitro [7].

FN usually exists as a dimer composed of two nearly identi-
cal —250 kDa subunits linked covalently near their C-termini
by two disulfide bonds. Each monomer consists of three types
of repeating units: 12 type I repeats, 2 type Il repeats and 15-17
type III repeats, which together account for approximately
90% of the FN sequence [8].

Within the structure of FN, an Arg-Gly-Asp (RGD) sequence
in the tenth type III domain and a Pro-His-Ser-Arg-Asn
(PHSRN) sequence in the ninth type III domain are involved
in cell adhesion via binding with o531 integrin, which is the
most common FN receptor as well as the mediator of signal
transmission between FN and cells [9,10].

FN contains adhesion domains for many other molecules,
including fibrin, heparin, and collagen. For example, a gluta-
mine residue at the amino terminus serves as a transglutam-
ination site for activated factor 13, thereby crosslinking FN to
a variety of proteins, including fibrin and fibrinogen [11]. Fol-
lowing tissue injury, the formation of blood clots serves to
restore vascular integrity as well as provide a provisional ma-
trix for the initiation of wound repair. Fibrin and plasma FN
are essential to these functions, as they are the major protein
components of blood clots [12]. In blood clotting systems, fi-
brin deposition is followed by the covalent attachment of
plasma FN to the fibrin matrix, which promotes fibroblast
adhesion, spreading, and migration into the clot [13,14]. This
migration is followed by the deposition of cellular FN, which
serves as a temporary scaffold for further recruitment of cells
and granulation tissue formation in wound healing process-
es [15]. Many studies have concluded that fibroblast transmi-
gration into the fibrin matrix requires the presence of FN
[16,17].

Each FN subunit contains two major fibrin-binding sites,
amino-terminal type I repeats 1 to 5 and carboxy-terminal
type I repeats 10 to 12, which mediate noncovalent interac-
tion with fibrin. Covalent FN-fibrin binding activated by fac-
tor 13 involves glutamine residues localized to a 27 kDa ami-
no-terminal FN fragment that contains type I repeats [18-20].

The aim of this study is to investigate the effects of synthet-
ic FN fragments, including fibrin binding sites from amino-
terminal FN fragments containing type I repeats 1 to 5, on
osteoblast-like cell activity.

Without adverse reactions such as immunogenicity or ma-
trix degradation [21], short biomimetic peptides containing
specific sequences serve as good substitutes for native FN on
osteogenesis [22,23]. Moreover, this study presents the possi-
bility of using FN peptide-modified biomaterials to induce
fibrin-related osteogenesis in vivo [24].
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MATERIALS AND METHODS

Peptide synthesis

Oligopeptides were derived from the primary and tertiary
human plasma FN structures. A solid-phase peptide synthe-
sizing system was used to prepare these oligopeptides. Ami-
no acid sequences of synthetic oligopeptides are as follows:
FF1 (CYDNGKHYQ); FF3 (CFDKYTGNTYRVGDTYERPK);
FF5 (CTSRNRCNDQ). These three fragments were designed
using the amino terminal fibrin-binding sequence of human
EN (FINC_HUMAN: Poz7s1). The sequence of FF1 was de-
rived from type I repeat 1; FF3 from type I repeat 2; and FFs
from type I repeats 4 to s.

Humanosteoblastic (HOS) cell culture

HOS cells were cultured in o-modified Eagle’s medium
(a-MEM,; Gibco, Grand Island, NY, USA), supplemented with
10% (v/v) fetal bovine serum (FBS, Gibco) and 1% streptomy-
cin at 37°C in 5% CO,, and changed every 3 days. When the
HOS cells reached confluence, the cell layer was rinsed with
phosphate-buffered saline (PBS, Gibco) and released with
0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) for 5
minutes. The cells were collected by 300xg centrifugation
and resuspended in the culture medium. HOS cells between
passages 8 and 11 were used in this study.

Cell attachment assay
Peptide coating to cell culture plate

Synthetic oligopeptides FFi, 3, and 5 were diluted in PBS to
100 uM and filtered by syringe filter. A 4-well Lab-Tek II
chamber slide (Nalge Nunc International, Naperville, IL, USA)
was coated with 50 pL of 100 uM FFi, 3, and 5 and a 96-well
chamber slide was coated with 10 uL of the same peptide so-
lutions. The coated slides were dried overnight with an opened
cover at 4°C on the bench and then were blocked with 1% (w/v)
bovine serum albumin (BSA) for 1 hour.

Cell seeding

After rinsing to remove BSA, 24 hours serum starved HOS
cells were plated at 3x10* cells/well in a-MEM with 0.1%
BSA. To ensure sufficient adhesion, the cells were incubated
in 37°C 5% CO, for 12 hours.

Staining for confocal microscopy

Adherent HOS cells in the 4-well chamber were fixed with
10% neutral buffered formalin (500 uL/well; Sigma-Aldrich
Co., St. Louis, MO, USA) and stored at room temperature for
10 minutes. The fixed cells were washed twice with PBS (13
mMNadCl, 0.2 mM KCi, 0.8 mM Na,HPo,, 0.2 mM KH,Po,,
pH 7.4), then treated with 0.1% Triton-X (Sigma Aldrich Co.)
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for 10 minutes to widen the cell membrane. The cells were
then incubated with 1% BSA for 10 minutes, and the cells
were stained with Hoechst 33342 (5 uL/well; Pierce Biotech-
nology, Rockford, IL, USA) and Alexa Flour 546-Phalloidin (5
uL/well) with PBS (300 pL/well) in the dark for 20 minutes at
room temperature. Washing with PBS 2 to 3 times was per-
formed in each step. After staining the nuclei and actin mi-
crofilaments, mounting solution (Dako, Glostrup, Denmark)
was added and the cells were stored for 4 hours. The fluores-
cent images were digitally captured with a laser scanning
microscope (LSM-GB20o, Olympus Co., Tokyo, Japan).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

For adherent HOS cells in the g6-well chamber, MTT solu-
tion (Promega Co., Madison, WI, USA), which measures via-
ble cells, was added (50 pL per well at 2 mg/mL) as described
by the manufacturer. After 4 hours, all solutions were removed
and the same volume of dimethyl sulfoxide was added fol-
lowed by vortexing. The absorbance was measured at 540 nm.

Cell mineralization assay

For measurement of mineralization activity, HOS cells
were cultured for 10 days in osteogenic induction medium
according to the protocol described by Jaiswal et al. [25]. The
cells were detached by trypsin-EDTA, resuspended in media
(a-MEM) supplemented with 10% (v/v) FBS and 1% strepto-
mycin, and 3x10* cells per well were seeded into a 24-well
plate (non-tissue culture plate) and 4-well Lab-Tek IT chamber
slide (Nalge Nunc International). During the 10 days of min-
eralization, osteogenic induction medium (100 nM dexameth-
asone, 1M B-glycerophosphate [Sigma-Aldrich Co.], 0.05 mM
L-ascorbic acid-2-phosphate [Fluka Biochemika, Buchs, Swit-
zerland), and 10% FBS in a-MEM with streptomycin) was
changed every 3 days while supplementing with fresh 100 uM
peptide FFy, 3, or 5 solution (100 pL/well) [26]. Mineralization
was evaluated by confocal microscopy for calcium deposition
and also by Alizarin red S staining.

Alizarin red S staining

Alizarin red S (Sigma-Aldrich Co.) staining in the 24-well
plates was performed after aspirating the medium from each
well so as not to disturb the cells. The cells were incubated in
ice-cold 95% ethanol for 15 minutes at room temperature be-
fore carefully aspirating the alcohol and rinsing twice (5 min-
utes each) with double distilled water. The water was aspirat-
ed and 1 mL of 2% Alizarin red S solution was added. The
plate was incubated at room temperature for 5 minutes be-
fore removing the Alizarin red S solution and the wells were
washed five times with 2 mL distilled water. The pH value of

Yun-Jeong Kim etal. 115

the Alizarin red S solution was adjusted to 4.1 to 4.3 with am-
monium hydroxide prior to the procedure.

Calcein mineralization

Calcein (10 puL/40 ulmedia; Wako, Richmond, VA, USA) was
injected into each well every 3 days, concurrent with adding
fresh osteogenesis induction medium. After 10 days of min-
eralization, the cells were stained with Hoechst 33342 (5 uL/
well; ICN Pharmaceuticals Inc., CA, USA), Alexa Flour 546-
Phalloidin (5 pL/well), and calcein. These fluorescent dyes
stain nuclei, actin filaments, and calcium, respectively, result-
ing in labeling of all actively mineralizing surfaces. Mounted
4-well specimens were characterized using a laser scanning
microscope (LSM-GB200o, Olympus Co.).

Statistical analysis

Each experiment was carried out five times. Statistical anal-
yses were expressed as the mean+tstandard deviation. We
performed one way analyses of variance with 95% confidence
intervals.

RESULTS

Cell adhesion of FF1, FF3, and FFs

HOS cells were used as a model to investigate osteoblast
activity due to their similarity to normal human osteoblasts
in differentiated cell function, integrin expression, and adhe-
sion patterns [27].

The addition of three synthetic fragments of FN correspond-
ing to amino terminal fibrin-binding sequences FF1, 3, and 5
promoted the attachment and spreading of HOS cells com-
pared with the untreated control (Figs. 1 and 2). Through
confocal microscopy, blue-stained nuclei and red actin cyto-
skeletons were clearly labeled. After 12 hours of incubation,
HOS cells incubated with FF3 and FF5 displayed an aug-
mented number of attached cells, whereas FF1 only affected
cell adhesion slightly. In the FF3-treated wells, adherent HOS
cells exhibited remarkable spreading shapes with filopodia-
like extensions when compared with the FFs-treated cells. In
the FFs-treated wells, numerous HOS cells were rounded,
but the difference was small. In the FFi-coated wells, at-
tached cells appeared to extend much more than control
cells, despite the limited number of adhered cells.

The MTT assay data correlated with peptide cell adhesion
results. Absorbance measurements of formazan produced by
HOS cells in the FF1-, 3-, and 5-coated wells is depicted in
Fig. 2. The mean values of the repeated experiments differed
among the no-treatment (NT), FF1, FF3, and FF5 samples.
FF3- and FFs5-coated wells resulted in better attachment
compared with FFi-coated wells; however, this difference
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Figure 1. Humanosteoblastic cell attachment using confocal laser
scanning microscopy. Nuclei are blue, and actin cytoskeletons are
red. (A) Not treated (NT), (B) FF1, (C) FF3, (D) FFs.
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Figure 2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay of humanosteoblastic cell attachment after 12 hours. NT:
not treated.

was not statistically significant (P=0.17). The unmodified
wells served as a control.

Cell mineralization assay

Mineralized specimens that incorporated calcein for 10 days
were labeled green, blue, and red in confocal laser scanning
microscopy. HOS cells densely proliferated, especially in the
FF3- and FFs-injected cells (Fig. 3). Compared to FFs, FF3-in-
jected cells showed higher levels of spread, and displayed in-
creased green staining indicative of calcium levels. FF1-in-
jected cells displayed a proliferation density similar to control
cells, but the ability to spread was much greater than in the
controls. Alizarin red S staining depicts how the extent of
mineralization was quite different among the FF3, 5 and FFa,
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Figure 3. Humanosteoblastic cell mineralization to FFi, 3, and 5
measured by confocal laser scanning microscopy. Each micrograph
shows mineralization by calcein (green), nuclei (blue), actin filaments
(red). (A) Not treated (NT), (B) FF1, (C) FF3, (D) FFs.
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Figure 4. Alizarin red S stained wells of humanosteoblastic cells cul-
tured for 10 days in peptides FF1, 3, and 5. (A) Not treated NT, (B) FFx,
(C) FF3,(D) FF5(x20).

and NT groups (Fig. 4).
DISCUSSION

Biomimetic approaches to studying FN-induced physio-
logical changes have often demonstrated increases in cellu-

lar activity. Specifically, the ninth and tenth FN type III re-
peats, which contain RGD and PHSRN cell attachment se-
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quences, support maximal fibroblast attachment, but not mi-
gration of primary dental fibroblasts. Specific sequences like
heparin domains are required for migration [28]. In addition,
there have been many studies regarding HOS cell prolifera-
tion influenced by the ninth and tenth FN type III repeats
because of binding specificity on integrins.

In the present study, we examined the adhesion, prolifera-
tion, and mineralization of HOS cells on FN mimetic pep-
tides that contain fibrin binding sites. HOS cells were chosen
for the current study because they are similar to osteoblasts
in many ways, including their rapid proliferation [29,30]. The
amino acid fragments used in this study were obtained from
the NH2-terminal fibrin-binding site on human FN [31]. The
fibrin-binding region contains type I repeat modules, which
are maintained in the tertiary structure by fixed and intimate
hydrophobic interactions with a non-conserved tryptophan
residue in the fourth type I module. Specific binding to fibrin
of these regions has been observed in many studies [32]. Frag-
ments of FN containing the amino terminus have resulted
in enhanced macrophage fibrin binding to the same extent
as intact FN. This region contains a critical glutaminyl resi-
due (Gln) that is the site of plasma transglutaminase (factor X
I1Ta)-mediated covalent cross-linking of FN to a lysyl residue
located in the fibrin a-chain [33]. However, until this study,
the influence of this fibrin-binding site on osteoblast cells
had not been established.

In this study, significantly increased cellular attachment and
mineralization were observed when HOS cells were exposed
to fibrin-binding fragments (type I 2 to 5 repeats) FF3 (CFD-
KYTGNTYRVGDTYERPK) and FF5 (CTSRNRCNDQ). In ad-
dition, inactive cells incubated with the type I 1 repeat FF1
(CYDNGKHYQ) also resulted in increased spreading when
compared to the untreated control. Using an MTT assay to
measure attachment, we found that FF3- and FFs5-exposed
cells displayed different attachment levels than those exposed
to FF1. Although cells aggregated to high levels in the 10 day
mineralization assay, the FF3- and FFs-incubated cells showed
a noticeable difference from the control cells by calcein stain-
ing and Alizarin red S staining. Therefore, FF3 and FF5 may
be applicable for use in dental materials to improve osteo-
genesis via the recruitment of osteoblastic cells in the blood
clotting process, thus improving the regeneration of alveolar
bone.

According to previous studies, a Gln residue in the amino
terminus of the FN protein is a significant factor in cross-
linking to various other proteins, including fibrin and fibrin-
ogen [34]. However, in this study, we observed that small seg-
mented oligopeptides that do not contain this GIn residue
(FF3) are sufficient to facilitate heightened osteogenic matu-
ration of undifferentiated osteosarcoma cells, especially when
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compared to peptides that do contain this residue (FF1 and
FFs).

To our knowledge, there are no published studies of the ef-
fects of the fibrin-binding domain of human FN on osteo-
genesis. The biological effect of fibrin-binding oligopeptides
in this study supports the theory that FN plays a decisive role
in bone regeneration as a temporary scaffold in the FN-fi-
brin matrix. Further studies are needed to apply these syn-
thetic peptides to practical use, such as other in vitro models
that add exogenous human fibrinogen, thrombin, and coag-
ulation factor to form FN-fibrin clots.

Fibrin-binding oligopeptides denoted that FF3 and FFs en-
hanced the cell attachment and mineralization of osteoblast-
like cells. These results indicate that FF3 and FF5 have the po-
tential to increase osteoblast-like cell activity. Therefore,
these peptides may be feasible for surface modification of
biomaterials to enhance osteogenesis and may thus improve
the physiological regeneration of destroyed alveolar bone.
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