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ABSTRACT

Background: Signaling transductions in bone development and regeneration are complicated and
relied on various growth factors functioning in an orchestrated manner. FGF2 and insulin are bone
anabolic agents. Co-induction of rat marrow stromal cells (rat MSCs) by FGF2 and insulin
significantly enhances runx2 gene expression in vitro and bone formation in vivo. However,
molecular mechanisms underlying these activations are scant at present.

Objective: To characterize the 5'-upstream region of runx2 gene responsible for increasing bone
formation followed by FGF2 and insulin induction.

Results: /n vitro study showed that mRNA levels of genes including runx2, osterix, bone
morphogenetic protein 7, B-catenin, axis inhibition protein 2, and dickkopf-1 increasingly expressed
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and insulin.

by FGF2 plus insulin induction in compared to that of FGF2 treatment. BMP-2 and alkaline
phosphatase were significantly affected by these inducers, and mineralization was improved by
about 2 folds. Improvement of bone regeneration in vivo was apparent for inductions using FGF2
or FGF2 plus insulin, followed by BMP-2. The insulin supplement was advantageous for forming
new blood vessels, although it hindered bone formation to some extent.

Conclusion: Regulation of runx2 transcription by FGF2 and insulin seemed to mediate through the
ap1 consensus locating on the 5'-upstream region of runx2 gene. Supposedly, multiple impulses
exhibit catabolic/anabolic effects on bone regeneration in rat MSCs following challenged by FGF2

Keywords: FGF2; insulin; runx2; maturation; bone regeneration; luciferase reporter gene assay.

1. INTRODUCTION

Marrow stromal cells (MSCs) are multipotent
cells present in a scant number of several
tissues, such as bone marrow, dermis, umbilical
cord blood, muscle, adipose tissue, synovium
and deciduous teeth. The cells are potential in
differentiation to be osteoblasts, chondrocytes,
myoblasts or adipocytes in response to a distinct
set of cytokines [1], and may be the best cell
sources for tissue engineering applications. In
bone tissue engineering, the most crucial need is
to promote MSCs differentiation into pre-
osteoblasts by using a number of osteogenic
growth factors [2,3]. Fibroblast growth factors
(FGFs) are a family of growth factors involved in
embryonic development and angiogenesis. Large
amounts of FGFs are secreted during the
processes of fracture healing [4,5], thus
implicated to play important roles in bone
development and repair. Among them, FGF2
(known as basic fibroblast growth factor or
bFGF) is most abundant in adult tissues. Its
potency on osteogenic differentiation of MSCs is
either inhibitory or stimulatory depending on the
presence of other cytokines [6,7] and the using
doses [8,9]. An increase of initial FGF2 dosing
has found to result in increased pool of pre-
osteoblasts committed from MSCs population.
However, such progenitors may decrease their

differentiation  potential when continuously
challenged by FGF2 [10,11]. Nevertheless,
synergism  between FGF2 and bone
morphogenetic  protein 2  (BMP-2) on

osteogenesis has been indicated only at low
FGF2 doses, and a sequential induction by FGF2
and BMP-2, rather than simultaneous
administration, has been mostly optimal for
osteogenic inducing effect in vitro [10].

The consequences of insulin on bone
development and osteoblast functions have been
reported. For example, increased expression of
insulin receptors has been demonstrated when
using insulin at physiological concentration for

induction, the results of which are to improve
glucose uptake and utilization by the expressed
cells [12]. Insulin elicits bone anabolic effect
by stimulating collagen [13] and alkaline
phosphatase (ALP) [14] production. Patients with
type-1 diabetes mellitus (T1DM) are frequently
faced with early onset osteoporosis [15], leading
to increased risk of fractures [16], while bone
healing after such injuries is impaired [17]. In
addition, the ability on forming new bone in
T1DM-animal models has been reduced, and the
formed bone was deformed [18]. Interestingly,
local administration of insulin has been
successful for treating osteoporosis and bone
fracture in diabetic patients [19]. Therefore,
pathways that regulate osteogenesis and
glucose homeostasis are moderately associated.

The present study is aimed to address (i),
impacts of low dosing FGF2 and insulin on pre-
osteoblastic commitment of rat MSCs; (ii),
differentiation and mineralization potential when
BMP-2 was subsequently supplied in their
culture; (iii), some associated signaling pathways
by using techniques of real-time PCR, protein
(i.e., BMP-2) and enzyme (i.e., ALP) analyses,
as well as mineralization assay; (iv), an induction
scheme optimal for stimulating bone formation in
vitro and in vivo; and (v), possible signaling
pathways, regulatory sequences and effectors
following activated by these inducers. Our goal is
to obtain optimal dosing regimen of FGF2 and
insulin with maximal bone regenerative capacity
both in cell culture and in animals, and acquired
results might be useful for clinical practice in the
future.

2. MATERIALS AND METHODS

2.1 Isolation of MSCs from Rat Bone
Marrow

Experiments using animals were approved by the
animal care and use committee at Prince of
Songkla University. Ten 8-weeks old Wistar rats



Wongwitwichot and Kaewsrichan; JAMMR, 24(7): 1-15, 2017; Article no.JAMMR.37534

were humanely killed using guidelines adopted
from IACUC [20]. Femurs and tibia were excised
and ends-cut. Heparin-containing Mlnlmum
Essential Medium, alpha (a-MEM, Gibco® ) was
used for flushing the bone marrows and the flow-
through was collected. The flow- thl’OL’{Agh was
gently layered over to Lymphoprep (Axis-
shield) solution at a 1:1 volume ratio. The mixture
was centrifuged at 800xg for 30 min.
Mononuclear cells at the liquid interphase were
collected, washed with phosphate buffer saline
(PBS, Gibco® ), and suspended in a-MEM
medium supplemented with 6% fetal bovine
serum (FBS Gibco® ), 1% pen|C|II|n/streptomycm
(Gibco ), and 500 pg/l amphotericin B (G|bco )
to the half flow-through volume. The suspended
cells were separately plated on each of four T-25
culture flasks and routinely grown to full
confluence in a 5% CO, incubator using standard
cell culture technique. The cultured medium was
changed every 2-3 days. The presence of
surface markers including CD13, CD29, CD44,
CD73 and CD90 was investigated using flow
cytometer to confirm whether these cells were of
mesenchymal origin [10]. The obtained MSCs,
called Py, were ready for future use in the
induction study.

2.2 Induction of P, Cells

The induction experiment was conducted by
steps in the following. The cells at full confluence
were trypsmlzed and re-suspended to a density
of 5x10* cells/ml in the growing medium
previously mentioned. A 100-ul cell suspension
was seeded onto a well of 6-well plates and
cultured for 18 h. Then, the cultured supernatant
was removed and replaced by a-MEM medium
containing 2% FBS for 1 day for starvation.
Inducers used included FGF2 (Merck), BMP-2
(BioVision), and insulin  (Novo Nordisk
Pharmaceuticals Ltd.). Each was prepared to
a desired concentration regarding to our
previously study [10], and preliminary results
(unpublished). An induction scheme was set up
as shown in Fig. 1. Briefly, the starved cells were
challenged by 2.5 ng/ml FGF2, 60 ng/ml insulin
or 2.5 ng/ml FGF2 plus 60 ng/ml insulin for 1
day, starved again for 2 days, and next induced
by 10 ng/ml BMP-2 for 1 day. Then, the induced
cells were incubated in a-MEM containing 2%
FBS and 10 mmole/l B-glycerophosphate (3-GP)
for another 5 days to allow mineral deposition, a

so-called mineralization process. In control
group, the cells were maintained in a-MEM
containing 2% FBS entirely the induction
phase.

2.3 Real Time Polymerase Chain Reaction
(RT-PCR)

mRNA levels for genes such as runx2, osterix
(osx), bone morphogenetic protein 7 (bmp-7), B-
catenin, axis inhibition protein 2 (axin2) and
dickkopf-1 (dkk1) were quantified using RT-PCR
technlque in compared to that of gapdh gene.
Trlpure isolation reagent (Roche) was used for
cell lysis, followed by performing total RNA
extraction according to the manufacturer's
instructions. The first cDNA strand was
synthesized using  Revoscript™  Reverse
Transcription PreMix (Intron Biotechnology,
Gyeonggi-do, Korea). Quantitative RT PCR
(gPCR) was carried out on a nghtCycIer Nano
Machine (Roche) using Brilliant 1l SYBR® Green
QPCR Master Mix (Stratagene, San Diego, CA,
USA). Sequences of RT-PCR primers were
summarized in Table 1. A 40-thermal cycles
program was set up, consisting of denaturation at
95°C for 15 sec, annealing at an optimal
temperature (see Table 1) for 15 sec, and
extension at 72°C for 15 sec. The threshold cycle
(Ct) of the gene examined was recorded. In
using similar amounts of DNA templates, results
were calculated and expressed as folds-increase
for the gene of interest by comparing with the Ct
of gapdh gene.

2.4 Expression of BMP-2 Protein

The expressed BMP-2 was determlned in cell
supernatant using Quantikine® BMP-2 ELISA Kit
(R&D System, Minneapolis, MN, USA). A clear
supernatant was obtained by centrifugation at
12000xg for 10 min. Its volume of 100-pl was
added to a well of BMP-2 antibody pre-coated
microplate and removed after incubation at room
temperature for 2 h. The well was washed 4
times with washing buffer, followed by the
addition of horseradish peroxidase-conjugated
BMP-2 antibody and the incubation at room
temperature for 2 h. The antibody solution was
then withdrawn and the well was completely
washed with washing buffer. Next,
tetramethylbenzidine substrate was added,
incubated for 30 min in the dark, followed by
adding the stop solution to terminate the
reaction. The OD,sg was measured within 30
min. The BMP-2 standard curve was prepared
according to the manufacturer's recommenda-
tions. The amount of cellular protein in the
corresponding well was quantified using Pierce®
BCA protein assay kit (Pierce, Rockford, IL,
USA). The amount of BMP-2 was calculated by
comparing with the standard curve and
normalized by the assayed protein concentration.
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2.5 Assay of ALP Activity

ALP is an early marker of osteogenesis, normally
presenting on the cell membranes of osteoblasts
[21]. A colorimetric assay format has been used
by many studies [22,23] for measuring cellular
ALP activity, including this research. In detail,
lysis buffer pH 7.0 (50 mmole/l Tris, 1% Triton x-
100, and 150 mmole/l NaCl) was added onto cell
monolayer in a well following cultured medium
was removed. By incubation at room temperature
for further 30 min, cell lysate was obtained. A 25-
I cell lysate was added to a tube containing 75
pl of ALP substrate buffer (10 mmole/l p-
nitrophenylphosphate, 10 mmole/l MgCl, mole/l
Tris-HCI, ph 9.0). After thoroughly mixed and
incubated at 37°C for 30 min, a 10-ul stop
solution (2 mole/l NaOH) was added, and the
OD4o5 was measured within 30 min. Data were
normalized by the amounts of cellular protein in
the corresponding wells and reported as relative
ALP activity.

2.6 Assay of Mineralization

Mineralization was assessed after the induced
cells were grown in the medium containing B-GP
for 5 days. Briefly, the cells in a well of 6-well
plates were washed with PBS, fixed with para-
formaldehyde (4% in PBS) for 15 min, and then
washed several times with distilled water. These
cells were stained by using 2% alizarin red S (pH
4.2) and incubated at room temperature for 20
min. The excess dye was removed, while the
cells were completely washed with distilled water
and allowed for air dry. Photography was carried
out using the Cell P Software-controlling camera
(Olympus). A mixture of 20% methanol and 10%
acetic acid was used to dissolve dye that stained
the cells. By incubation for 20 min, the dissolved
dye was collected and the OD,5y was measured.
Data were normalized by the ODs; obtained
from MTT assay [10] for the corresponding wells
and reported as relative mineralization.

2.7 Seeding Cells on Scaffolds and
Induction

Scaffolds were prepared in our laboratory
according to the previous study [24]. The Py cells
with an identical number to that of the in vitro
induction experiment were gradually seeded onto
a sterile scaffold placed on a well of 6-well
plates. The seeded scaffold was incubated in a
5% CO, incubator for 1 h to allow cell
attachment. Similarly, the induction scheme of
Fig. 1 was applied for the cells seeded on

scaffolds, but the last incubation with B-GP was
excluded. After the induction was completed,
each of the scaffolds was subcutaneously
implanted in a rat. Scaffolds without cells and
cell-seeded scaffolds without induction were
used as control groups.

2.8 Animals, Surgical Procedure and

Implantation

Five male Wistar rats (8-weeks old, weight 220-
250 g) were anesthetized by intramuscular
injection of 100 pl per 100 g body weight of a
mixture containing a 1:1 volume ratio of xylazine
(25 mg/ml; Thai Nakorn Patana, Nonthaburi,
Thailand) and Zoletil® 100 (12.5 mg/ml; Virbac
Pty Limited, Australia). The lumbar area of a rat
was disinfected and shaved, and five separate
pockets with 6 mm wide were subcutaneously
created. Each pocket was inserted with a test
implant. Five different implant samples were
investigated, including cell-free scaffold, cell-
seeded scaffold without induction (2%FBS), cell-
seeded scaffold with FGF2/BMP-2 induction,
cell-seeded scaffold with insulin/BMP-2 induction
cell-seeded scaffold with FGF2+insulin/BMP-2
induction. The wounds were closed by taking the
4-0 silk sutures, and a topical antimicrobial
cream was applied on the operated lesions for 1
week.

2.9 Histological Analysis

The animals were sacrificed after 8 weeks of
implantation. The implants were excised, fixed in
10% v/v formaldehyde in PBS for 24 h, and
decalcified in 1 mole/l HCI saturated with EDTA
for 2 days. The decalcified sample was paraffin
embedded and sectioned to a 5-uym thick layer.
The section was stained with hematoxylin/eosin
(H&E) or alizarin red S. The Cell P Software-
controlling light microscope (Olympus) was used
to photograph, and data of three different levels
for each section were delicately analyzed.

2.10 Construction of Luciferase-reporter
Plasmids

A set of plasmids containing genes of firefly (/uc)
or Renilla luciferase (Rluc) was purchased from
Promega (Madison, WI, USA). The 5'-upstream
region of runx2 gene (Accession no.
NC_005108) between —1526 and —73 base pairs
(bps) were amplified by PCR technique using two
sets of primer pairs (see Table 2). A 50-ul PCR
mixture was prepared to contain 25 mmole/l
KCI, 25 mmole/l NaCl, 35 mmole/l Tris-HCI pH
9.0, 1.5 mmole/l MgCl,, 0.5 mmole/l dNTPs,
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0.6 umole/l of each primer, 2.5 U of Tag DNA
polymerase (Intron Biotechnology) and 100 ng of
DNA template. PCR reaction was performed on
G-Strom GS00482 thermal cycler (Gene
Technology LTD, England). PCR product from
each reaction was cloned into pGL3-reporter
vector obtaining two recombinant reporter
plasmids, namely pGL3-runx2-N and pGL3-
runx2-F (see Fig. 2). The cloned DNA fragment
was annotated by using TFSEARCH software,
according to the previous study [25]. Two
possible consensuses were determined to
associate with osteogenesis, such as activator
protein 1 (ap7) and sex-determining region Y
(srylsox) sites. This possibility was proved by
cloning double-stranded DNA  fragment
containing five-times repeat of ap? or sry/sox
consensus sequence (commercially synthesized
by Bio Basic Canada Inc., Canada; see Table 2)
into pGL3-reporter vector. Other two recombinant
reporter plasmids were acquired, namely pGL3-
5x(ap1) and pGL3-5x(sry), respectively. These
four reporter constructs were separately used to
transfect the Py cells.

2.11 Co-transfection of the P, Cells

A reporter construct was co-transfected with the
Rluc control plasmid (pRL-SV40) into the P, cells
using an optimal weight ratio of the DNAs,
according to our preliminary results
(unpublished). In brief, DNA mixture containing
0.4 ug of a reporter plasmid and 8 ng of pRL-
SV40 was prepared, added in a tube containing
24 pyl of FuGENE® 6 Transfection Reagent
(Roche). After thoroughly mixed and incubated at
room temperature for 15 min, 100 ul of serum-
free a-MEM medium were inoculated. The P,
cells of 70% confluence grown in a well of 24-
wells plates were incubated with the DNA
mixture for 4 h before removal. The transfected
cells were starved in 2% FBS supplemented a-
MEM for 1 day, induced with 2.5 ng/ml FGF2, 60
ng/ml insulin or 2.5 ng/ml FGF2 plus 60 ng/ml
insulin for 1 day, maintained in the starving
medium for another 1 day, and followed by assay
of dual luciferase activity. For the control, the
transfected cells were entirely cultured in the
starving medium for 3 days.

Table 1. Sequences of primers for RT-PCR

B-catenin [NM_053357]

GTG TCT CTG GCA GGT GTG GAG C
CGC CTT TGC GGG AAC AGG GT 121 57

Gene [reference gene] Sequence (5'—>3') Expected Annealing
product temperature
size (bp) (°C)
gapdh [NM_017008] F ACC ACA GTC CAT GCC ATC AC 179 59
R ACA CGG AAG GCC ATG CCAGTG

runx2 [NM_001278483] F ACAACCACAGAACCACAAG 106 55
R TCTCGGTGGCTG GTAGTGA

osx [NM_001037632] F AACTGGCTTTTC TGT GGC A 237 57
R CGGCTGATTGGCTTCTTICT

bmp-7 [XM_342591] F GAC AGA TTA CAG ACT CCC ACA 215 54
R GTT GAT GAA GTG AAC CAG TGT

axin2 [NM_024355] F ACG AGT CAGCCG GCACCATC 165 57
R TGG GGC TTT GAC ACC TCG GC

dkk1 [NM_001106350] F GCT GCC CCG GGA ATT ACT GCA 422 56
R
F
R

CGGACG CCCTCCACGAACTG

Table 2. Sequences of primers for PCR amplification of the5'-upstream sequence of runx2
gene with 5'-Kpnl and 3'-Nhel restriction sites, and the 5x(ap7) and 5x(sry) sequences with 5'-
Bglll and 3'-Kpnl restriction sites. Restriction sites were underlined

Name of Sequence (5'>3’) Tm Expected
primers or (°C) product
sequences size (bp)
runx2-N F CGC GGTACC TTA CAG TCA ATC CCG GCA AGG 64 723

R  GCC GCT AGC CAT GTG GTT TGT GAC CTC ACA G
runx2-F F CGC GGT ACC AGG AAATTG GTC TGC TCG CCT 58 896

GCC GCT AGC GTG GGT CACATC TTG GGATTG

5x(ap1) GAT CTC TGACTC ATC TGA CTC ATC TGA CTC ATC TGA CTC ATC TGACTC

ATG GTAC
Sx(sry)

GATCTTTTGTTITTTITGTTTITTGT TTTTTGTTT TTT GTT TGG TAC
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o 60% Control 1 a-MEM . a-MEM
RBMSCs  Confluence  group _| Starved plus Starved plus w-MEM plus 2% FBS and B-GP
)4 2%FBS BMP2
a-MEM plus -
60/"0["[35 u-MEM |'.I|1I5
FGF2 a-MEM
Test Starved Ingulin Starved plus a-MEM plus 2% FBS and B-GP
Zronp FGF2+Insulin BMP2
i U U R
Transfection - RT-PCR M vive assessment - Mineralization
- BMP2 production assessment
- ALP activity
- MTT assay

Dual luciferase activity

Fig. 1. An induction scheme for rat MSCs. FGF2 (2.5 ng/ml), BMP-2 (10 ng/ml), and insulin (60 ng/ml) were utilized as inducers. The cells were
starved in a-MEM supplemented with 2% FBS for 1 day before induction. There were three phases for induction, i.e., the first phase was of using
FGF2, insulin, or FGF2 plus insulin for 1 day, the second phase was of using BMP-2 for 1 day, and the third phase was of using 10 mmole/l 3-GP
for 5 days. Changes in mRNA expression were monitored by RT-PCR technique. The level of BMP-2 protein was quantified by ELISA technique,
and ALP activity was determined by a colorimetric assay. Cell viability was assessed by MTT method. The degree of mineralization was assayed

by measuring the OD,5, of alizarin red S dye following dissolved from the stained cells
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Fig. 2. Consensus sequences at the 5'-upstream of runx2 gene, annotated by using TFSEARCH, and maps of recombinant reporter plasmids used
for transfection and dual luciferase activity assay
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2.12 Assay of Dual Luciferase Activity

The dual luciferase activity was quantified by
using Dual-Luciferase® reporter assay kit
(Promega, Madison, WI, USA) and GloMax®
20/20 Luminometer (Promega). The luc and Rluc
signals were rationed, normalized by the amount
of cellular protein in the corresponding wells, and
expressed as relative light units (RLUSs).

2.13 Statistical Analysis

Data were reported as means = standard
deviation (SD). Student’s t-test was used for
comparing two small sets of data, while ANOVA
was used when large data groups were
compared. P<0.05 was considered statistically
significant.  Inter-observer reliability of the
histological score evaluation was assessed by
determining the limits of agreement using Bland
and Altman plots. SPSS software 16 was used
for statistical analysis. The limits of agreement
for the histological scoring was -0.6 £ 1.3 (range
of score 0-24).

3. RESULTS

3.1 mRNA Levels of Genes Associating
Osteogenesis

After the Py cells were induced by FGF2, insulin,
or FGF2 and insulin for 1 day, the mRNA
transcripts of runx2, osx, bmp-7, [-catenin,

axin2, and dkk1 genes were measured using RT-
PCR technique. In Fig. 3, all of these genes were
down-regulated by FGF2. Insulin had stimulatory
effect on bmp-7 gene, whereas other genes were
not affected. Interestingly, these genes were
significantly up-regulated by FGF2 and insulin.

3.2 Production of BMP-2 and ALP

The amounts of BMP-2 in cultured supernatants
were quantified using ELISA technique. ALP
activity was colorimetrically determined. These
assays were done following the Py cells were
induced by FGF2, insulin, or FGF2 and insulin for
1 day. In Fig. 4, increased BMP-2 production was
observed by all of the used inducers. Insulin
showed the highest inducing effect. Instead, the
produced BMP-2 level was comparable for the
cells induced by FGF2 or FGF2 and insulin. In
Table 3, improved ALP activity was assigned for
the cells treated with either FGF2 or insulin. In
contrast, lowered ALP activity was found for the
cells induced with FGF2 plus insulin.

3.3 Mineralization

Regarding the mineralization assay, it was
carried out to differentiate the ability of the
induced cells to deposit minerals when forming
new bone. In Table 3, approximately 2-folds
increment  of the mineralization  was
demonstrated for the cells induced by FGF2,
insulin, and FGF2 plus insulin.

100
FZA42% FBS
[ FGF2
[ Insulin *
FGF2+Insulin
g 104
.a *
% * * X
P
a,
e
o el
g 1 N B
&0 f f
2
g £
o 0.1
[
0.01 B
0sx bmp7  f-cafenin  axin2 dkkl

Fig. 3. mRNA levels as determined by RT-PCR technique. Relative expression (folds increase)
of runx2, osx, bmp-7, B-catenin, axin2, and dkk1 genes on day 1 post-induction by FGF2,
insulin, or FGF2 plus insulin, *indicates significant differences (P<0.05) as calculated by

Student’s t-test
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1.4

1.2+ *

1.0

+

0.84

0.6

0.4+

Relative BMP2 level

0.2+

* %
T *
T
1

2%FBS

FGF2

Insulin  FGF2+Insulin

Fig. 4. Production of BMP-2 by the P, cells after induced by FGF2, insulin, or FGF2 plus insulin
for 1 day. * and **indicate significant differences of p<0.05 and p<0.01, respectively as
calculated by one-way ANOVA

Table 3. Relative ALP activity and
mineralization of the MSCs challenged by
different inducer(s)

Inducer(s) Relative Relative
ALP activity mineralization
(SD) (SD)
2% FBS 1.00 (0.06) 1.00 (0.03)
FGF2 1.11 (0.01)* 1.90 (0.09)*
Insulin 1.17 (0.02)* 2.01 (0.15)*
FGF2+Insulin 0.95 (0.01)* 1.92 (0.05)*

*indicates significant differences (P< 0.05) as
calculated by Student’s t-test

3.4 Bone Regeneration Capacity

The effects of FGF2, insulin, and FGF2 plus
insulin on bone regeneration were additionally
investigated in vivo using a rat model. The P,
cells were seeded onto scaffolds and
subsequently induced by conditions previously
used in the in vitro induction experiment (see
Fig. 1). The cell-seeded scaffolds were
subcutaneously implanted in rats (Fig. 5A), and
histological analysis was performed after 8
weeks of implantation. In Fig. 5B, less bone
formation was determined for the loaded cells
induced by insulin/BMP-2 (Fig. 5B-g, h).
Increased amounts of newly formed bone were
found for the cells treated by FGF2/BMP-2 (Fig.
5B-e, f) or FGF2+insulin/BMP-2 (Fig. 5B-i, j).
Although FGF2 alone exhibited greater
osteoinductive activity than that of FGF2+insulin,
forming of new small blood vessels within the
scaffold material was detected only for the co-
inducers. Bone forming area was not detected on

the scaffolds lacking cells and those containing
un-induced cells (2%FBS).

3.5 Assay of Dual Luciferase Activity

Since in vitro runx2 transcription and in vivo bone
formation and angiogenesis of the P, cells were
encouraged by FGF2 and insulin induction (Figs.
3 and 5), it was curious to examine where and
what regulatory elements in the 5'-upstream
region of runx2 gene responsible for these
inductive  effects.  Experiments  regarding
luciferase reporter gene assay were
consequently carried out, focusing on the 5'-
upstream sequence between -1526 and -73
bps. Two recombinant reporter plasmids, namely
pGL3-runx2-N and pGL3-runx2-F were
successfully constructed and transfected into the
Py cells. The transfected cells were induced by
FGF2, insulin, or FGF2 and insulin for 1 day,
followed by the measurement of dual luciferase
activity. In Fig. 6, the RLUs of pGL3-runx2-N
transfected cells were reduced by FGF2
induction. Instead, the signals were enhanced by
4 and 3.5 folds when insulin and FGF2 plus
insulin were of the inducers. Less improvement
of the RLUs was revealed by pGL3-runx2-F
transfected cells, concerning about 1.5-, 1.8- and
2.5-folds increase for FGF2, insulin, and FGF2
plus insulin induction, respectively. In analysis of
the cloned DNA fragments by using TFSEARCH
software [25], two consensus sequences
possibly associating bone repair processes were
annotated. These were ap?1 (CTGACTCAT) and
sry/sox (TTTGTTT). Five times repeated
sequence of each was synthesized and cloned
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into the pGL3-reporter plasmid to certify protein
binding ability. Another two recombinant reporter
plasmids, called pGL3-5x(ap?7) and pGL3-
5x(sry), were obtained (see Table 2 and Fig. 2).
Following transfection into the P, cells and
induction by the above inducers, results showed
that the RLUs of pGL3-5x(ap7) transfected cells
were unaffected by insulin and slightly increased
by FGF2 (1.2 folds). Instead, the signals were
enhanced by FGF2 plus insulin (2 folds). For
pGL3-5x(sry) transfected cells, the RLUs were
not affected by FGF2 plus insulin, slightly
increased by insulin (1.2 folds), but decreased by
FGF2 (Fig. 6).

4. DISCUSSION

Runx2 is a major transcription factor associating
the commitment of MSCs towards osteogenesis,

Cell-free
scaffold

Cell-seeded

B

rather than chondrogenesis, adipogenesis, and
myogenesis [2], and works in collaboration with a
number of cytokines and transcription factors to
complete its responsible roles [26,27]. For the
present study in which rat MSCs culture was
used, the transcription of runx2 gene was up-
regulated as induced by FGF2 and insulin (Fig.
3). Increased expression of osx, bmp7, (-
catenin, axin2, and dkk1 genes were clearly
observed in compared to that using only FGF2 or
insulin. However, the productions of BMP-2 and
ALP by the induced cells were in comparable
amounts to that of the un-induced cells. Instead,
mineralization was considerably achieved by the
induced cells (Table 3). The in vitro induction
scheme (see Fig. 1) was subsequently applied
for the MSCs seeded on scaffolds, and the
scaffolds were subcutaneously implanted in rats.
After 8 weeks, new bone was distinctly observed

H&E Alizarin red S

Cell-free scaffolds
scaffold i ‘
induction 29,FBS !
(2%FBS) )
Cell-seeded e
scaffolds FGF2/BMP-2| ¢
with induction
Insulin/BMP-2 .

e B

Fig. 5. A, Implantation sites on the lumbar of a rat. Five groups of scaffold samples were
indicated: cell-free scaffold, cell-seeded scaffold without induction (2%FBS), and 3 groups of
cell-seeded scaffold with induction (including FGF2/BMP-2, insulin/BMP-2 and
FGF2+insulin/BMP-2); B, The representative histological sections stained by H&E and alizarin
red. Symbols: arrow heads, small blood vessel; bar scale, 500 um in length
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Fig. 6. Relative luciferase activity. The MSCs were transfected by pGL3-runx2-N, pGL3-runx2-F,
pGL3-5x(ap17), or pGL3-5x(sry) (see also Fig. 2), and induced by FGF2, insulin, or FGF2 plus
insulin for 1 day. The relative luciferase activity was measured 1 day post-induction. *indicates
significant difference (P<0.05) as calculated by Student’s t-test

on the scaffolds as challenged by FGF2/BMP-2
or FGF2+insulin/BMP-2 (Fig. 5B-e, f and Fig.
5B-i, j). Interestingly, new small blood vessel was
solely apparent on the FGF2+insulin pretreated
implants (Fig. 5B-i, j). FGF2 might take part in
stimulation of forming new bone, because it
presents both osteoinductive and mitogenic
effects [7,11]. Regarding to new blood vessels,
this might be due to an additive effect of insulin
on inducing VEGF expression that subsequently
supports angiogenesis [28]. In addition, there
were defects in the scaffold’s structure. The
presence of voids might assist cell movement
and infiltration, beneficial for the cells to form
new bone. Therefore, this FGF2+insulin mixture
might provide optimal impulses to direct the
commitment of MSCs towards osteogenesis, and
runx2-dependent signaling pathway [27] or
BMP2-independent signaling transduction [29] or
both were supposed as mechanisms associating
their induction.

The canonical Wnt pathway is critically
implicated in bone biology and pathology, and -
Catenin is one of downstream signaling

molecules of this pathway [30]. Deficiency of -
catenin in osteoblasts can cause impaired
maturation and mineralization [31,32], whereas
increased production of Axin2 promotes -
catenin degradation [32]. In T1DM patients, the
cellular B-catenin levels are reduced, leading to
decreased bone density and osteopenia [33].
Runx2 and Osx are osteogenic transcription
factors regulated by the Wnt pathway [34]. DKK1
is a Wnt antagonist [35]. Inactivation of the Wnt
pathway by increased expression of DKK1 and

11

Axin2 has been reported [36]. In this research,
increased transcriptions of dkk1 and axin2 genes
were demonstrated by FGF2 and insulin
induction. However, maturation and
mineralization of the MSCs were not affected
(Table 3). It was supposed that there were
multiple signaling pathways downstream of the
FGF2/insulin induction associating bone repair
processes.

Although a central role of runx2 in directing bone
regeneration has been suggested by a series of
researches [37,38], understanding of how it is
regulated to express is somewhat limited. In this
study, luciferase reporter assay was carried out
to identify possible regulatory elements of runx2
gene in rat MSCs culture, concerning the non-
coding sequence ranging between —-1526 and
—73 bps. Following FGF2/insulin induction, the
RLUs of the cells containing a (-796) — (-73) bps
DNA fragment were significantly increased in
compared to those harboring a (-749) — (-1526)
bps fragment (Fig. 6). Two Cbfa1-binding sites
(<119 and -475), one C/EBP-B-binding site
(-155), and one AP1-binding site (-369) were
annotated on the former DNA fragment using
TFSEARCH software [25]. In addition, three
binding sites of C/EBP-B (-749, -828, and
-1239), six binding sites of SRY/SOX (-860,
-965, -973, -999, -1166, and —-1214), and one
binding site of AP1 (-1315) were existing on the
late DNA fragment. These were in accord with
the previous studies [39,40]. Interestingly,
significant reduction of the RLUs was notified by
the cells containing DNA fragments with C/EBP-



Wongwitwichot and Kaewsrichan; JAMMR, 24(7): 1-15, 2017; Article no.JAMMR.37534

B and SRY/SOX binding sites. Nonetheless, the
SRY/SOX binding sites were presumed to
majorly impede the signals, because they were
present in duplicate numbers compared to the
sites for C/EBP-B binding. To verify this
assumption, the cells receiving an
oligonucleotide of 5-times repeated SRY/SOX
sequence were induced by FGF2 and insulin and
measured for the RLUs. The responsible signals
were drastically reduced, suggesting that the
SRY/SOX consensuses were binding sites for
antagonistic factors downstream of FGF2/insulin
induction. Additionally, the significance of the
Cbfa1 consensuses as binding sites for existing
effecters following induced by FGF2 and insulin
was investigated. Since the AP1 consensus
(TGAG/CTCA) was annotated on both the (-796)
— (-73) bps and the (-749) - (-1526) DNA
fragments, its association on effecter binding was
also examined. The RLUs of the cells acquiring
the former DNA fragment were strongly improved
in compared to those having the late DNA
fragment. Regarding to the cells containing a 5-
times repeated sequence of AP1, the responsible
signals were insignificantly different from that of
harboring the late DNA fragment. The results
supported an idea that the ap? consensus might
be meaningful in binding to an effecter, in
particular AP1 protein, to activate runx2
transcription as challenged by FGF2 and insulin.
Although the existence of AP1 protein by
FGF2/insulin induction was not proved in this

Wt FGFS

Smad
complex

Smad
complex J\I'CF/LEF,

runx2 gene

.
.
.
L,
o
AP1 binding site]

osteogenic genes
e.g. osc, type I col, bmp2

Nucleus

study by using immunoprecipitation technique, its
involvement in osteoblastic differentiation by
interacting with runx2 has been reported [2].
Moreover, the sites for AP1 binding might
function synergistically with the Cbfa1-binding
sites to encourage runx2 transcription, since the
RLUs of the cells containing both consensuses
(pGL3-runx2-N in Fig. 2) were extremely
enhanced, compared to that having only the AP1
sequence. Previous studies have suggested the
Cbfa1-binding site as a known target for defined
effectors of BMP-2 and TGF- signaling
pathways [41], responsible for feedback inhibition
mechanisms of runx2-induced osteogenesis
[42].

5. CONCLUSION

The MSCs were speedily committed to be
osteoblastic progenitors by FGF2 and insulin
induction. This was indicated by the increase of
runx2, osx, bmp7 and B-catenin gene
transcription and mineralization. The apf
consensus on the 5'-upstream region of runx2
gene was implicated in the induction, leading to
improved osteogenesis. FGFs-, BMPs- and the
canonical Whnt-signaling pathways seemed to
take part in the MSCs maturation that mediated
runx2 transcription factor. The integration of
multiple inputs was suggested to regulate runx2
transcription by mechanisms as proposed in Fig.
7. Regarding the 5'-upstream sequence of runx2

7 S\
\\ Osteoblasts

(S =<

A @/
/(\)steoblast
Differentiation

Secretion

Fig. 7. Signal transductions proposed to be existent in rat MSCs after induced by FGF2 plus
insulin. The ap7 consensus on the 5-upstream region of runx2 gene was implicated in the
induction, leading to increased runx2, osx, bmp7 and B-catenin gene transcription and
mineralization. Regarding the MSCs maturation, crosstalk among FGFs-, BMPs-, and the
canonical Wnt-signaling pathways would be possible and might be mediated through
runx2 transcription factor
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gene for rats and humans, there is about 75.5%
identity according to data of pair-wise alignment
(not shown). Consequently, these results would
be useful in preparing pre-osteoblasts of human
MSCs for therapeutic applications of fracture
healing and bone tissue regeneration in the
future.
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