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Abstract

Objectives: The molecular mechanism of bone
marrow mesenchymal stem cell (BMMSC) popula-
tion growth and proliferation, induced by Isoleucyl-
lysyl-valyl-alanyl-valine (IKVAV), was explored in
this study.

Materials and methods: IKVAV peptides were
synthesized by the solid-phase method. Influence of
IKVAV on BMMSC population growth and prolif-
eration were investigated by assays of CCK-8, flow
cytometry, real-time PCR and western blotting.
Results: IKVAV peptide was found to induce prolif-
eration and proliferating cell nuclear antigen (PCNA)
synthesis of BMMSC in a dose- and time-dependent
manner. Cell cycle analysis showed that the propor-
tion of IKVAV-treated BMMSC in S phase in was
higher than controls. Western blot results suggested
that mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) and phospha-
tidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signalling pathways were activated by IKVAV by
enhancing phosphorylation levels of ERK1/2 and
Akt in the BMMSCs. Meanwhile, phosphorylation
levels of ERK1/2 and Akt were partially blocked by
ERK1/2 inhibitor (PD98059) and Akt inhibitor
(wortmannin), respectively.

Conclusions: Our results demonstrated that IKVAV
stimulated BMMSC population growth and prolif-
eration by activating MAPK/ERK1/2 and PI3K/Akt
signalling pathways. This study is the first to reveal
an enhancement effect of IKVAV peptide on
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BMMSC at the signal transduction level, and the
outcome could provide experimental evidence for
application of IKVAV-grafted scaffolds in the field
of BMMSC-based tissue engineering.

Introduction

Mesenchymal stem cell (MSC)-based therapy is a prom-
ising strategy in the fields of regenerative medicine and
tissue engineering (1,2). Promoting MSC proliferation
has wide applications in stem cell therapies, particularly
in the area of regenerative medicine, for such as diabetes
mellitus (3), cardiac (4,5), liver (6-8), kidney (9,10),
bone (11,12) and autoimmune diseases (13,14). So far,
no critically adverse effects due to MSC-based implanta-
tion have been reported in clinical studies, which
implies that their application in therapeutics is consid-
ered to be safe (15—18).

To promote MSC adhesion and growth, artificially
simulated extracellular matrix (ECM) needs to be
designed carefully to provide a cell-favourable environ-
ment. The ECM provides not only a physical substrate
that can be grafted with specific ligands for cell adhe-
sion and migration, but also with a variety of growth
factors to stimulate cell proliferation and function. It is
reasonable to expect that a synthetic ECM scaffold plays
a similar role to promote tissue regeneration in vitro as
does native ECM in vivo. Due to cell viability and
behaviour being drastically affected by chemical and
mechanical properties of the surrounding environment,
application of synthetic ECM for tissue engineering and
cell-based therapies has gained significant momentum.
Synthetic scaffolds for cell adhesion and delivery have
been developed to improve cell function and anchoring
at lesions (19). However, there are problems in applica-
tion of cell-based regenerative therapy, such as poor cell
viability, failure in their relocation to targets and low
efficiency of engraftment (20,21). Moreover, most scaf-
fold materials used in tissue engineering have failed to
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provide active sites for cell anchoring due to their
limitation in bioactivity. This may lead to inferior cell
adhesion, as MSCs are sensitive to anchorage-dependent
survival and regulation of apoptosis (22-24).

Thus, development of a bioactive scaffold to provide
a microenvironment to support function and promote
cell adhesion, growth and proliferation is one of the
most emergent challenges of recent decades (25). Short
peptide sequences (complex organic micromolecules
containing carbon, hydrogen, nitrogen, oxygen and sul-
phur), have displayed clear advantages in large-scale
chemical production and degradation, which reduce risk
of immunogenicity and transmission of pathogens from
necessary biological sources of full-length proteins
(19,26). A number of laminin-derived short bioactive
sequences, such as Isoleucyl-lysyl-valyl-alanyl-valine
(IKVAV), YIGSR, and RNIAEIIKDI, function to
encourage cell attachment and growth (27-29) and syn-
thetic biomaterials are being designed to integrate bioac-
tive ligands within hydrogel scaffolds for promoting cell
response, and assimilation within the matrix. With
increasing understanding of roles of growth factors,
cytokines and their interactions with components of the
ECM, novel biomaterials whose composition closely
mimic natural tissue environments are being developed.
This results in increased efficacy in the field of tissue
repair and regeneration. Inherent biocompatibility and
cell signalling capabilities of peptides have led to devel-
opment of a broad range of functional materials with
potential for many novel therapies. However, traditional
2-D artificial scaffolds or tissue culture dishes are not
able to create a suitable platform for cell-cell interac-
tions as does the ECM in vivo. Previous research has
indicated that cell culture in 3-D scaffolds provides lar-
ger surface areas for cell attachment and proliferation,
than do 2-D scaffolds (30-32). Peptide-based 3-D hy-
drogel scaffolds can more precisely mimic porosity and
nanostructure of native ECM and can more readily
incorporate signalling epitopes for cell-cell and cell-tis-
sue interactions. Using bioconjugation techniques and
orthogonal chemistry, peptide-based 3-D hydrogel scaf-
folds with multiple signalling molecules, such as cell-
adhesion ligands, protease sensitive domains, growth
factors and cytokines, can be readily modified to adjust
a wide variety of biologically relevant signals, for
enhanced therapeutic function and tissue regeneration
(19). In novel 3-D hybrid scaffolds, which incorporate
collagen sponge self-assembled peptide amphiphile
nanofibres with MSCs, cell behaviour more closely
resembles the in vivo environment and cells have signifi-
cantly enhanced proliferation and differentiation charac-
teristics than in vitro. Also, in vivo osteogenic
differentiation compared to conventional static tissue
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culture plating is better in 3D (33,34). Thus, as an effec-
tive strategy for tissue repair, 3-D hydrogel scaffolds
have been widely used in regeneration of bone, enamel,
cartilage, central nervous system, transplantation of
islets, wound-healing, and vascularisation and cardiovas-
cular therapies (32,35-37).

As new kinds of biomaterials, evaluation of biocom-
patibility (determined by cell and tissue responses to
IKVAV peptide-modified scaffolds in vivo and in vitro),
was carried out. IKVAV peptide sequences were cova-
lently attached to an aminated polymer surface using
carbodiimide chemistry. This study indicates that
IKVAV-treated surfaces displayed significantly higher
numbers of adipose-derived stem cells (ASCs) bound in
more spread out morphology, after 2 and 3 days cell
seeding. IKVAV has potential applications to further
promote attachment of ASCs to biocompatible scaffolds
(38). Mi-GQASSIKVAV was coupled to a thiolated
form of methacrylamide chitosan. Covalent modification
of methacrylamide chitosan scaffold made it porous and
biodegradable, and significantly improved neuronal
adhesion and neurite outgrowth (39). RGD peptide con-
jugated to IKVAV peptide fibrils can be used as a base-
ment membrane mimetic for promoting fibroblast
adhesion, and used as a bio-adhesive scaffold for tissue
engineering (40) and chemical modification of 3-D col-
lagen scaffolds with both RGD and IKVAV peptides
has been shown to significantly enhance cell adhesion
over all other 3-D collagen matrixes (41). In in vivo
evaluation, Matsuda et al. (42) have developed a new
artificial guiding tube scaffold for nerve regeneration
consisting of molecularly aligned chitosan with IKVAV
and YIGSR bonded covalently. Their results indicated
that structure of tendon chitosan and biological activity
of intact laminin peptides were well maintained. Tyssel-
ing-Mattiace et al. (43) reported that injection of amphi-
phile peptide conjugated IKVAV peptide (mimicking
laminin structure supports of the neural ECM), into the
injured spinal cord, effectively improved functional recov-
ery after spinal cord injury, in two different injury models
(contusion and compression of rat and mouse spinal cord).

Previous studies also have provided evidence for
IKVAV-grafted scaffolds promoting bone marrow
mesenchymal stem cell (BMMSC) survival and growth
in non-degradable PEG hydrogels (44), HA-based hy-
drogels (45), RGDSP-modified PEG gels (46) and PHE-
MA scaffolds (47). Results demonstrated that cell
numbers and adhesion areas on IKVAV-grafted scaf-
folds was highest. However, molecular mechanisms of
BMMSC behaviour, such as in the cell cycle, apoptosis,
cell population growth and proliferation, mediated by
IKVAV-grafted scaffolds, has up to now remained a
challenge. Thus, to elucidate the mechanism clearly, it is
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essential that activities of signal transduction in IKVAV-
induced BMMSC proliferation should be studied first.

As a component of the mitogen-activated protein
kinase (MAPK) cascade, ERK can be activated by extra-
cellular or intracellular factors. The ERK signalling
module consists of two isoenzymes, ERK-1 and -2.
Activated ERK-1 and -2 are translocated into nuclei and
increase transcriptional activity of genes relevant to cell
proliferation (48,49). Akt phosphorylation mediated by
phosphatidylinositol 3-kinase (PI3K) in response to vari-
ous growth/survival factors and activation of the path-
way is crucial for regulation of cell survival and
apoptosis (50,51). Both PI3K/Akt and MAPK/ERK1/2
signalling pathways are pivotal in cell survival and pro-
liferation (52,53). Survival, migration and proliferation
of MSCs are also enhanced by activation of ERK1/2
and PI3K-Akt signalling pathways (54,55).

According to the lines of evidence mentioned above,
we hypothesized that IKVAV peptide could affect activi-
ties of BMMSC. This study was thus undertaken to deter-
mine how IKVAYV induces BMMSC population growth
and proliferation and roles MAPK/ERK1/2 and PI3K/Akt
signalling pathways play in IKVAV-induced BMMSC.
Analyses of CCK-8, RT-PCR, western blotting and flow
cytometric (FCM) were carried out to explore mecha-
nisms responsible for these effects. Our results indicated
that, after treatment with IKVAV peptide, cell viability
was higher in a dose- and time-department manner; prolif-
erating cell nuclear antigen (PCNA) mRNA synthesis was
up-regulated, cell cycles were activated for them to enter
S from Gy/G;, and Akt and ERK1/2 signalling pathways
were activated. The results suggest that IKVAV peptide
regulated BMMSC growth and proliferation at the molec-
ular level. To the best of our knowledge, this is the first
report on molecular mechanisms of growth and prolifera-
tion of BMMSC:s induced by IKVAV peptide. Hopefully,
the outcome will provide experimental evidence for appli-
cation of IKVAV-grafted scaffolds in BMMSC-based tis-
sue engineering fields.

Materials and methods

Reagents and instrumentation

Foetal bovine serum (Gibco BRL, Grand Island, NY,
USA), oMEM (Hyclone, Logan, UT, USA), 25-cm’
plastic flasks (Corning, Williamsburg, NY, USA), 96-
well plates (Costar, Milpitas, CA, USA), 6-well plates
(NUNC, Roskilde, Denmark), trypsin (Hyclone), penicil-
lin/streptomycin (Hyclone), cell counting kit-8 (Beyo-
time, Haimen, China), annexin V-FITC apoptosis
detection kit (BD, San Jose, CA, USA), Trizol Reagent
(Invitrogen Life Technologies, NY, USA), TOYOBO
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THUNDERBIRD SYBR gPCR Mix and TOYOBO First
Strand cDNA Synthesis Kit (Toyobo, Shanghai, China),
Primers synthesis company (Invitrogen Biotechnology
Co., LTD, Carlsbad, CA, USA), marker (10-170 kDa,
sm0671; Fermentas, St. Leon-Rot, Germany), Akt (EPI,
Burlingame, CA, USA), p-Akt (EPI), ERK1/2 (Bioword
Technology, Minnesota, MN, USA), p-ERK1/2 (Bio-
word), PD98059 (Santa Cruz, Dallas, TX, USA), Wort-
mannin (Sigma, St. Louis, MO, USA), Revert Aid First
Strand ¢cDNA Synthesis Kit (Fermentas, St. Leon-Rot,
Germany) Bradford Protein Assay Kit (Beyotime).
IKVAYV peptides were synthesized by our group. Inverted
fluorescence microscopy (IX71; Olympus, Japan). A phase
contrast microscope (Olympus, Tokyo, Japan), ELISA
(Multiskan Mk3, Thermo Labsystems, Helsinki, Finland)
and flow cytometery apparatus (Becton Dickinson,
Heidelberg, Germany) were used in the experiments.

Cell isolation and culture

BMMSCs were isolated and identified as reported in our
previous work (56); passage 3-5 cells were employed
here. Cells were cultured in 25-cm? plastic flasks at
2 x 10°/cm? at 37 °C in humidified atmosphere of 95%
oxygen and 5% carbon dioxide. Cells were cultured in
alpha modified Eagle’s medium (¢MEM) supplemented
with 10% FBS, 2 mm L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin and 3.7 g/l NaHCOj3. Culture
medium was replaced with fresh medium every 3 days.
Cells were detached with 0.25% trypsin containing
0.02% ethylene diamine tetraacetic acid when incubated
to 90% confluence.

Synthesis and characterization of IKVAV peptides

IKVAV peptides were synthesized using a Discover
solid-phase automated synthesizer. Two grams Fmoc-
Val-wang resin was soaked in 10 ml DMF solution for
1 h. Subsequently, Fmoc groups on the Fmoc-Val-wang
resin mixture were eluted with DMF solution supple-
mented with 20% piperidine. Amino acid/PyBOP/HOBT/
DIEA active solution was respectively prepared and put
into the peptide synthesizer for amino acid condensation
reaction. 6% ninhydrin ethanol solution with little resin
was heated at 100 °C for 2 min. All above steps were
repeated. Acrylic acid was added up to the end of the pep-
tide chain. Reagent (TFA/TIPS/water = 95/2.5/2.5) was
used to cleave peptides from the resin by stirring for 2 h
at room temperature. After washing in TFA, filtrate was
collected and added into cold ether and precipitated pep-
tides were produced; crude peptides were then collected
and vacuum dried. Peptides were obtained after process-
ing, purification and freeze dehydration. All peptides were
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synthesized in the amide acid form. Composition and pur-
ity of peptides were determined by amino acid analysis
and high-performance liquid chromatography. Small sam-
ples were taken for high-performance liquid chromatogra-
phy and mass spectroscopy. Properties of IKVAYV peptide
have been shown in our previous work (57).

Cell viability assay

Cell viability was examined using CCK-8 assay.
BMMSC (5 x 10*well) were cultured in 96-well plates
with «MEM medium containing 8% FBS. Twenty-four
hours later, medium was replaced with aMEM contain-
ing IKVAV or PBS (control group); treated period ran-
ged from O to 72 h. Concentration gradient of IKVAV
in medium ranged from 0.004 to 2.5 mm. For quantita-
tive analysis of cell proliferation, 10 pl WST-8 solution
was added to each well. After the given treatment period,
absorbance at 450 nm was monitored by ELISA. Cell
proliferation was calculated by normalizing optical
densities (OD) to those of control cells incubated in PBS.

Flow cytometry analysis

Cell cycle and apoptosis of BMMSC treated with
IKVAV were determined by FCM analysis. Apoptosis
was revealed using an annexin V-FITC apoptosis detec-
tion kit according to the manufacturer’s protocol.
BMMSCs were cultured at 6 x 10° cells/ml in 6-well
plates, in «MEM containing IKVAV of various concen-
trations or PBS (control group) for 24 h. Cells were har-
vested by trypsinization, then washed twice in cold PBS
then centrifuged at 700 g. In the region of 1 x 10° to
1 x 10° cells were resuspended in 500 pl binding buf-
fer, centrifuged again at 1000 rpm for 5 min before the
supernatant being removed.

For cell cycle assay, —20 °C pre-cooled 90% ethanol
was added slowly to the cells, which were then resus-
pended and kept overnight in an ice bath. Cells were cen-
trifuged again at 1000 rpm for 5 min and supernatant was
removed. They were resuspended in 250 pl PBS with
2 pl RNaseA (1 mg/ml in deionized water) and kept in a
37 °C water bath for 40 min; 50 pl PI (100 pg/ml in
PBS) was added and cells were stained in the dark for
20 min. The cell cycle was examined at 488 nm by flow
cytometry and cell cycle proration was analysed by Cell
Quest (BD Biosciences, San Jose, CA, USA) and Modfit
software (BD Biosciences).

For the assay of apoptosis, cells were resuspended in
500 pl binding buffer and transferred to a sterile flow
cytometry glass tube. Five microlitres of annexin
V-FITC and 5 pl propidium iodide were added then
incubated in the dark for 10 min, at room temperature.
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Cells were analysed by flow cytometry at 488 and
530 nm. Distribution of cells was analysed using Cell
Quest™ software in the flow cytometer within 1 h of
staining. Data from 10 000 cells were collected for each
data file. Apoptotic cells were identified as being annex-
in V-FITC-positive and PI-negative.

Real-time fluorescence quantitative polymerase chain
reaction

Total cell mRNA was extracted from IKVAV-induced
BMMSC using Trizol reagent, according to the manufac-
turer’s instructions. Isolated RNA was stored at —70 °C
in diethylpyrocarbonate (DEPC)-treated water, and quan-
tity and quality of RNA were determined by absorbance
of SYBR green II fluorescent dye at 260/280 nm. Total
RNA was reverse transcribed into complementary DNA
(cDNA) using Revert Aid First Strand cDNA Synthesis
Kit (Creative Biogene, Shirley, NY, USA) according to
the manufacturer’s instructions. Primer sequences used in
this context are listed as follows: PCNA primers: sense,
TTTCACAAAAGCCACTCCACTG; antisense, CTTT
AAGTGTCCCATGTCAGCAAT. GAPDH was used as
internal control and detected using the following primers:
sense, CGCTAACATCAAATGGGGTG; antisense, TTG
CTGACAATCTTGAGGGAG. Polymerase chain reac-
tion (PCR) amplification was performed with the follow-
ing parameters: 40 amplification cycles for PCNA and
GAPDH (95 °C for 1 min, at 58 °C for 45 s, 72 °C for
20 s). Gene expression was presented using a modifica-
tion of the 24" method.

Western blot analysis

BMMSCs were treated with IKVAV at different concen-
trations in the presence or absence of kinase inhibitors,
as indicated for a variety of time periods. Cells were
treated with lysis buffer (1 mm phenylmethylsulphonyl-
fluoride was added before using). Lysates were subse-
quently centrifuged at 12 000g for S5 min and
supernatant was collected for protein analysis; sample
protein concentration was determined using the Bradford
Protein Assay Kit (Beyotime Institute of Biotechnology,
Haimen, China). Equal amounts of protein from cell
lysates were first resuspended in sample buffer contain-
ing 62 mm Tris-HCI (pH 6.8), 2% sodium dodecylsul-
phate, 10% glycerol, 5% B-mercaptoethanol and 0.04%
bromphenol blue, then resolved by sodium dodecylsul-
phate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes. After brief
washing in Tris-buffered saline Tween-20 (TBST)
(25 mm Tris-HCI (pH 7.5), 50 mm NaCl, 0.1% Tween-
20), membranes were blocked with 5% (in TBST)
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skimmed dried milk for 1 h. Membranes were incubated
overnight at 4 °C with the appropriate concentration of pri-
mary antibody. After washing in TBST, membranes were
incubated in secondary antibody for 30 min, washed again
in TBST and left on a shaking table. Blots were detected
using an ECL Kkit, and signals were quantified by scanning
densitometry. All data were expressed as relative differ-
ences between control and treated cells after normalization
to GAPDH expression. In addition, PD98059 and wort-
mannin were employed to inhibit MAPK/ERK1/2 and
PI3K/Akt signals in the experiment. BMMSCs were pre-
treated with the appropriate inhibitor for 30 min then the
IKVAV was added. Western blot analysis was performed
24 h following IKVAYV treatment.

Statistical analysis

All experiments were performed in triplicate and analy-
sed using statistical software spss 13.0 (SPSS Inc., Chi-
cago, IL, USA). Analysis results were expressed as
mean £ SD and P < 0.05 were considered significant.

Results

PCNA expression of IKVAV-induced BMMSCs

To investigate the effect of IKVAYV on cell proliferation,
BMMSCs were cultured with different concentrations of
IKVAV (0, 0.004, 0.02, 0.1, 0.5 and 2.5 mm) for 48 h.
PCNA expression level of IKVAV-treated BMMSC was
tested by real-time fluorescence quantitative PCR, and
PCNA of different cell cycle phases was determined by
enumerating distribution of double-stranded DNA. Results
showed that PCNA synthesis stimulated by IKVAV was
dose- and time-dependent. PCNA expression increased to
2.2 times more than that of controls when density peaked
at 0.5 mm, then decreased (Fig. la). PCNA synthesis
decreased with increasing incubation time and peaked at
12 h; at that time, it was 8 greater than that of the control
group. It then started to decline (Fig. 1b).

Effects of IKVAV on BMMSC cell cycle phase
distribution

To clarify the influence of IKVAV on the BMMSC cell
cycle, cell cycle distribution was determined by flow
cytometry. Flow cytometric analysis in Table 1 shows
that compared to the control group, distribution of cells in
Go/G; of the IKVAV-treated group attenuated gradually
by density and declined significantly in the 0.5 mMm group
(*P < 0.05). Meanwhile, distribution of S phase cells was
elevated by IKVAV density and peaked at 0.5 mm
(**P < 0.01). Distribution of G,/M phase cells did not
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Figure 1. PCNA expression in IKVAV-induced BMMSCs. The bio-
synthesis of PCNA mRNA was in a concentration- (a) and time- (b)
dependent manner. Experiments were performed at least in triplicate
(*P < 0.05).

change to any noticeable extent. Maximum response of S
phase cells of IKVAV-treated BMMSC appeared at
0.5 mwm, in which it was 4.2 times greater than the control
group; phase distributions of Gy/G; and G/M cells
declined correspondingly (Fig. 2, *P < 0.05). These
results demonstrate that IKVAYV acted as a signalling mol-
ecule, inducing the BMMSC cell cycle for cells to enter S
phase from Gy/G; and arrested them from entering G,/M
phase; the increased proportion of S phase in cell cycle
was considered to be a sign of BMMSC proliferation.
IKVAV at 0.5 mm was the most suitable concentration
for BMMSC population growth.

Effects of IKVAV on BMMSC viability

Effects of IKVAV at various concentrations (0, 0.004,
0.02, 0.1, 0.5 and 2.5 mm) treating BMMSC for differ-
ent time intervals (0, 24, 48, 72 h) on their viability
were determined by CCK-8 assay. OD values were
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tested every 24 h for 72 h after co-culture. As shown in
Fig. 3a, cell viability increased gradually at concentra-
tions from O to 0.5 mM, peaked at 0.5 mm and then
declined. Highest OD value was observed at 72 h when
treated with IKVAV at 0.5 mm (Fig. 3b) (*P < 0.05).
These results demonstrated that IKVAV promoted
BMMSC proliferation in a dose- and time-dependent
manner. Apoptosis was tested for by FCM analysis of
annexin V FITC/propidium iodide (PI) staining of
BMMSC treated with IKVAV at 0.5 mm, after 24 h.
Figure 3c and 3d indicate that there was no clear reduc-
tion in live cell percentage in the IKVAV-treated group
(93.25%) compared to the control group (94.34%). Only

Table 1. Effects of IKVAV on the cycle phase distribution of
BMMSC

Cycle phase distribution (%)

Concentration  Gy/G, S G,M

of IKVAV

0 mm 92.943 + 0.987%  2.047 + 1.104%  5.014 + 0.788

0.004 mm 92.167 + 1.033* 2325 + 1.015%  5.513 + 0.547

0.02 mm 91.563 + 0.905%  2.720 + 0.845%  5.721 + 0.731

0.1 mm 91.873 + 0.196"  2.518 + 0.712%  5.612 + 0.753

0.5 mm 84.743 + 1.644% 10.577 £ 1.272%* 4.677 £+ 1.048%*
2.5 mm 92.103 + 1.365" 2202 + 0.947¢  5.703 + 1.035

Compared with the group of 0 mm, *P < 0.05, **P < 0.01; Compared
with the group of 0.5 mm, #P < 0.05, &P < 0.05; N = 3.

0.004 mm

GU/G1: 91.03%
G2/M: 5.07 % }
$:3.90 % 5

§ ]

1 0.5 mm g

E )
y §4 §

B GO/G1: 86 88% HE
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S:10.78 %

L] 0 a0 L] L] 100 10
Charsnals

a low apoptotic fraction was observed after 24-h treat-
ment. Apoptotic level of the 0.5 mm IKVAV-treated
group (2.37%) was almost the same as that of the con-
trol group (2.35%).

Activation of ERK1/2 and Akt in IKVAV-induced
BMMSC

Activation of ERK1/2 and Akt has been reported to play
an important role in regulation of cell survival and pro-
liferation (32,38-40). Here, two signalling pathways
were monitored by measuring phosphorylation levels of
ERK1/2 and Akt, in IKVAV-treated BMMSC. Western
blot analysis was used to determine activities of Akt,
ERK1/2, phosphorylated-Akt (p-Akt), and phosphory-
lated-ERK1/2 (p-ERK1/2) in total protein, extracted
from BMMSC at the end of co-culture. As shown in
Fig. 4, levels of p-ERK1/2 and p-Akt increased signifi-
cantly in a dose- and time-dependent manner after
IKVAV treatment. As shown in Fig. 4a and 4b, gradu-
ally increased levels of p-ERK1/2 and p-Akt were
observed with increase in IKVAV concentration. Maxi-
mum response appeared at 0.5 mm, then a decline fol-
lowed. Levels of p-ERK1/2 and p-Akt were 2.1 and 7
times greater than those of the control group
(*P < 0.05), respectively. There were fewer responses
of p-ERK1/2 and p-Akt with 2.5 mm IKVAV-treated
BMMSC than with 0.1 and 0.5 mm. However, remark-

0.02 mm PE 0.1 mm
§_
GO0/G1: 91.85% G0/G1: 91.95%
G2/IM: 5.25% g4 G2/IM: 4.74%
S:2.89 % E S:3IN%

§_
2.5mm Control
3]
5 ¥
GO0/G1: 90.75% £ GO0/IG1: 92 52%
G2/M: 6.58% z 24 G2/M: 5.95%
S: 267 % S:153%

Figure 2. Effect on cell cycle of IKVAV-induced BMMSC. Flow cytometry of cell cycle analysis in various concentrations of IKVAV (0, 0.004,
0.02, 0.1, 0.5 and 2.5 mm). Experiments were performed at least in triplicate (*P < 0.05).
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Figure 3. Effects of IKVAV on viability and apoptosis of
BMMSC. Cell proliferation status was detected by CKK-8 assay. Cells
were treated with different concentrations of IKVAV for the indicated
time in 72 h. IKVAV promoted cell proliferation in a dose- (a) and
time- (b) dependent manner. Cell apoptosis induced by IKVAV was
detected by flow cytometric analysis. Cell apoptosis has no significant
difference between the 0.5 mm IKVAV-treated group (c) than that of
the control group (d). Experiments were performed at least in triplicate
(*P < 0.05).
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able phosphorylation of ERK1/2 and Akt in BMMSCs
treated with 0.5 mm IKVAV was observed after 24 h.
Data from Fig. 4c and 4d show that BMMSCs treated
with IKVAV for 24 h significantly increased levels of
p-ERK (22-fold) and p-Akt (5-fold) compared to the
control group (*P < 0.05).

Inhibition of proliferation of IKVAV-induced BMMSCs
by inactivation of MAPK/ERK and PI3K/Akt signalling
pathways

To determine roles of ERK1/2 and Akt signalling path-
ways activated by IKVAV treatment, MAPK/ERK path-
way inhibitor PD98059 and PI3K/Akt pathway inhibitor
wortmannin were utilized (58,59). An clear reduction in
p-Akt and p-ERK expression was observed after pre-
treatment with wortmannin and PD98059 according to
western blot analysis. As shown in Fig. 5, IKVAV-
induced p-ERK1/2 activation was reduced by 23.86% in
cells pre-treated with PD98059 at 10 um compared to
the untreated group (Fig. 5a). While IKVAV-induced p-
Akt activation was reduced by 17.61% in BMMSCs
pre-treated with wortmannin at 100 nm compared to the
untreated group (Fig. 5b). These results indicate that
treating BMMSC with 10 pm PD98059 and 100 nm
wortmannin effectively blocked the enhanced prolifera-
tion of IKVAV-induced BMMSCs.

RT-PCR was used to test mRNA synthesis of PCNA
in BMMSC pre-treated with the inhibitors. Results in
Fig. 6 show that PCNA expression was reduced to
27.14% by PD98059 compared to the untreated group,
to 51.49% by wortmannin, and to 77.99% by simulta-
neous use of both inhibitors. Furthermore, expressions
of PCNA mRNA were significantly different when com-
paring IKVAV-induced BMMSCs with the control
group (*P < 0.05), PD98059-treated group (*P < 0.05)
and the wortmannin-treated group (*P < 0.05).

In addition, there were significant differences in per-
centage of proliferating cells comparing IKVAV-treated
BMMSC with the control group (**P < 0.01),
PD98059-treated group (*P < 0.05), the wortmannin-
treated group (*P < 0.05) and the combined treatment
group. As showed in Fig. 7, CCK-8 analysis demon-
strated that the effect of IKVAV on BMMSs viability
was partly reduced by 10.71, 35.65 and 50.25% when
treated with PD98059, wortmannin, and the combination
treatment, respectively.

Discussion

In this work, molecular mechanisms of IKVAV-
induced BMMSC population growth and proliferation
were studied. We focused mainly on roles of ERK1/2
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Figure 4. Analysis of IKVAV-induced phosphorylation levels of ERK1/2 and Akt in BMMSCs by western blot. Total proteins of BMMSCs
treated with different concentrations (IKVAV-untreated as control group) of IKVAV for various times (treated by O h as control) were used for
detection by western blot for their phosphorylated and unphosphorylated ERK1/2 and Akt. The ERK1/2 and Akt signaling pathways were activated
by IKVAV in a dose- (a, b) and concentration- (c, d) dependent manner. Experiments were performed at least in triplicate (¥*P < 0.05).

and Akt kinase cascades activated by IKVAV. When
the IKVAV-induced BMMSC were respectively pre-
treated with inhibitors PD98059 and wortmannin,
activities of p-ERK1/2 and p-Akt decreased signifi-
cantly. These results suggest that both signalling path-
ways play important roles in the growth and
proliferation of BMMSC treated with IKVAV peptide.
As the active sequence of laminin, IKVAV has been
identified as capable of mimicking some biological
activities of intact molecules for cell attachment, migra-
tion and growth (26,60). IKVAVA peptides can be
absorbed and used directly by an organism (61). Degra-
dation of IKVAV peptides is enzymatic in vivo and by
proteolysis in vitro. Degradation products are of low
molecular weight non-toxic amino acids, which are
easily absorbed and metabolized by the organism. How-
ever, whether the degradation products can affect cell
activities or how they might influence types of cell

© 2014 The Authors. Cell Proliferation published by John Wiley & Sons Ltd.

behaviour have not previously been reported. Due to
superior biological activities of IKVAV peptide, it has
been widely used in tissue engineering by immobilizing
it on to hydrogel scaffolds (62-64). IKVAV thus
grafted, effectively binds to cell membrane integrin
receptors, and thus mediates interaction with the cell
surface (65). In previous studies, IKVAV-modified
hydrogels have been proven to promote adhesion,
growth and proliferation of neural stem cells (19,47),
and neuron (66,67) adhesion, growth and proliferation
in vitro. In implantation assays, IKVAV peptide-grafted
scaffolds have been shown to enhance regenerative
function of brain (68) and spinal cord (69) cells.
Recently, adhesion, morphology, growth and prolif-
eration of MSCs have been investigated on IKVAV-
modified hydrogels, such as PHEMA (47), PEG (44)
and nanofibre gel (70). IKVAV-modified porous scaf-
folds significantly increased numbers of attached cells
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Figure 6. Effects of two inhibitors on PCNA synthesis of IKVAV-
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or wortmannin (100 nM) or both of them, then stimulated by 0.5 mm
IKVAV. The expression of PCNA was detected by RT-PCR. Experi-
ments were performed at least in triplicate (*P < 0.05).
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and enhanced their viability on the hydrogel surface. In
those studies, cell proliferation was determined by
counting live cells on the scaffolds under fluorescence
microscope/laser confocal microscopy, or cell viability
by CCK-8/MTT assay. However, precise molecular
mechanisms that induced cell proliferation were not
completely proven. IKVAV is a bioactive peptide whose
effects on change of cell morphology and growth status
remain unclear, including interaction of bioactivators
and transduction of signal molecules. IKVAV peptide
has been previously proven to enhance MSC adhesion
and proliferation at the cellular level, but few studies
have illustrated molecular mechanisms.

To illustrate cell population growth and proliferation
mechanisms, we investigated effects of IKVAV peptide
on BMMSC proliferation at cellular and molecular lev-
els. CCK-8 assays indicated that cell viability gradually
increased in a dose- and time-dependent manner after
IKVAV treatment (Fig. 3a,b). Viability of BMMSCs
treated with IKVAV at 0.5 mm after 24 h was 22.3%
higher than the control group, and 53.8% higher after
72 h than the control group. Cell proliferation was
clearly promoted by treatment with IKVAV. Although
viability was enhanced, amounts of dead cells did not
increase overtly compared to the control group during
incubation (Fig. 3c,d). Levels of apoptosis in the
IKVAV-treated group and the control group were 2.37%
and 2.35%, which were lower than that in human
BMMSCs (3.7%) (71), indicating that IKVAV did not
induce apoptosis. FCM analysis of the cell cycles dem-
onstrated that cells in G¢/G; and S phases of the cell

IKVAV peptide

5
Cyclin D1 protein activation

Cell cycle

cycle were activated and their proportions ascended
markedly when treated with IKVAV in 0.5 mm medium
for 24 h. IKVAV peptide might possibly have the func-
tion of regulating gene expression associated with pro-
teins controlling cell proliferation. In advance of DNA
replication initiation, PCNA is bound to potential start
points of DNA replication and relative enzymes; DNA
polymerase o and 6 are essential for DNA replication in
the nucleus. Activity of DNA polymerase 6 is markedly
enhanced by PCNA, which is expressed only in prolifer-
ative cells as they cycle (72). So, expression of PCNA
was investigated here by RT-PCR. PCNA expression is
committed to DNA synthesis and is widely used as a
marker of cell proliferation (73). Cells duplicate their
entire genome during S phase of the cell cycle, and the
cell cycle processes continuously. RT-PCR results here
demonstrated that expression of PCNA in IKVAV-trea-
ted BMMSCs was increased in a dose- and time-depen-
dent manner (Fig. 1). According to these results, we
concluded that some proliferation-related signalling path-
ways must have taken part in the cell cycle and regu-
lated the progress of proliferation (74-77). To explore
whether proliferation-related signalling pathways were
activated, expression of p-Akt, Akt and p-ERKI/2,
ERK1/2 were detected every 12 h for 48 h by western
blotting. Results demonstrated that activities of p-ERK1/
2 and p-Akt increased significantly in a dose- and time-
dependent manner after IKVAV treatment (Fig. 4a,b).
Population growth and proliferation of IKVAV-treated
BMMSCs were mediated by enhancing phosphorylation
levels of ERK1/2 and Akt.

Figure 8. The mechanism figure of
IKVAYV induces BMMSC growth and pro-
liferation. The IKVAV peptide recognizes
and binds to a cell surface protein, and then
this IKVAV-binding protein activates the
phosphorylation of Akt and ERK1/2. ERK1/2
G, activation plays a fundamental role for G/S
T transition, because its activation is the trigger

Gy

for the induction of the cyclin DI protein,
and the down-regulation of several anti-prolif-

erative genes during the G; phase. Akt medi-

p275et and FTF phosphorylation

G,/G, Activation

ates cell cycle progression by phosphorylation
of p27%"P! and forkhead transcription factor.
This leads to the activation of DNA polymer-
ase o and §. The activity of DNA polymerase
§ is markedly enhanced by PCNA, which is
only expressed in proliferating cells. With the

uopejpew uojssaiboud ajado ag
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Activation of DNA polymerase &

proportion of S increased gradually, the cell
cycle goes into the S phase from the Gy/G,
phase. Cell growth and proliferation was pro-
moted finally.
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To the best of our knowledge, this is the first study
to discover the role of ERK1/2 and Akt signalling path-
ways during proliferation of BMMSCs induced by
IKVAYV peptide. Activation of phosphoinositol-3 kinase
(PI3K)/Akt pathway leads to cell cycle progression
through Gy/G; and entry into the S phase. The ERK1/2
signalling pathway is a further signal regulation associ-
ated with cell cycle progression, and promotion of cell
survival and proliferation (78,79). Our results reveal
that, compared to the control group, IKVAV-treated
BMMSCs had larger proportions of S phase cells, higher
viability, PCNA expression and phosphorylation level of
ERK1/2 and Akt. This means that BMMSCs were
induced to enter S phase from Gy/G;; meanwhile,
expression of PCNA was enhanced, and phosphorylation
of ERK1/2 and Akt were activated. These lines of evi-
dence demonstrate that IKVAV-induced BMMSC
growth and proliferation are regulated by ERK1/2 and
Akt signalling pathways.

The signalling mechanism might be as follows:
IKVAV peptide recognizes and binds to a cell surface
protein, which subsequently activates phosphorylation of
Akt and ERK1/2; ERK1/2 activation plays a fundamen-
tal role on G4/S transition, as its activation is the trigger
for induction of cyclin D1 protein, and down-regulation
of several anti-proliferative genes during the G; phase
(80). Akt mediates cell cycle progression by phosphory-
lation of p27%P! (81) and forkhead transcription factor
(82). This leads to activation of DNA polymerases o
and §; activity of DNA polymerase 6 is markedly
enhanced by PCNA, which is expressed in proliferating
cells only. With the gradually increasing proportion of S
phase cells, they enter S phase from Gy/G; phase
(83,84); cell population growth and proliferation are
finally promoted (Fig. 8).

To examine whether activation of the above two sig-
nalling pathways, which mediated BMMSC proliferation
by IKVAYV, was functionally involved in phosphoryla-
tion of ERK1/2 and Akt, the ERK1/2 and Akt signalling
pathway inhibitors PD98059 and wortmannin were
employed. Under treatment of inhibitors, p-ERK1/2 and
p-Akt levels were both down-regulated, and PCNA
expression and cell viability were reduced, correspond-
ingly. Therefore, we concluded that both PCNA mRNA
biosynthesis of PCNA and proliferation activities of
IKVAV-induced BMMSCs were regulated by MAPK/
ERK1/2 and PI3K/Akt signalling pathways. Our results
indicate that inactivation of Akt and ERK1/2 signalling
pathways clearly suppressed IKVAV-induced BMMSC
growth and proliferation. Akt and ERK1/2 signalling
pathways play an important role in IKVAV-induced
BMMSC population growth and proliferation.

© 2014 The Authors. Cell Proliferation published by John Wiley & Sons Ltd.
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In summary, we identified the role of IKVAV pep-
tide in regulation of BMMSC population growth and
proliferation through activating Akt and ERK1/2 signal-
ling pathways. These results demonstrate that IKVAV
peptide stimulated activation of MAPK/ERK1/2 and
PI3K/Akt cascades, and promoted mRNA biosynthesis
of PCNA and proliferation of BMMSC. This is the first
study to point out the modulation function of IKVAV
peptide on BMMSC growth and proliferation at the sig-
nal transduction level. This outcome provides experi-
mental evidence for the application of IKVAV-grafted
scaffolds in the BMMSC-based tissue engineering field.
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