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SVVYGLR motif of the thrombin-cleaved N-terminal osteopontin
fragment enhances the synthesis of collagen type III in myocardial
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Abstract Osteopontin (OPN) is involved in various
physiological processes such as inflammatory and wound
healing. However, little is known about the effects of OPN
on these tissues. OPN is cleaved by thrombin, and cleavage
of the N-terminal fragment exposes a SVVYGLR sequence
on its C-terminus. In this study, we examined the effects of
the thrombin-cleaved OPN fragments on fibroblasts and
myocardial fibrosis, particularly the role of the SVVYGLR
sequence. The recombinant thrombin-cleaved OPN frag-
ments (N-terminal fragment [N-OPN], C-terminal frag-
ment [C-OPN], and the N-terminal fragment lacking the
SVVYGLR sequence [ASV N-OPN]) were added to
fibroblasts, and the cellular motility, signal activity, and
production of collagen were evaluated. A sustained-release
gel containing an OPN fragment or SVVYGLR peptide
was transplanted into a rat model of ischemic cardiomy-
opathy and the quantities and ratio of collagen type I (COL
I) and type II (COL III) were estimated. N-OPN
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significantly promoted fibroblast migration. Smad signal
activity, expression of smooth muscle actin (SMA), and the
production of COL III were enhanced by N-OPN and
SVVYGLR peptide. Conversely, ASV N-OPN and C-OPN
had no effect. In vivo, the expression level of N-OPN was
associated with COL III distribution, and the COL III/COL
I ratio was significantly increased by the sustained-release
gel containing N-OPN or SVVYGLR peptide. The cardiac
function was also significantly improved by the N-OPN- or
SVVYGLR peptide-released gel treatment. The N-terminal
fragment of thrombin-cleaved OPN-induced Smad signal
activation, SMA expression, and COL III production, and
its SVVYGLR sequence influences this function.

Keywords Osteopontin - SVVYGLR peptide -
Collagen type III - Fibrosis

Introduction

Osteopontin (OPN) is a phosphorylated glycoprotein that is
present as an extracellular matrix component in various
tissues. OPN has two integrin-binding sites, Arg-Gly-Asp
(RGD) and Ser-Val-Val-Tyr-Gly-Leu-Arg (SVVYGLR),
and it binds to the o501 and avp3 integrins via the RGD
domain [1] and the o9B1 and o4Pl integrins via the
SVVYGLR domain [2]. It is involved in tissue remodeling,
apoptosis, and the inflammatory response [3, 4]. OPN is
cleaved and fractionated by enzymes such as matrix met-
alloproteinase (MMP)-3, MMP-7, and thrombin [5]. The
fragmented OPN exhibits different activities than the full-
length OPN, and functions as an inflammatory cytokine [6].
Thrombin cleaves OPN near the RGD domain, exposing a
SVVYGLR sequence on the C-terminus of the N-terminal
fragment. The SVVYGLR sequence exposed by thrombin
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shows high avidity for integrin o9B1, unlike full-length
OPN [7, 8]. Thrombin-cleaved OPN performs novel func-
tions, and the thrombin-cleaved N-terminal fragment pro-
motes cell adhesion, cell survival, and the inflammatory
response via the RGD and SVVYGLR motifs [6, 8-10].
However, the function of the C-terminal fragment is not
known in detail.

Our previous studies reported that an OPN-derived
SVVYGLR peptide (SV peptide) induces angiogenesis and
activates adhesion, migration, and tube formation by
endothelial cells [10-13]. Furthermore, the SV peptide
binds to the transforming growth factor (TGF)-f receptor
and promotes the myofibroblast differentiation of fibrob-
lasts [14]. These processes are important to the mainte-
nance and repair of myocardial tissue. Myocardium
comprises cardiomyocytes, cardiac fibroblasts, and vascu-
lar cells. Cardiac fibroblasts mediate alterations in the
mechanical environment of the heart, not only maintaining
cardiac homeostasis, but also playing a role in the repair
and remodeling of the myocardium. Furthermore, fibrob-
lasts respond to alterations in their microenvironment, and
they undergo dramatic phenotypic changes and differenti-
ate into myofibroblasts, depending on the cardiac pathol-
ogy, to aid in tissue repair. Myofibroblasts are
characterized by an increased expression of the contractile
protein smooth muscle actin (SMA) and focal adhesion
protein and by the secretion of extracellular matrix proteins
such as collagen type I (COL I), collagen type III (COL
IIl), and fibronectin [15, 16]. Fibroblasts and myofibrob-
lasts provide structural and functional support and are
associated with scar formation and matrix remodeling in
the heart [17].

Several studies have shown that the expression level of
OPN, especially the thrombin-cleaved N-terminal frag-
ment, is enhanced in response to inflammation and tissue
injury and is associated with fibrosis during remodeling
[18, 19]. OPN is secreted by cardiac fibroblasts and car-
diomyocytes, and it is involved in hypertrophy and fibrotic
responses [20-22]. However, the precise effect of OPN on
the remodeling process is not fully known. In this study, we
evaluated the effects of the OPN fragments produced by
thrombin cleavage on cardiac fibroblasts and cardiac
fibrosis. Furthermore, we analyzed the role of the
SVVYGLR sequence in these effects.

Materials and methods
Recombinant OPN
The cDNA fragments for human N-terminal OPN that

mimics thrombin-cleaved OPN (N-OPN; amino acids
17-168), the SVVYGLR sequence-removed N-terminal
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Fig. 1 Structure of the recombinant osteopontin (OPN) fragment.
OPN is cleaved between R'®® and S'®° by thrombin, and the
N-terminal fragment exposes a SVVYGLR sequence on its C-termi-
nus. The human N-terminal OPN mimicking thrombin-cleaved OPN
(N-OPN; amino acids 17-168), SVVYGLR sequence-removed N-ter-
minal OPN (ASV N-OPN; amino acids 17-161), and C-terminal OPN
mimicking thrombin-cleaved OPN (C-OPN; amino acids 169-314)
are shown

OPN (ASV N-OPN; amino acids 17-161), and the C-ter-
minal OPN that mimics thrombin-cleaved OPN (C-OPN;
amino acids 169-314) were inserted into the protein
expression vector pGEX-4T-2 (Fig. 1). The expression
vectors were transformed into E. coli BL21 and the
expressed recombinant OPN fragments were purified by
affinity chromatography. Bound recombinant protein was
eluted with 50 mM Tris—HCI containing 1 M NaCl. The
recombinant OPN fragment preparations were more than
90 % homologous on SDS-PAGE.

Cell culture

The rat dermal fibroblast (RDF) cell line was obtained from
Cell Applications, San Diego, CA, USA. The cells were
grown in rat fibroblast growth medium with growth sup-
plement (Cell Application) under 5 % CO, at 37 °C. The
normal human cardiac fibroblast (NHCF) cell line was
purchased from Lonza, Basel, Swiss. NHCFs were cultured
in Fibroblast Basal Medium (Lonza) and incubated in a
humidified incubator at 5 % CO, at 37 °C.

Proliferation assay

The effect of the OPN fragments and SV peptide on cardiac
fibroblast proliferation was evaluated using the WST-1
assay. A 96-well plate was prepared, containing 5 x 10°
NHCFs in 100 pL of culture medium containing 10 % fetal
bovine serum (FBS). The cells were incubated with 1 pg/mL
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full-OPN, 1 pg/mL N-OPN, 1 pg/mL ASV N-OPN, 1 pg/
mL C-OPN fragment, 1 pg/mL full-OPN plus 0.12 unit
thrombin, 10 ng/mL SV peptide, or 10 ng/mL SV scrambled
peptide (GYRVLSYV). After 24, 48, or 72 h incubation at
37 °C, WST-1 (Dojindo Molecular Technologies, Kuma-
moto, Japan) solution was added to each well, and after
further incubation for 2 h, the absorbance of each well was
measured at 415 nm, with the reference wavelength at
630 nm, using a microplate reader.

Boyden chamber assay

Initially, 1 x 10* NHCFs in media containing 0.1 % BSA
without FBS were seeded on the upper chamber of a
polycarbonate membrane (8 um pore) coated with 10 pg/
mL Typel-C collagen (Nitta Gelatin, Osaka, Japan). Then,
1 pg/mL  full-OPN, 1 pg/mL N-OPN, 1 pg/mL ASV
N-OPN, 1 pg/mL C-OPN fragment, 1 pg/mL full-OPN
plus 0.12 unit thrombin, 10 ng/mL SV peptide, or 10 ng/
mL SV scrambled peptide in media containing 0.1 % BSA
without FBS was added to the lower chamber as a
chemoattractant and incubated in 5 % CO, at 37 °C. After
3 h, the cells on the lower surface were fixed with 10 %
formalin and stained with hematoxylin, and the numbers of
chemotaxed cells were counted from the digital images of
the stained cells.

Western blotting

The RDFs were treated with or without the TGF-J3 receptor
type I (TBR I) inhibitor SB-505124 (Sigma, St. Louis, MO,
USA). After 1 h, the cells were incubated with 5 ng/mL
TGF-B, 10 ng/mL SV peptide, or 10 ng/ml SV scrambled
peptide. The NHCFs were treated with or without 10 uM
RGD peptide, and after 1 h they were incubated with 1 pg/
mL full-OPN, 1 pg/mL N-OPN, 1 pg/mL ASV N-OPN,
1 pg/mL. C-OPN fragment, 1 pg/mL full-OPN plus 0.12
unit thrombin, 10 ng/mL SV peptide, or 10 ng/mL. SV
scrambled peptide. The cells were lysed in lysis buffer
(50 mM Tris at pH 8.0, 120 mM NaCl, 1 mM EDTA,
0.5 % Nonidet P-40) and centrifuged. The supernatants
were resolved using SDS-PAGE and transferred to a
polyvinylidene fluoride transfer membrane (Millipore,
Billerica, MA, USA). The membranes were probed with
primary antibodies against TBRI (phospho S165) (Abcam,
Cambridge, UK), phospho-Smad3, Smad2/3 (Cell Signal-
ing Technology, Danvers, MA, USA), ERK1/2 (Cell Sig-
naling Technology), phospho-ERK1/2 (Cell Signaling
Technology), SMA (Dako, Glostrup, Denmark), and o-
tubulin, and detected using an enhanced chemilumines-
cence kit (GE Healthcare, Piscataway, NJ, USA).

The infarcted left ventricle samples from the infarcted
area were homogenized in lysis buffer (50 mM Tris-HC1

[pH 7.4], 150 mM NaCl, 1 % [wt/vol] Nonidet P-40, and
0.1 % [wt/vol] SDS). The expression levels of OPN and
thrombin in the infarcted myocardium were evaluated
using Western blotting, similar to the procedures described
previously. Primary antibodies against full-length OPN
(Immuno-Biological Laboratories, Gunma, Japan), the
N-OPN fragment (Immuno-Biological Laboratories), and
thrombin (Abcam) were used.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from the NHCFs and incubated
with 1 pg/mL full-OPN, 1 pg/mL N-OPN, 1 pg/mL ASV
N-OPN, 1 pg/mL C-OPN fragment, 10 ng/mL SV peptide,
or 10 ng/ml SV scrambled peptide for 1 h. Quantitative
PCR was performed with Power SYBR Green master mix
(TOYOBO, Osaka, Japan) in a LightCycler 480 System
(Roche Diagnostics, Basel, Swiss). The Ct values for each
sample were obtained by subtracting the values for glyc-
eraldehyde-phosphate dehydrogenase (GAPDH) from the
target gene (COL I and COL III).

Enzyme-linked immunosorbent assay (ELISA)

The NHCFs were treated with the 10 uM RGD peptide,
and after 1 h, incubated with 1 pg/mL full-OPN, 1 pg/
mL N-OPN, 1 pg/mL ASV N-OPN, 1 pg/mL C-OPN,
10 ng/mL SV peptide, or 10 ng/mL scrambled SV peptide
for 120 h. The supernatants were collected, and COL I and
COL III production was analyzed using ELISA kits
according to the manufacturer’s protocol (COL I, COL III,
Uscn Life Science, Wuhan, China). The captured collagen
was bound to a second specific monoclonal antibody. The
amount of specifically bound monoclonal antibody was
detected using an enzyme-labeled antibody. Following
incubation with chromogenic substrates, the intensity of the
color precipitate was measured.

The infarcted left ventricle samples were homogenized
in lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl,
1 % [wt/vol] Nonidet P-40, and 0.1 % [wt/vol] SDS). The
expression levels of COL I and COL III in the infarcted
myocardium were similarly evaluated using ELISA.

Animal model

This animal investigation conformed to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
updated 2011), and the animal study protocols were
approved by the Animal Care and Use Committee of
Osaka University. The left anterior descending coronary
artery (LAD) was ligated in 8-week-old Sprague-Dawley
rats under inhalation anesthesia with isoflurane (2.0 %,
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0.2 mL/min) administered via endotracheal intubation.
The adequacy of anesthesia was monitored by electro-
cardiography and pulse rate. The rats were anesthetized
with pentobarbital (300 mg/kg) and heparin (150 U) by
intraperitoneal injection, and the myocardial tissues were
removed at 1, 2, and 3 weeks after LAD ligation (normal,
1, 2, and 3 weeks models; n = 3 in each group). The
removed myocardia were divided into the infarction and
border areas.

Recombinant OPN fragments or SV peptide
sustained-release collagen gel treatment

The myocardial infarction (MI) models were generated by
ligating the LAD in 8-week-old Sprague-Dawley rats.
Two weeks after LAD ligation, sustained-release collagen
gels (MedGels®; MedGEL Corporation, Tokyo, Japan)
were implanted on the left ventricular anterior wall of the
MI model rat, as previously described [23]. The gel
incorporated a 1/10 phosphate-buffered saline (PBS)
solution containing the recombinant N-OPN fragment,
ASV N-OPN fragment, SV peptide, or scrambled SV
peptide (each 50 pg/gel). The implanted collagen gels
were dissolved and absorbed for approximately 2 weeks
in vivo, and the physiologically active substance inte-
grated into the gel was released as the gel dissolved [24,
25]. The rats were divided into the following groups: (1)
N-OPN, (2) ASV N-OPN, (3) SV peptide, and (4)
scrambled SV peptide. As a control, a gel containing
recombinant OPN or a peptide-free gel containing only
1/10 PBS solution was similarly implanted (n = 5 each
group). According to the MedGels® manufacturer’s pro-
tocol, the calculated rate of sustained-release of each
substance from the gel in vitro was approximately
7.5-10.0 pg/day (Supplement Fig. 1).

Histological analysis

At 4 weeks after gel treatment, the MI model rats were
anesthetized with intraperitoneal pentobarbital (200 mg/
kg) and heparin (150 U) and their hearts were rapidly
removed. The removed myocardia were fixed with 10 %
formalin and embedded in paraffin. To estimate the dis-
tribution of collagen in the infarcted and border areas,
immunohistochemical staining with antibodies against
COL I (Abcam), and COL III (Novus Biologicals, Little-
ton, CO, USA) was performed, and the ratio of COL IIl/
COL I was quantified. Quantitative analysis for each
sample was performed using the NIS Elements system
(Nikon, Tokyo, Japan). The percentage of fibrosis and
expression level of collagen were measured, excluding the
perivascular area. The sections were incubated with
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biotinylated secondary antibody (Dako) and peroxidase-
conjugated streptavidin (GE Healthcare). Visualization was
performed with a biphenyl-3,3',4,4'-tetramine solution
(Sigma).

Assessment of cardiac function using
echocardiography

The cardiac function of the gel-treated rats was monitored
by echocardiography before gel implantation (baseline)
and 2 and 4 weeks after gel treatment using a SONOS 5500
sonograph (Agilent Technologies, Palo Alto, California).
The rats were anesthetized with isoflurane (2 %, 0.2 ml/
min) by inhalation, as described above. The left ventricular
diastolic (LVDd) and systolic (LVDs) dimensions were
measured using M-mode tracing. The LV ejection fraction
(LVEF) was calculated using the formula: (LVDd® —
LVDs® )/LVDd3 x 100 (%). Moreover, percentage frac-
tional shortening (%FS) was estimated using the formula:
(LVDd — LVDs)/LVDd x 100 (%).

Statistical analyses

Data are expressed as the mean + standard deviation. To
assess the significance of the differences between individ-
ual groups, Student #-tests were used. Probability (P) values
<0.05 were considered significant.

Results

Effects of the OPN fragment on the proliferation
and migration of cardiac fibroblasts

In the WST-1 assays, all OPN fragments and the SV
peptide had no effect on the proliferation of NHCFs
(Fig. 2a). In the Boyden chamber assay, the N-OPN frag-
ment and SV peptide significantly enhanced the migratory
activity of NHCFs (Fig. 2b). In contrast, the ASV N-OPN,
C-OPN fragment, and scrambled SV peptide had no
influence on cell migration activity.

TGF-p/Smad signal activation and SMA expression
induced by the SV peptide

Phosphorylation of TPRI and Smad3 and the expression
level of SMA were enhanced in RDFs with the addition of
TGF-B or the SV peptide (Fig. 3a). Furthermore, the
addition of the TPRI inhibitor SB-5050124 reduced these
increases in the phosphorylation of Smad3 and the
expression of SMA by the TGF-B or SV peptide (Fig. 3b).
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Fig. 2 The effects of the thrombin-cleaved osteopontin (OPN)
fragment and the SVVYGLR (SV) peptide on motility of the normal
human cardiac fibroblast (NHCF) cell line. a Cardiac fibroblast
proliferation assessed by the WST-1 assay (three independent tests

SMA expression and signaling activity influenced
by thrombin-cleaved OPN fragments

The expression level of SMA was increased upon the
addition of OPN combined with thrombin, the N-OPN
fragment, or the SV peptide (Fig. 3c, d). The expression
level of phosphorylated Erk was increased by the addition
of OPN, OPN combined with thrombin, N-OPN, or the
SV peptide, and the addition of the RGD peptide inhibited
these increases in phosphorylated Erk (Fig. 3e). The
phosphorylation of Smad3 was also enhanced by the
addition of OPN, OPN combined with thrombin, N-OPN,
or the SV peptide, and in contrast, the RGD peptide had
no effect on Smad3 phosphorylation by these fragments
and peptide (Fig. 3f). Increased expression of SMA and
signal activation were not seen with the addition of ASV
N-OPN, the C-OPN fragments, or the scrambled SV
peptide.

The effects of the OPN fragments on collagen
production

To investigate the effect of the OPN fragments or SV
peptide on collagen production in NHCFs, the expression
of COL I and COL III mRNA was detected using real-time
gRT-PCR after treatment with each OPN fragment or the
SV peptide for 1 h. With the addition of N-OPN, the COL I

cell number

using different cell culture passages, n = 9 wells). b Migration
activity assessed by the Boyden chamber assay (three independent
tests using different cell culture passages, n = 9 wells). *P < 0.05
versus the control lacking the SV peptide

mRNA level was significantly higher than the no-additions
control (Fig. 4a). In contrast, the amount of COL III
mRNA was significantly increased, compared with the
control, with the addition of N-OPN or the SV peptide
(Fig. 4b). The ASV N-OPN, C-OPN fragment, and
scrambled SV peptide had little influence on the amount of
collagen mRNA expression (Fig. 4a, b).

The amount of collagen in the culture media of NHCFs
that were incubated with each of the OPN fragments or the
SV peptide was measured using ELISA. The amount of
COL I was similar among all culture media containing any
OPN fragment or the SV peptide (Fig. 4c). COL III pro-
duction was significantly increased by the addition of the
N-OPN fragment and SV peptide compared to the OPN,
ASV N-OPN, and C-OPN fragments (Fig. 4e). Addition of
the RGD peptide had no effect on the collagen production
by the OPN fragments and SV peptide (Fig. 4d, f).

OPN and collagen expression in infarcted
myocardium

The expression levels of OPN and N-OPN were increased
in the infarcted fibrotic area 1 week after LAD ligation
(Fig. 5a—c), and thrombin expression was also increased
1 week after ligation (Fig. 5a, d). N-OPN and thrombin
expression levels gradually decreased 2 and 3 weeks after
ligation (Fig. Sa, c, d).
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Fig. 3 Analysis of TGF-$/Smad signaling in rat dermal fibroblasts
(RDFs) exposed to the SVVYGLR (SV) peptide (a, b). The
expression of phospho-TGF-f receptor type I (TPR I) and phospho-
Smad3 were evaluated 1 h after the addition of the SV peptide, and
the expression of smooth muscle actin (SMA) was evaluated 48 h
after. (a, b three independent experiments using different cell lysates).
The expression level of SMA after the addition of the thrombin-
cleaved osteopontin (OPN) fragments and SV peptide in normal
human cardiac fibroblasts (NHCFs). Immunoblotting of the myofi-
broblast differentiation marker SMA (c¢) and its quantitative
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assessment (d). (c, d three independent experiments using different
cell lysates). The effects of the thrombin-cleaved OPN fragment and
SV peptide on intracellular signal activity. MAPK pathway (e) and
Smad signal (f) activation by the addition of the thrombin-cleaved
OPN fragment and SV peptide in the presence or absence of the RGD
peptide. MAPK pathway and Smad signal activation were estimated
30 min after addition of the thrombin-cleaved OPN fragments and SV
peptide, and expression level of SMA was quantified 72 h after. (e,
f three independent experiments using different cell lysates)



Mol Cell Biochem (2015) 408:191-203

Collagen type 1
* ¥

o © O O a4 A A a
o N b o
PRl

Relative expression/GAPDH >
°cSso e

> >
£ &
£

KN
)

bos
S
&

&

>
s
O

v

C Coll I
- ollagen type

18 4
16 1
14 1
E12'

S 10

o N A~ oo
PUR S S S 1

E Collagen type 1I

AN
)

e

O,
¥
Y

&
&
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and the SVVYGLR (SV) peptide on collagen production by normal
human cardiac fibroblasts (NHCFs). mRNA expression level of
collagen type I (a) and type III (b) after the addition of the thrombin-
cleaved OPN fragment or the SV peptide, using quantitative RT-PCR.
(a, b five independent experiments using different total RNA
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added. (c—f four independent measurements using different cell
culture media)
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Fig. 5 The interaction between the progression of fibrosis in
myocardial infarction and osteopontin (OPN) expression. The
expression level of OPN and thrombin in the myocardial infarction
rat model by Western blotting analysis (a) and its quantitation of
b OPN, ¢ N-OPN, and d Thrombin expression normalized by the

The amount of collagen in the infarcted wall was analyzed
using ELISA. The quantities of COL I and COL III were
increased after LAD ligation. The amount of COL I was
comparable at 1,2, and 3 weeks after LAD ligation (Fig. Se).
In contrast, the expression of COL III was highest 1 week
after ligation and gradually decreased after 2 and 3 weeks
(Fig. 5f). An association was observed between COL III and
the N-OPN fragment expression level.

Quantitative estimation of COL I and COL III
after gel treatment in a rat model of ischemic
cardiomyopathy

The quantity of COL I in the infarcted area 4 weeks after
gel treatment was similar among all groups (Fig. 6a).
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However, the quantity of COL III and the ratio of COL
III/COL 1 in the infarcted area were significantly
increased in the N-OPN and SV peptide groups compared
with those in the PBS group (Fig. 6b, c). Additionally, in
the infarcted border area, immunohistochemical staining
showed that the quantities of COL I were significantly
smaller in the N-OPN and SV peptide groups than in the
PBS group (Fig. 7a, c), and in contrast, the quantity of
COL III was significantly higher in the N-OPN and SV
peptide groups than in the PBS group (Fig. 7b, d). The
COL II/COL 1 ratio was significantly higher in the
N-OPN and SV peptide groups than in the PBS group
(Fig. 7e). The expression levels of COL I and COL III in
the ASV N-OPN and scrambled SV groups were compa-
rable to the PBS groups.
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Evaluation of cardiac function after gel treatment

Echocardiography revealed a significant improvement in
LVEF and %FS in the N-OPN and SV groups, compared
with the PBS, ASV N-OPN, and random SV groups 2 and
4 weeks after gel treatment (Fig. 8a, b). Although the
values of LVEF and %FS also demonstrated significantly
better preserved cardiac function in the ASV N-OPN group
compared to the PBS and random SV groups, the
improvement effects of the N-OPN and SV groups were
significantly higher than that of the ASV N-OPN group.

Discussion

OPN is a multifunctional protein that contains an integrin-
binding RGD sequence and a CD44-binding site, and it
participates in inflammation, remodeling, and repair
responses [3, 4, 6]. OPN is cleaved by thrombin, and a
SVVYGLR sequence is exposed by its cleavage. The
SVVYGLR sequence binds strongly with integrin a9p1 [2,
7, 8]. Thrombin-cleaved OPN gains new functions, such as
cell adhesion, migration, and tube formation via the
SVVYGLR motif [10-13]. In this study, we evaluated the
effects of the thrombin-cleaved OPN fragment on cardiac
fibroblasts and myocardial fibrosis, and the involvement of
the SVVYGLR motif in these effects.

During tissue remodeling, fibroblasts migrate into the
injured area, where they synthesize and remodel the newly
created extracellular matrix. In this process, fibroblasts
differentiate into o-SMA-expressing myofibroblasts, which
are more contractile and synthetic. In this study, the
thrombin cleaved N-OPN fragment and SV peptide
induced Smad signal activation, SMA expression, and COL
IIT production in cardiac fibroblasts. In contrast, the
N-terminal OPN fragment with the SVVYGLR sequence

%
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removed (ASV N-OPN) and the C-terminal fragment (C-
OPN) did not produce these effects. These data demon-
strate that the N-OPN fragment, particularly the
SVVYGLR sequence of the N-OPN fragment, has an
important effect on these functions. Furthermore, the
addition of the RGD peptide had no effect on Smad signal
activation or increased collagen production. Integrin sig-
naling is not involved in these functions of the N-OPN
fragment or SV peptide, and signaling via other receptors
expressed on the fibroblasts likely induced these activities.

TGF-B/Smad signaling is an important pathway asso-
ciated with fibroblast—-myofibroblast differentiation [26,
27], and it regulates collagen production and o-SMA
expression in a number of tissue fibrosis conditions in
the liver, kidney, and lung [28-30]. In the heart, TGF-3
has been identified as a primary mediator of myofi-
broblast transformation, and it activates a pro-fibrotic and
matrix-preserving program in infarct fibroblasts via
Smad-dependent signaling [17, 26, 27]. The differentia-
tion of fibroblasts into myofibroblasts is important in the
myocardial remodeling process, and myofibroblasts have
contractile properties that could provide elasticity to the
stiff myocardium of an infarct [31]. Our previous study
demonstrated that the OPN-derived peptide SVVYGLR
binds with the TGF-f receptor and induces myofibroblast
differentiation via TGF-f/Smad signaling [14]. There-
fore, in this study, the SVVYGLR sequence of the
N-OPN fragment could have also exerted its effects
through the TGF-f receptor. In addition, when examin-
ing fibroblast motility, the thrombin-cleaved OPN frag-
ments had no effect on proliferation, but fibroblast
migration was significantly enhanced by the N-OPN
fragment and SV peptide. The added N-OPN fragment
would have induced the migration of the fibroblasts and
also bound to the TGF-f receptor on the fibroblasts via
the SVVYGLR motif. As a result, the fibroblasts would
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Fig. 7 The histological assessment in the infarcted border area after
gel treatment. a Gel-treated infarcted border area section stained with
anti-collagen type I antibody (n = 5/group). Scale bar 100 pm.
b Gel-treated infarcted border area section stained with anti-collagen
type III antibody (n = 5/group). Scale bar 100 pm. ¢ Expression
level of collagen type I. **P < 0.01 versus the PBS group

show enhanced SMA expression and differentiation into
the myofibroblasts.

The myocardial extracellular matrix is mainly composed
of COL I and COL III [32]. The amount and distribution of
these collagens in the myocardium are important to cardiac
function, and changes in the amount and distribution of
collagen can affect the function. The relationship between
COL I and COL III has important effects on the mechanical
properties of the heart tissue in normal and pathologic
conditions [33]. In liver and renal fibrosis, COL III reflects
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(n = S/group). d Expression level of collagen type III. *P < 0.05,
**P < 0.01 versus the PBS group (n = 5/group). e The ratio of
collagen type Ill/collagen type 1. **P < 0.01 versus the PBS group
(n = 5/group). OPN Osteopontin, SV SVVYGLR, PBS phosphate-
buffered saline

the degree of fibrosis [34, 35]. In the myocardial extra-
cellular environment, the COL III/COL I ratio impacts the
diastolic and systolic functions of the heart [36-38]. COL
IIT forms an elastic environment, providing kinetic prop-
erties. In contrast, COL I is a stiff fibrillar protein that gives
tensile force, and increases in its expression lead to
increasing myocardial stiffness, impairing diastolic and
systolic function. Furthermore, a decreased COL III/COL I
ratio indicates a worsening physiological condition [36, 37,
39, 40]. In this study, the N-OPN and SV peptide enhanced
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Fig. 8 Echocardiographic evaluation of left ventricular (LV) func-
tion after sheet transplantation a ejection fraction (EF); b % fractional
shortening (%FS). **P < 0.01 versus the PBS group, ™P < 0.01

the production of COL III mRNA and protein in cardiac
fibroblasts, while they had no influence on the production
of COL I proteins. The activation of the TGF-f/Smad
pathway triggers both COL I and COL III production. In
this study, the expression of the COL III protein was only
increased by the addition of the N-OPN and SV peptide to
the NHCFs, although the amount of COL I mRNA was
increased by the N-OPN. This may be related to the
extracellular matrix environment in the MI model of this
study, or to differences in the functional mechanisms, via
the TGF-B receptor ligand, between TGF-f and the
SVVYGLR motif of the N-OPN fragment and the SV
peptide. Due to the nature of fibrosis after MI, the infarcted
area contains many COL type I fibers, thus the influence of
the N-OPN and SV peptide on the COL I fibers may have
been less apparent.

In the infarcted myocardium, the expression of N-OPN
and COL III in the infarcted area increased 1 week after
LAD ligation, and an association between N-OPN and COL
IIT expression level was observed. The increased COL III
expression level gradually decreased, and returned to its
normal level 2 and 3 weeks after LAD ligation. The amount
of COL I was similar at 1,2, and 3 weeks after LAD ligation.
Because COL I has a long half-life, the COL I produced at
1 week could persist through the following weeks. In con-
trast, COL III is less stable and becomes degraded after the
first week. The expression level of thrombin was increased
1 week after LAD ligation. This enhancement was caused
by the inflammation due to LAD ligation, and the increased
thrombin would cleave the OPN and result in an increase in
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versus the random group, TP < 0.05, TP < 0.01 versus the ASV
N-OPN group (n = 5/group). OPN Osteopontin, SV SVVYGLR, PBS
phosphate-buffered saline

N-OPN expression at the infarcted area. We prepared an
infarction rat model 2 weeks after LAD ligation, which
reversed the expression level of COL III, and examined the
effects of N-OPN or the SV peptide on collagen production.
The transplantation of an N-OPN or SV peptide sustained-
release gel into the fibrotic myocardium also increased the
quantity of COL III and the ratio of COL III/COL I in both
the infarcted area and the infarcted border area. However,
implantation of ASV N-OPN sustained-release gel did not
show these increases. The echocardiography data revealed
that cardiac function, measured by the LVEF and %FS, was
significantly improved by the N-OPN and SV peptide sus-
tained-release gel treatment, and the increased quantity of
COL III and the ratio of COL III/COL I produced by the
N-OPN fragment or SV peptide could have caused this
improvement in cardiac function. Moreover, the N-OPN
fragment or SV peptide could have enhanced the elasticity of
the stiffened LV wall by increasing the ratio of COL III/COL
Iin the infarcted tissue and the border area. The SVVYGLR
motif appears to have a central role in the N-OPN-mediated
improvement in cardiac function. However, the implanta-
tion of ASV N-OPN-releasing gel also significantly
improved cardiac function compared with the PBS and
random SV groups. Therefore, a functional domain on the
N-fragment aside from the SVVYGLR motif might also be
involved in the improvement in cardiac function by N-OPN.

In summary, we believe that in the process of myocar-
dial fibrosis, OPN is cleaved by thrombin, the generated
N-terminal fragment promotes the migration of cardiac
fibroblasts to the fibrotic area, and the migrated cardiac
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Fig. 9 A working model of the SVVYGLR motif of the thrombin-
cleaved N-terminal osteopontin (N-OPN) fragment in cardiac fibrob-
lasts. The SVVYGLR motif of N-OPN binds to the TGF-f§ receptor
and phosphorylates Smad2/3. The phosphorylated Smad2/3 associates
with Smad4 and translocates to the nucleus to regulate gene
expression, including that of «-SMA. Thus, the SVVYGLR motif of
N-OPN induces the differentiation of an increased number of
fibroblasts into active myofibroblasts via the TGF-f/Smad pathway.
Activated myofibroblasts promote the production of collagen pro-
teins, especially collagen type III, in the myocardial fibrosis process.
The increased collagen type III provides elasticity to the fibrotic
myocardium, and as a result, cardiac function is improved. TGF-f:
transforming growth factor, -SMA, a-smooth muscle actin

fibroblasts differentiate into myofibroblasts and produce
collagen, especially COL III via TGF-f/Smad signaling
(Fig. 9). The increased distribution of COL III provides
elasticity to the fibrotic myocardium and inhibits myocar-
dial remodeling. The N-OPN fragment is an important
mediator of the fibrosis process. The SVVYGLR sequence
of the N-fragment induced the activation of the Smad
signal, SMA expression, and COL III production in cardiac
fibroblasts. The N-OPN fragment and SV peptide may
provide a new approach for treating cardiac disease.
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