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ABSTRACT

Role of FGF-2 on Human Bone Marrow

Stem Cells-induced Collagen Tissue Regeneration

Dong-Soo Park, D.D.S., M.S.

Department of Dental Science
The Graduate School, Yonsei University

(Directed by Professor Chang-Sung Kim D.D.S., Ph.D.)

Objectives: Role of Bone Marrow Stem Cells (BMSCs) on collagen tissue regeneration,
which is essential for wound healing process, might be modified by various biologic
stimuli. The aim of this study was to assess the effects of fibroblast growth factor-2
(FGF-2) on collagen tissue regeneration by human BMSCs (hBMSCs) in vitro and in

vivo.

Materials and Methods: hBMSCs were isolated from human vertebral bone marrow
during a vertebral surgery. To confirm the stem cell population in the isolated cell

group, characterization of cells used in this study was performed using well



established in vitro and in vivo assay models. The effect of FGF-2 (0, 2, 5, 20 ng/ml)
treatment on biologic changes of characterization of hBMSCs was analyzed
thoroughly. In order to investigate the effect of FGF-2 on the hBMSCs induced
collagen tissue regeneration, in vitro insoluble/soluble collagen and corresponding
hydroxyproline synthesis were assessed and real-time polymerase chain reaction
(PCR) was performed using types of collagen and Lox (Lysyl oxidase) family genes. In
vivo collagen formation was examined after hBMSCs were transplanted using an in
vivo assay model for collagen tissue regeneration. After 8 weeks of healing, histologic

and immunohistochemistry analysis were performed (n = 4).

Results: hBMSCs population with the characteristics of MSCs (Mesenchymal Stem
Cells) was present in isolated cells from bone marrow of human vertebrae. Effect of
FGF-2 on hBMSCs showed results consistent with previous reports in terms of CFE
(Colony Forming Efficiency), proliferation, and in vitro differentiation. The amount of
insoluble/soluble collagen production was also significantly enhanced in hBMSCs
expanded with FGF-2 compared to hBMSCs without FGF-2. Although the changes of
expression pattern of collagen-related mRNA were different dependent on the type
of specific gene, FGF-2 decreased collagen type | expression of hBMSCs while it
increased collagen type lll. Expression of all Lox family gene was enhanced following
FGF-2 treatment. The histologic and immunohistochemistry results revealed that the
collagen formed in vivo by hBMSCs showed more relevant amount and well-
organized structure in the FGF-2 treated hBMSCs at 8 weeks (p< 0.05)

iv



Conclusion: FGF-2 facilitates the properties and collagen producing potency of
hBMSCs, rendering them more suitable for collagen regeneration mediated wound

healing by hBMSCs.

Key words: Fibroblast Growth Factor-2, human bone marrow stem cells, collagen
tissue regeneration, wound healing, colony forming unit, proliferation,

differentiation
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I. INTRODUCTION

It is well established that collagen plays a pivotal role for extracellular matrix
formation and its regeneration is deeply involved in wound healing process that
directs the clinical outcomes. Recently it was shown that gene expression of collagen
type | and corresponding hydroxyproline, which is known to be an indicator of
collagen formation, were significantly reduced in the animals showing delayed
wound healing, and the importance of collagen was emphasized [1]. In terms of

clinical consideration, insufficient formation of collagen tissue can result in various



diseases or complications including osteogenesis imperfecta or facial wrinkles, while
excessive collagen tissue formation can induce hypertrophic or keloid scar
formation. Therefore, understanding the underlying mechanism of collagen
regeneration and developing the technique to control the collagen tissue
regeneration can provide the future therapeutic approaches, and it is suggested that
it would be an attractive technique or process for clinicians, especially for cosmetic

purposes [2, 3].

Despite local resident fibroblasts [4] or recruited blood-borne ‘fibrocytes’ [5] play
the main role of collagen tissue regeneration in the wound healing process, bone
marrow stem cells (BMSCs) also participate in wound healing in direct and indirect
manners [6-10]. Previous studies have demonstrated that the migrated BMSCs affect
collagen tissue regeneration by local resident fibroblast through paracrine effect, and
prevent scar formation by suppressing differentiation of myofibroblasts. BMSCs are
also known to attenuate the inflammatory phase of the healing putative tissue cells
such as endothelial cells, keratinocytes, pericytes [11-13]. Also BMSCs affect collagen
tissue regeneration by local resident fibroblasts through paracrine effect and
promote healing by forming neovasculature and enhancing collagen formation [6, 7,
14] after differentiating into subpopulations of fibroblasts in the wound site
[7]. Therefore, BMSCs transplanted wound site is reported to increase collagen
deposition [15], form more active granulation tissue, and stimulate faster wound

healing [12, 16]. Up to now, subcutaneous wound site is considered to be one of the



main homing target sites of systemically infused bone marrow stem cells [17].

Previously, the authors have extrapolated the potential modulator of various
stem cells in collagen tissue regeneration, and evaluated the impact of local micro-
environment such as chitosan[18], or biologic stimuli such as bone morphogenetic
protein [19] or fibroblast growth factor-2 (FGF-2) [20]. Above all, FGF-2 is one of the
most popular cytokines that is being investigated for application in the fields of cell
culture and tissue engineering [21, 22], and its clinical applications have been the
topic of recent studies [23-26]. Previous studies demonstrated a positive effect of
FGF-2 on biologic activity of stem cells, contributing to the preservation of the
multipotency of human BMSCs (hBMSCs) in an undifferentiated state [21, 27]. The
stimulatory effect of FGF-2 on osteogenic potential of human mesenchymal stem
cells has been well investigated [28], however there was little, if any, study
investigating the impact of FGF-2 on collagen tissue regeneration by hBMSCs despite
that FGF-2 largely regulate the behavior of cells which are deeply related to wound

healing.

Therefore, the aim of this study was to assess the effects of FGF-2 on collagen
tissue regeneration by hBMSCs in vitro and in vivo. The results of this study may

provide potential application of hBMSCs and FGF-2 in clinics.



Il. MATERIALS AND METHODS

1. Human Bone Marrow Stem Cells isolation from human vertebral body and

culture

Fresh human bone marrows (BMs) were harvested from the vertebrae of 5
volunteers (1 male, 4 females, median age 46 years old, range 41-58) during
orthopedic vertebral surgery (Naeun Hospital, Seoul, Korea). The patients were given
the informed consent using guidelines approved by the Institutional Review Board,
College of Dentistry, Yonsei University, Seoul, Korea. From BM aspirates, mono
nuclear cells fraction for mesenchymal stem cells (MSCs) isolation was obtained
using conventional density gradient centrifugation with density gradient solution
(Ficoll-Paque™ Plus; GE Healthcare Bio-Sciences, Sweden). The resulting cells were
seeded at 10-20 x 10° / 20 m| media on T75 culture flask with a growth medium of a-
MEM (Gibco) containing 10% fetal bovine serum (FBS; Gibco), 100 uM L-ascorbic acid
2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 2 mM L-glutamine (Gibco), 100
U/ml penicillin and 100 pg/ml streptomycin (Gibco). The cultures were incubated at
37C in 5% CO,. Colony formation from the culture was observed under the
microscope (CK40, Olympus Optical, Tokyo, Japan). After 2 weeks of culture,
adherent MSC-like cells were obtained. For the purpose of the present study, the
cells were further expanded under the addition of specific concentration of FGF-2

(Genoss, Seoul, Korea). The concentration of FGF-2 was divided into 4 preliminary



experimental groups with 0, 2, 5, and 20 ng/ml concentration each and cell
expansion was performed respectively. Cells at second to eighth passage were used

for the study.

2. Colony-forming unit assay

Cells were plated 1 x 102 cells/well onto 6 well plate with growth media, and 14

days thereafter the dishes were fixed with 10% neutral buffered formalin and then
stained with crystal violet (Sigma-Aldrich). The number and size of colony formation
unit at each passage were calculated under the microscopic observation. (CK40,

Olympus Optical)

3. Assessment of proliferation (MTT) and doubling time

Proliferation rate of each group of hBMSCs was assessed using the MTT assay[18].

Cell (1 x 103 were plated on 48-well plates and cultured, and the MTT assay at

specific time points was performed. After incubation with 10% MTT solution (5
mg/ml; Amresco, Solon, Ohio, USA) and culture media at 37 C, 5% CO, for 2h, the
supernatant was discarded, and dimethylsulfoxide (DMSO; Amresco) was added to
each well. The absorbance was measured at 540 nm using a microplate
spectrophotometer [Benchmark Plus enzyme-linked immunosorbent assay (ELISA)

reader, Bio-Red, Hercules, USA]. Doubling time was calculated with Td=(t2-



t1)*log(2)/log(q2/q1) [ Td=doubling time, ql= growing quantity at time t1, g2=

growing quantity at time t2 ].

4. Expression of surface marker using FACS

In order to further characterize acquired hBMSCs, cell-surface-marker
characterization of isolated cells were performed using flow cytometry analysis, a
procedure for which is described elsewhere [29]. After the cells were harvested and
transferred to a 1.7 ml tube (Oxygen, Union City, CA, USA), they were fixed by adding
4% paraformaldehyde for 15 min. The cells were then incubated with 3% bovine
serum albumin and primary antibodies were raised against CD105, CD73, CD90,
CD44, CD29, CD14, CD34, and CD45 (CD14: IM0645U, Beckman coulter; CD29:
IM0791U; CD34: IM1870; CD90: IM1839U; CD146: 560846, BD Pharmingen; CD44:
555479; CD45: A07783, Beckman; CD105: A07414; CD73: 550257, BD; STRO-1: SC-
47733 PE, Santa Cruz) for 1 h. The cells were washed with washing buffer, and the
secondary antibody (to which fluorescein isothiocyanate (FITC) was attached) was
added for 45 min at room temperature. The cells were washed three times and
observed with a flow cytometer (FACS Calibur, BD Biosciences, Franklin lakes, NJ,

USA).

In vitro induction of adipogenic, osteogenic, and chondrogenic differentiation

Adipogenic, osteogenic, and chondrogenic differentiations were induced after



cells were cultured. Cells (P4) were seeded into 6—well plates at 1 x 10° cells/well,

and cultured until they reached subconfluence. The culture medium for adipogenic
differentiation comprised a-MEM containing 10% FBS, 2 mM L-glutamine, 100 uM L-
ascorbic acid 2-phosphate, 500 uM isobutyl methyl xanthine (Sigma-Aldrich), 60 uM
indomethacin (Sigma-Aldrich), 0.5 puM hydrocortisone (Sigma-Aldrich), 10 pg/ml
insulin (Sigma-Aldrich), 100 U/ml penicillin, and 100 pg/ml streptomycin, and was
refreshed at 3 day interval. After 3 weeks of induction, the cells were stained with Oil
Red O stain for lipid droplets. The culture medium for osteogenic differentiation
comprised a-MEM (Gibco) containing 10% FBS (Gibco), 100 uM L-ascorbic acid 2-
phosphate (Sigma-Aldrich), 2 mM L-glutamine (Gibco), 10 M dexamethasone
(Sigma-Aldrich), 1.8 mM KH,PO, (Sigma-Aldrich), 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco), and was refreshed at 3 day intervals. After 2-3 weeks of
induction, mineralized nodule formation as an osteogenic differentiation was

confirmed by staining with Alizarin red. Chondrogenic differentiation was induced

after cells were cultured. cells (P4) were seeded into 15 ml tube at 4 x 10° cells/tube,

and cultured pellet for 2-3 days. The culture medium for chondrogenic
differentiation comprised a-MEM (Gibco) containing 10% FBS (Gibco), 100 uM L-
ascorbic acid 2-phosphate (Sigma-Aldrich), 2 mM L-glutamine (Gibco), 1% ITS (BD),
0.1 uM dexamethasone (Sigma-Aldrich), 172 uM L-ascorbic acid 2-phosphate (Sigma-

Aldrich), 40 pg/ml proline (Sigma-Aldrich), 10 ng/ml TGF-R3 (R&D), 100 U/ml



penicillin and 100 pg/ml streptomycin (Gibco), and was refreshed at 3 day intervals.
After 3 weeks of induction, pellets were left free floating for 21 days and fixed with
10% neutral buffered formalin. Paraffin embedded and 5puM section were sectioned
and stained with Toluidine blue to assess chondrogenic differentiation.

To further confirm each differentiation, quantitative real-time polymerase chain
reaction (PCR) was performed. Cells were harvested using Trizol® (Invitrogen), and
total cell RNA was prepared. Isolated total RNA was used as a template for the
synthesis of cDNA with OligodT primer (Maxime RT Premix®, iNtRon Biotechnology).
The subsequent PCR amplification utilized the SYBR® real-time PCR kit (Premix Ex
Taq™, Takara Bio), ABI7300 real-time PCR system and software (Applied Biosystems),
and specific primers for each specific differentiation (Table 1) under the following
conditions: an initial step at 50 C for 2 min and 95°C for 10min, followed by 3 steps
of denaturation at 95C for 15s, annealing at 60 C for 30s, and extension at 72C.
The relative levels of mRNA expression were quantified by comparison with the
internal standard (B-actin). The amount of gene expression at real-time PCR was
computed from the target threshold cycle (Ct) values and B-actin Ct values by means
of the standard curve method: ACt= Ct of collagen type I ,II, I, IV or V- Ct of B-actin;
AACt=ACt of target gene — ACt of control; normalized amount of gene expression = 2

“AACt . Each PCR was performed in triplicate with the same total RNA.

In vivo regenerative potential of hBMSCs using ectopic transplantation model



In vivo transplantation was performed to evaluate the regenerative capacity of
hBMSCs. Hydroxyapatite/tricalcium phosphate (HA/TCP)-based scaffolds were used
for the cell carrier. For a single transplantation, 6x10° cells were loaded with 80 mg
of HA/TCP ceramics powder (Biomatlante, Vigneux, France) and then transplanted
into subcutaneous pockets on the dorsal surface of immunocompromised mice (n=4).
All animal experiments were carried out in accordance with the Guidelines and
Regulations for the Use and Care of Animals of the Animal Care Committee of
Medical College, Yonsei University. The mice were euthanized after 8 weeks, the
implants were harvested and fixed in 4% PFA for 3 days. For histological analysis, the
sections (serially sectioned at 6 um) were stained with hematoxylin-eosin and

masson’s trichrome staining, and immunohistochemical staining was performed.

5. In vitro collagen and insoluble synthesis assay (Sircol™ collagen assay)

Total soluble and insoluble collagen in the culture was measured using the Sircol
collagen assay kit (Biocolor Ltd). To compare the fibroblastic potentials of hBMSCs
with hPDLSCs were also cultured.

After 7 days, cell supernatants of hBMSCs and hPDLSCs were collected by
centrifugation at 260g for 5min. A 100-pl aliquot of the supernatant was added to 1
ml of the dye reagent provided with the kit, and the solution was incubated for 30
min at room temperature. After centrifugation at 9300g for 10 min, the separated

suspensions were discarded and the remnant pellets were dissolved in 1 ml of the

9



alkali regent provided with the kit. After ensuring thorough dissolution, the same

aliquots were plated on 96-well plates and relative absorbance was at 540 nm.
hBMSCs and hPDLSCs were cultured with or without 0.3 mg/ml| WSC in culture

medium for 7 days. The samples were collected of 500 pl unused cell medium and

added 500 pl of a pepsin (Sigma-Aldrich) concentration of 0.1 mg/ml 0.5 M acetic
acid (Sigma-Aldrich). And then they were incubated overnight at 4°C. The samples
were added 100 pl Acid Neutralizing Reagent to 1.0 ml acid extracts and each tube

add cold Isolation & Concentration Reagent (200 pl/tube). The tubes were placed

filled rack into a container half filled with an ice-water mix and incubated overnight
at 0 to 4°C. After centrifugation at 9300g for 10min the separated suspensions were
discarded and the remnant pellets were dissolved in 1 ml of the dye reagent

provided with the kit, and proceed with the assay as described the soluble collagen

assay.

6. The analysis of hydroxyproline in soluble and insoluble collagen

Hydroxyproline in both supernatant of culture and collagenous extracellular
matrix accumulated on the culture dishes was quantified using the Reddy—
Enwemekas method with slight modifications.

After 7 days, cell supernatants of hBMSCs and hPDLSCs were collected by

centrifugation at 260g for 5min. A 200-pl aliquot of the supernatant was placed in a

10



2 ml clear wide opening crimp (Agilent Technologies, USA), and closed by 11mm
crimp cap (Agilent Technologies, USA). The cells were collected of 100 pul dH,0 and
added 100 pl concentrated HCL (Duksan Pure Chemicals Co., Ltd, Korea) in a 2 ml

clear wide opening crimp and closed by 11 mm crimp cap. The samples were

hydrolyzed by autoclaving at 120°C for 20 min. After cooling, the 10 pl aliquots were

plated on 96-well plates and evaporated to dryness under vacuum. Total soluble and
insoluble collagen in the culture was measured using the Hydroxyproline assay kit
(Biovision Incorporated, CA, USA). After vaporization, a 100 pl chloramin-T Reagent
was added to each sample and then it was left standing for 5 min at room
temperature. Chloramin-T Reagent used here was prepared by 6 pl chloramine-T
concentrate of 94 ul Oxidation buffer provided with the kit, and mixed well. The
prepared 100 pl of DMAB reagent, that was 50 ul DMAB concentrated to 50 pl of

Perchloric acid/lsopropanol solution provided with the kit, and mixed well, was

added to each well and incubated for 90 min at 60°C. The optical density of the final

solution was measured at 560 nm using a microplate spectrophotometer
[Benchmark Plus enzyme-linked immunosorbent assay (ELISA) reader, Bio-Red,

Hercules, USA].

7. Expression of collagen and LOX family related gene

Based on the results of collagen and corresponding hydroxyproline assay,

11



hBMSCs expanded with 5 ng/ml of FGF-2 was selected for further experiments
including quantitative real-time PCR and in vivo transplantation for collagen tissue
regeneration. The finding of increased ECM synthesis prompted the observation of
the changes in collagen synthesis at mRNA and protein levels. The quantitative real-
time polymerase chain reaction (PCR) analysis was performed for types of collagens

including collagen type I, II, I, IV and V according to aforementioned procedures.

In addition, the gene expressions of lysyl oxidase (LOX), lysyl oxidase-like (LOXL)1,
LOXL2, LOXL3 and LOXL4 were detected. Information for each specific primer is

listed on the Table 1.

In vivo collagen synthesis assay using in vivo ectopic transplantation model.

In vivo transplantation was performed to evaluate the collagen synthesis capacity
of hBMSCs. Since the use of an appropriate carrier is important to the potential of
hBMSCs, we selected a hyaluronic acid (HA) component since this is one of the most
common components used in biomedical surgeries, and our previous study showed

that MSCs successfully induced collagen tissue regeneration when they were

transplanted with HA-based scaffolds. For a single transplantation, hBMSCs (6 X

10%cells) expanded with FGF-2 treatment (5 ng/ml) or not were mixed with 0.15 ml
of HA filler (ReDexis, Prollenium Medical Technologies), and then injected into
subcutaneous pockets on the dorsal surface of immunocompromised mice (n=4). All

animal experiments were carried out in accordance with the Guidelines and

12



Regulations for the Use and Care of Animals of the Animal Care Committee of
Medical College, Yonsei University. The mice were euthanized after 8 weeks, and
the implants were harvested. After being weighed on a balance (Adventurer, Ohaus
Corp.) and fixed in 4% PFA for 3 days, they were washed with PBS before embedding
in Tissue-Tek O.C.T. Compound (Sakura-Finetek, Japan) for frozen section. For
histological analysis, the sections (serially sectioned at 4 mm) were stained with
hematoxylin-eosin and masson’s trichrome staining. Histological analyses were
performed using light microscopy (BX41, Olympus Optical). For histometric analysis
of collagenous ECM formation, computer-assisted histometric measurements were

acquired with an automated image-analysis system (Image-Pro Plus).

8. Immunohistochemistry analysis

In brief, after routine deparaffinization and rehydration, the antigen was
retrieved using a microwave-based technique for 30 min in citrate buffer (pH 9.0).
The endogenous peroxidase was blocked with 3% hydrogen peroxide for 5 min. The
sections were incubated for 30 min at room temperature with primary antibodies:
human-specific mitochondrial ribosomal protein (ab74285, Abcam) diluted 1:50,
hydroxyproline (bs-7512R, Bioss) diluted 1:500, collagen type | (ab7778, Abcam)
diluted 1:200, and collagen type Ill (ab292, Abcam) diluted 1:1000. After washing
three times, immunodetection was performed using a commercially available kit
(EnVision™Detection System, DakoREAL™) according to the manufacturer’s

13



instructions. Slides were then counterstained with hematoxylin.

9. Statistical analysis

All in vitro experiments were performed three times. Mean and standard
deviations (SD) were calculated. Unpaired t-testing was used to analyze the
differences between two groups. For multiple analysis, ANOVA test followed by
(ANOVA repeated measure) Scheffé’s comparison was used. Differences were

considered statistically significant at P <0.05.

14



lll. RESULTS

1. The characterization of BMSCs from fresh bone marrow of human vertebral body

Putative cells were isolated and cultured from fresh bone marrow of human
vertebral body; their characteristics as mesenchymal stem cells were investigated
using various assay models such as CFE, expression of surface markers, and
multipotency in vitro and in vivo.

Adherent cells with a thin and long fibroblastic spindle morphology was
observed 1-3 days after seeding. The ability to form CFU was demonstrated when
they were plated at low density. In general, the cells presented as a heterogeneous
population between the colonies. hBMSCs used in this study showed approximately
10% of CFE over passages (Figure 1A). The size and quantity were measured
according to each passage, and the latter passages showed a tendency to gradually
decrease in numbers even though the potency to form CFU were continuously well
maintained. Cell proliferation also showed good results, but the latter passages
tended to show a slight decrease (Figure 1B) whereas doubling time showed initial
decrease but gradual increase in latter passages (Figure 1C). FACS assay confirmed
that the cells used in this study were consistently positive for the presence of CD105
(99.89%), CD73 (99.66%), CD90 (99.11%), CD44 (98.05%), and CD29 (85.46%), and

negative for CD14 (0.97%), CD34 (0.84%), or CD45 (1.08%) (Figure 1D). In vitro

15



differentiation model showed that hBMSCs successfully differentiated into
osteogenic, adipogenic and chondrogenic lineages depending under the specific
differentiation stimuli (Figure 1E). Each differentiation was confirmed by staining
with Alizarin red, Oil red O and Toluidine blue, respectively. Real-time PCR confirmed
that the isolated cells provoked in vitro multipotency. They expressed enhanced level
of osteogenic markers of osteocalcin and Runx2, adipogenic markers of LPL and
PPARYy -2, and chondrogenic markers of collagen 2A1 and SOX9 (Figure 1F).

When they were transplanted into the in vivo ectopic transplantation model with cell
carriers of HA/TCP, they induced ectopic tissue regeneration including bone and
bone marrow-like tissues. Immunohistochemical assay using hMito showed that
regenerated tissue originated from transplanted hBMSCs (Figure 1G). Based on the
results, it could be concluded that hBMSCs were successfully isolated and expanded

from fresh bone marrow of human vertebral body during the surgery.

2. Effect of FGF-2 treatment on the biologic activity of hBMSCs

Before the evaluation of BMSCs-induced collagen tissue formation enhanced by
FGF-2, the effect of FGF-2 on the basic behaviors of hBMSCs was investigated
beforehand. Therefore, hBMSCs were expanded with the different dosages of FGF-2
treatment and they showed morphological changes; smaller in size and less flattened
shape compared to the cells without FGF-2, which was in accordance with previous

reports (Figure 2A)[20]. The results of MTT test at 1, 3, and 5 days revealed that FGF-

16



2 treatment significantly enhanced the proliferation in a dose dependent manner
(p<0.05), and hBMSCs expanded under 20 ng/ml showed the highest proliferation
rate (p<0.05) (Figure 2B). In CFE test under the FGF-2 influence, the number of
colonies was increased and the colony size appeared significantly greater in a dose
dependent manner (p<0.05) (Figure 2C). Maximum influence was provoked in the
hBMSCs expanded with 20 ng/ml of FGF-2. However, 5 ng/ml of FGF-2 also showed
relevant enhancement of CFU formation capacity (approximately 2.5 times of colony
size and 1.5 times of number respectively compared to hBMSCs without FGF-2.)
Treatment of FGF-2 on hBMSCs also modified their differential potency. In the
present study, osteogenic, adipogenic and chondrogenic differentiation were
assessed (Figure 2D). Similar to previous studies[30], osteogenic differentiation
determined by mineralized nodule formation was significantly decreased in a dose
dependent manner. Assay for mRNA expressions of Runx-2 and osteocalcin using
guantitative real-time PCR decreased in a similar pattern to what we observed in
vitro mineralized nodule formation (Figure 1F). Activity of lipid droplet formation was
significantly enhanced in the FGF-2 expanded group. Taken together with the results
from real-time PCR for LPL and PPARr2, which are master genes for adipogenic
differentiation (Figure 1F), it can be concluded that FGF-2 treatment enhance the
adipogenic differentiation of hBMSCs. The result of chondrogenic differentiation was
in line with previous studies [21, 27] showing that chondrogenic differentiation was

enhanced by FGF-2. Expression of collagen type 2A1 and SOX 9 were significantly

17



increased in the hBMSCs expanded with FGF-2. FGF-2 treatment not only provoked
the formation of collagenous ECM, but increased the size of pellets, suggesting the
activity of ECM formation can be significantly modified by FGF-2 (Figure 1F). The
changes by FGF-2 were shown in a dose dependent manner. Collectively, results from
in vitro differentiation experiments showed the different patterns from each other

among the tested differentiation lineages.

3. Enhancement of hBMSCs induced collagen synthesis by FGF-2 treatment.

The effect of FGF-2 on collagen regeneration was evaluated using hBMSCs
expanded by the aforementioned concentrations of FGF-2. Soluble and insoluble
collagen production were measured by Sircol assay kit. Detected soluble collagenin a
culture media gradually decreased while insoluble collagen deposit on the culture
dishes was increased as the concentration of FGF-2 increased (Figure 3A). The
content of hydroxyproline, which is a major component of collagen, can be used to
assess the amount of collagen. At the 20 ng/ml of FGF-2 treatment, expression of
insoluble collagen deposition was shown in the greatest amounts, whereas soluble
collagen production was shown the least (Figure 3A). The determination of
hydroxyproline content showed the similar pattern to those of soluble and insoluble
collagen. These results suggest that collagen deposition is regulated by the reciprocal
balance of soluble and insoluble collagen. Based on these results, 5 ng/ml of FGF-2

was selected for the further experiments, because the behaviors of hBMSCs were
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efficiently enhanced as low as 5 ng/ml of FGF-2, while collagen production was not
significantly different between 5 and 20 ng/ml.

To better understand the effect of FGF-2 on collagen synthesis by hBMSCs,
collagen formation related gene expressions were closely examined. According to the
collagen type, the gene expressions showed significant changes by FGF-2, but the
pattern of increase or decrease was apparently different. Interestingly, mRNA
expression of collagen type |, IV, and V were decreased, while mRNA expression of
collagen type Il and Ill were significantly up-regulated (Figure 3C). Collagen type | is
the major type of collagen that constitutes ECM of mineralized tissue, and it is the
major type of scar-inducing collagen when it is excessively formed. Also, down
regulation of collagen type | might be responsible for the decrease in mineralized
nodule formation in the present study. Accumulation of collagen type lll, which is
another major collagen type in ECM that is not formed by resident local fibroblast,
was also noted. Therefore, together with enhancement of collagen type Il, which is in
accordance with previous studies [21, 27], it can be assumed that healing
characteristics of hBMSCs has been improved by treatment with FGF-2.

The expression of Lox family genes increased upon the treatment of FGF-2
(Figure 3C). In general, Lox family genes are related to collagen structural integrity,
and they are involved in a more stable and mature type of collagen tissue
formation[18]. Based on the results from real time PCR, it could be suggested that

collagen deposition with structural integrity could be induced by hBMSCs with FGF
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treatment.

4. Enhancement of in vivo collagen tissue formation by hBMSCs expanded with FGF-
2

The authors postulated that the application of FGF-2 on hBMSCs will improve
tissue regeneration capacity and increase the formation of collagen tissue with
structural integrity in in vivo. The in vivo ectopic regeneration model is one of
straightforward experiment models to analyze the histological results of regenerative
potential by hBMSCs transplanted with hyaluronic acid as a cell carrier. It has been
well described that multipotency of stem cells can be influenced by the biologic
stimuli or micro environmental. For instance, when it is transplanted with hyaluronic
acid, collagen producing fibroblasts will be highly induced rather than osteoblasts or
chondroblasts, whereas they differentiate into mineralized tissue producing
osteoblasts or chondroblasts with HA/TCP carriers [18, 31]. After 8 weeks of
transplantation, hBMSCs formed collagenous ECM with hyaluronic acid as shown in
figure 4. The measurement of collagenous ECM revealed that hBMSCs significantly
greater ECM when treated by FGF-2 (Figure 4A and 4B). In histology, there was no
sign of inflammatory reaction. The results from in vivo transplantation experiments
suggested that hBMSCs treated with FGF-2 and hyaluronic acid could be potentially
applied in clinical indication for collagen regeneration.

In addition to quantitative analysis for collagen synthesis, immunohistochemial
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analysis was performed for qualitative analysis (Figure 4C). The hMito that was
darkly stained in both hBMSCs and hBMSCs/FGF-2 group showed that these tissues
originated from the newly transplanted human cells. More cells appeared positively
stained in hBMSCs treated FGF-2 group and it can be suspected that FGF-2 affected
the proliferation of transplanted hBMSCs. Hydroxyproline was expressed along the
newly formed collagen tissue. However, the intensity of staining was stronger in the
hBMSCs/FGF-2 group. The newly formed collagen tissue showed distinct positive
response to type | and lll collagens, which was one of the hBMSCs-induced healing
characteristics. The amount of expression of collagen type | and Il showed similar
patterns to that of hydroxyproline. Expression of collagen type | was more intense
compared to that of collagen type Ill, which coincides with previous studies showing

the ratio of these two types of collagen in normal and healing tissue[32].
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IV. DISCUSSION

In this study, the hBMSCs were isolated from vertebral bodies during surgery,
and they presented with full stem cell-like characteristics including adherent
characteristics, expression of MSC-specific surface markers, and in vitro and in vivo
multipotency which are consistent results of previous reports using different parts of
the body as a stem cell source [20, 33]. In addition to their superior potency as stem
cells, hBMSCs acquired from vertebral body have several advantages; utilization of
bone marrow which are discarded during surgery as medical waste, using the same
surgical site to avoid forming a secondary surgical wound site, easy to obtain bone
marrow through a non-invasive aspiration technique with minimal ethical issue. Thus,
bone marrow from the vertebral body may be the alternative and promising source
for hABMSCs with high therapeutic value.

One of the most important characteristics hBMSCs is that it facilitates the
wound healing effect [12]. It is well established that they facilitate wound healing
though a paracrine effect on local resident cells when they migrate into the specific
wound site by homing mechanism. In addition, they are directly involved in
functional tissue healing via differentiation into a variety of tissue appendage
cells[11-13]. They also enhance collagen tissue production and promote wound
healing[15]. Therefore, bone marrow—derived MSCs, when they can be systemically

administered, are effective in improving the rate and quality of extracellular matrix
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deposition and increasing the tensile strength of incisional wounds. Furthermore,
they also facilitate wound healing in the complicated healing environments such as
in diabetes mellitus[13]

In this study, FGF-2 was used as biologic stimuli to improve wound healing effect
of hBMSCs. FGF-2 has been considered to be an highly effective modulator MSCs,
because it has been shown by many to affect the proliferation, migration,
differentiation, and self-renewal potential of stem cells thus attributable to the
preservation of the multipotentiality of MSCs in an undifferentiated state [21, 27, 34-
36] . The result of our study on hBMSCs expanded with FGF-2 treatment is also in
line with the previous studies in regard to CFE, proliferation, migration, and in vivo
regeneration.

Collagenous extracellular matrix regeneration is another major concern for the
both of soft and hard tissue reconstructive surgery. The insoluble collagen exhibited
a greater compression strength and lower degradation rate than the soluble form
despite sharing similar cross-linking structures between each other[18]. Interestingly,
the results of our study showed that hBMSCs expanded with FGF-2 produced a
significant amount of insoluble collagen formation while the quantity of soluble
collagen formation was decreased. In addition, changes in collagen-related gene
expression was observed in hBMSCs expanded by FGF treatment. Gene expression of
collagen type Il and llIl were significantly enhanced, while other types of collagen

were down-regulated. Gene expression of LOX family which is essential for
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stabilization and maturation of collagen fibrils [37, 38], showed marked up-
regulation when hBMSCs was expanded by FGF-2. LOX and LOX like ligands (LOXL)
are deeply involved in the formation of cross-linked collagen tissue, which is
important for the tensile strength, structural integrity, and function of connective
tissues [38, 39]. Increase in LOX activity is closely associated with enhanced
accumulation of insoluble collagen with well cross linked structure[40]. On the
contrary, reduction in LOX activity may have a critical effect on the pathogenesis of
collagen tissue disorders including pulmonary disease, skin, and vascular defects[41-
43]. For example, when collagen tissue was analyzed in a transgenic Lox-/- mouse,
the arrangement of individual collagen fibers showed mostly disperse, loose and
poorly-ordered forms compared to normal tissue although no obvious differences
were detected in the types of collagen[43]. Our results propose that hBMSCs
expanded by FGF-2 might enhance deposition of insoluble collagen with a more
mature and stable type of structure through the enhancement of Lox family gene
expression and following enhancement of crosslinking of collagens.

Concerning collagen tissue regeneration and maturation, the authors have
previously investigated the in vivo healing cascade of collagen tissue by human
periodontal ligament stem cells (hPDLSCs) in a time course [32]. When hPDLSCs were
transplanted with a cell carrier into the ectopic transplantation model, they
produced collagen matrix after active proliferative phase. At the initial stage of

healing within 1 week, amorphous collagen matrix was formed, and both collagen
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type | and lll were expressed strongly. However, type Ill collagen expression was
weakened in the later stage of maturation, and collagen tissue orientation stage, and
this type of healing appeared to be specific in MSC mediated tissue regeneration.

Collagen type | is predominant in subcutaneous ECM and exceeds collagen type
Il by a ratio of 4:1. During wound healing, this ratio decreases to 2:1 because of an
early increase in the deposition of collagen type lll. Collagen type Il is considered to
be particularly important for normal subcutaneous wound healing because the
expression of collagen type Ill markedly increases in the early phase of wound
healing. Interestingly, collagen type Il was produced by cells derived from the bone
marrow, but not local resident fibroblasts[7], suggesting an indispensable role for
bone marrow-derived cells in early wound healing. In the present study, gene
expression of collagen type Ill was markedly enhanced by FGF-2 treatment while
collagen type | was reduced. This shows that FGF-2 treatment enhances the specific
characteristics of hBMSCs mediated healing. Also collagen type Il is relatively
insoluble in experimental setting[44], and this is consistent with the highly
upregulated expression of mRNA and actual protein production revealed in Sircol
Assay.

Now, we can speculate the distinct characteristic of insoluble collagen tissue
that was formed and deposited by hBMSCs expanded with FGF-2. Type | collagen is
formed by the dermal resident fibroblast in soft tissue healing[45], and excessive

production of type | collagen is the hallmark of scar formation[46, 47]. Clinically, this
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leads to scar formation, an unsatisfactory healing outcome. As this study proposed,
effectiveness of decreased collagen type | by using hBMSCs expanded with FGF-2
may contribute to suppressing the differentiation of myofibroblast which produces a
SMA (o Smooth Muscle Actin) while promoting the distinctive characteristic of
hBMSCs; wound healing with minimal scar formation. Despite a need for additional
research, application of this study clinically, may lead to improved clinical wound
healing.

Collagen type | and lll are the major types of collagen that constitute the
collagenous ECM. Even though FGF-2 treatment decreased expression of collagen
type | in this study, another essential collagen type Il was also increased. They
improved cellular attachment, migration, and proliferation that were directly related
to in vivo tissue healing. In addition, the expression of Lox family gene related to
collagen structural integrity and maturation were enhanced by FGF-2. In the analysis
of the in vivo results, all these effects must be considered. The final in vivo results
were determined by the effect of the net results of all these factors. We suggest that
the therapeutic approach proposed in this study might provoke great potential in

collagen tissue regeneration mediated wound healing.

26



V. CONCLUSION

The results of this study suggest that hBMSCs largely participate in collagen
tissue formation in vitro or in vivo, and the collagen producing potency may be
greatly enhanced with FGF-2 treatment. hBMSCs expanded with FGF-2 significantly
reduced in vitro soluble collagen formation and promoted insoluble collagen
deposition compared to hBMSCs expanded without FGF-2. The in vivo study results
indicate that an addition of 5 ng/ml of FGF-2 was significantly enough to produce
collagen tissue regeneration, and related gene expressions were similarly enhanced.
The results from in vivo ectopic transplantation model also have demonstrated that
application of 5 ng/ml of FGF-2 can induce significant collagenous ECM formation
and related gene expression. Collectively, the results of this study strongly imply that
the potential utilization of FGF-2 in the medical or dental fields where collagen tissue
regeneration can benefit the treatment. Specifically, the therapeutic approach
proposed in this study may be applied to the treatment of subcutaneous depressions,
wrinkle repair, and soft tissue augmentation as well as wound dressing for the
surgeries.

Collectively, in vitro and in vivo results demonstrated that FGF-2 regulated the
cellular properties of hBMSCs, and enhanced the quantity and quality of collagen,

rendering the collagen production more suitable for clinical regeneration mediated
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by hBMSCs. The results from this study indicate that modulation of hBMSCs by FGF-2

may provide clinical benefits in medical as well as dental fields.
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FIGURE LEGENDS

Figure 1. Characterization of BMSCs from fresh bone marrow of human vertebral
body.

A) Isolated cells showed the ability to form CFU, which is well maintained during
several passages (stained by crystal violet). B and C) Cell proliferation of hBMSCs at
several passages was examined and doubling time was also calculated. D)
Immunophenotype analysis of hBMSCs by flow cytometry. Cultured hBMSCs were
incubated with specific monoclonal antibodies against the cell-surface marker
antigens including CD105, CD73, CD90, CD44, and CD29, CD14, CD34, and CD45,
followed by florescence conjugated secondary antibodies. E) hBMSCs in this study
showed expression of surface antigens. E) In vitro multipotency of hBMSCs was
examined. Osteogenic, adipogenic and chondrogenic differentiation were
determined by Alizarin red, Oil red O, and Toluidine blue stains respectively. All the
test (Test) group successfully induced specific differentiation responding to specific
biologic stimuli while all the control (CTL) group which were cultured in normal
growth media did not induce corresponding differentiations. F) Real-time PCR
confirmed each differentiation at the mRNA level. All the specific mRNAs indicating
each cell-lineage were expressed compared to the CTL group. Osteocalcin and
RUNX2 were used for osteogenic differentiation, LPL and PPARr2 for adipogenic
differentiation, and Aggrican, collagen 1IA1, and SOX9 for chondrogenic

differentiation. G) When hBMSCs were transplanted with HA/TCP carriers (HA),
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histologic analysis using masson trichrome stain after 8 weeks revealed that they
induced bone (B) and bone marrow (BM) like tissue regeneration. Positive
immunohistochemical staining (red arrow head) with human specific mitochondria
(hMito) indicate that cells and regenerated tissue are originated form transplanted

cells (X400; scale bar = 100um).

Figure 2. Effect of FGF-2 treatment on the biologic activity of hBMSCs.

A) Under the microscopic observation, hBMSCs expanded with FGF-2 treatment
showed the changed phenotype of smaller in size and less flattened morphology
compared to that of hBMSCs without FGF-2 (0 ng/ml). B) MTT test at various time
point showed that proliferative potency was significantly increased in hBMSCs
expanded with FGF-2 in a dose-dependent manner. C) FGF-2 treatment enhanced

the CFU efficiency of hBMSCs in terms of size and number of colony formed.

Figure 3. Enhancement of in vitro collagen tissue formation by hBMSCs expanded
with FGF-2.

A) Assay for collagen production using Sircol assay kit showed that production of
soluble collagen in a culture media gradually decreased while insoluble collagen
deposition on the culture dishes was increased as the concentration of FGF-2 was
increased. B) Hydroxyproline production as an indicator of collagen tissue showed

similar pattern to both collagen types. C) Real-time PCR using collagen related genes
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showed that mRNA expression of collagen type |, IV and V were decreased, while
mRNA expression of collagen type Il and Ill was significantly up-regulated. All the Lox
family genes were increased with FGF-2 treatment with different level according to
the type of collagen, suggesting that more mature type collagen tissue was

produced and deposited when FGF-2 was added to hBMSCs.

Figure 4. Enhancement of in vivo collagen tissue formation by hBMSCs expanded
with FGF-2.

A and B) Regeneration of collagen fibers at 8 weeks by hBMSCs in vivo was analyzed
under microscopic observation. Masson trichrome staining showed that hBMSCs
induced collagenous ECM (red arrowhead) regeneration with hyaluronic acid carrier.
The capacity of collagen production was significantly enhanced in hBMSCs/FGF-2
group (magnification X400, scale bar = 100 um, * P<0.05). C) Immunohistochemistry
of human specific mitochondria (hMito), hydroxyproline, and collagen types | (Col I)
and 1l (Col Ill). The regenerated collagenous ECM was originated from hBMSCs
transplanted and it was confirmed by immunohistochemical staining with an anti-
hMito antibody. The newly formed collagen tissue showed distinct positive response
to hydroxyproline, collagen type | and Ill. Expression of each antibody (red
arrowhead) was more intensive in hBMSCs/FGF-2 group compared to hBMSCs

(magnification X400, scale bar = 100 um).

37



FIGURES

a5 &
@
= g4 E« 5
15.0 S =
c 25 s 4
— (=]
= . |
= 100 T2 £ 3
|l o 15 o
S = I £ 2
5.0 n% 1 _g ;
05 g
0.0 o+ 0+
P1 P3 P5 P7 P9 P2 P3 P4 P5 PG P7 P8 P2 P3 P4 P5 P6 P7 P8
B L : " ' y X .
100.0% 97.5% 87.4% 19% 05% 0.7%

Coso

E Osteogenic Differentiation Adipogenic Differentiation

CTL Test

s
o
*
io
a
=
=]
[=]
=]
]
w
o

S
- =

g £ el . €20 4 = .
£20 = £ 10,000 I ' E
2 = 510 7
] . e 3 . . .
o M A m B: _ £,

CTL | Test CTL | Test CTL | Test CTL | Test CTL | Test CTL | Test

Osteocalcin RUNX-2 LPL PPARy-2 Collagen 2A1 SOX9

Masson Trichrome

CTL

hBMSCs

Figure 1

38



Ong/ml 2ng/ml Sng/ml 20ng/ml

(=]
-]
(o]
4

*

07 —|—0ng 14 .30 .
06 |2 E12 I = L5 | I_I
e T £7 | | 220
T e 8
Eoa |20 7. S g | 515 |
Sos S 4 g10
o E
02 o 2 | S 5
N 0 zZ 0
7]
0.1 N 3 A N LY M W
5 Qt\é«\ 1:\%."“ 5(\%.'& ,lgﬁém Qn?:im 10?;6\ goilﬁ 191“)@
Day 1 Day3 Day 5 FGF concentration FGF concentration

o]

Osteogenic Differentiation

18 7
15
go_s t
Ong/ml 2ng/ml 5ng/ml 20ng/ml 03 I

0.0
Ong/ml 2ng/ml Sng/ml 20ng/mi

Area
2

Adipogenic Differentiation

15 7 *
o I R
=
509 7
g
E06 7
B I

Ong/ml 2ng/ml 5ng/ml 20ng/mi

Area

Ong/ml 2ng/ml Sng/ml 20ng/mi

12
10 4 ¥
Eos -
H06
o4 -
€02
00 -
Ong/mi 2ng/mi Sng/ml 20ng/ml Ong/ml 2ng/ml Sng/ml 20ng/ml

Figure 2

39



Relative ratio

Relative ratio

Relative ratio

Soluble collagen

—

H H H
0* 0 ¢

«
o

+

FGF concentration

Col |

I *

Ong/ml Sng/ml

LOX

*

Ong/ml Sng/ml

Relative ratio

Relative ratio

B ; )
Insoluble collagen Hydoxyproline Hydoxyproline

in soluble collagen in Insoluble collagen

16 12 1.5
12 ] :
o =]
z 1 g 0.8 g1
2o £os H
s 06 = =
2 o 204 205
02 0.2
0 & @ @ @ o @ @ @ 0 & g g
0(\%" ‘L“Q’ll o0 10{\@ Qoi»l' '!.“Q} @:\Q} 10«{,]' Qo%]‘ -]_o%]’ o _Lan@
FGF concentration FGF concentration FGF concentration
Col Il Col Ill Col IV Col V
15 * 15 15
*
2 ) £
e 1 g 1 € 1
g e 2
S 05 S 05 " 3 0.5
) : o
0 0 0
Ong/ml Sng/ml Ong/ml Sng/ml Ong/ml Sng/mi Ong/ml Sng/ml
LOXL 1 LOXL 2 LOXL 3 LOXL 4
< 25 25 * 4 *
*
g 2 8 2 23
] @ g
a 1.3 p 15 g2
1 1 g
. Z 05 €05 z 1 .
0 0 0
Ong/ml Sng/ml Ong/ml Sng/mi Ong/ml Sng/ml Ong/ml Sng/mi

Figure 3

40



Figure 4
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Table 1. Primer sequences

Gene Primer sequence Size

(GenBank no.) (forward and reverse) (bp)
Collagen type I GAT CTG CGT CTG CGA CAA C (forward) 68
(NM_000088) GGC AGT TCT TGG TCT CGT CA (reverse)
Collagen type I GAA CAT CAC CTA CCA CTG CAA G(forward) 500
(NM_001844) GCA GAG TCC TAG AGT GAC TGA G(reverse)
Collagen type III GCC AAA TAT GTG TCT GTG ACT CA(forward) 145
(NM_000090) GGG CGA GTA GGA GCA GTT G(reverse)
Collagen type IV ATG TCA ATG GCA CCC ATC AC(forward) 382
(NM_001845) CTT CAA GGT GGA CGG CGT AG(reverse)
Collagen type V ACG CGG CGA TCT TCC AAA G(forward) 387
(NM_000093) GGA AAT GCA GAC GCA GGG TA(reverse)
LOX CGG CGG AGG AAA ACTGTC T(forward) 128
(NM_002317) TCG GCT GGG TAA GAA ATC TGA(reverse)
LOXL1 CCA CRA CGA CCT ACT GGA TGC(forward) 97
(NM_005576) GTT GCC GAA GTC ACA GGT G(reverse)
LOXL 2 GGG TGG AGG TGT ACT ATG ATG G(forward) 137
(NM_002318) CTT GCC GTA GGA GGA GCT G(reverse)
LOXL 3 CGA GCA GAG TGT GAC TGA ATG(forward) 147
(NM_032603.2) CTC CTC CAC TTG CAG GTG AT(reverse)
LOXL 4 CTG GGC ACC ACT AAG CTC C(forward) 119
(NM_032211.6) CTC CTG GAT AGC AAA GTT GTC AT(reverse)
B-actin CAT GTA CGT TGC TAT CCA GGC(forward) 250
(NM_001101) CTC CTT AAT GTC AACG CAC GAT(reverse)
LPL TGG ACT GGC TGT CAC GGG CT(forward) 167
(NM_000237.2) GCC AGC AGC ATG GGC TCC AA(reverse)
PPARy2 ACA GCA AAC CCC TAT TCC ATG CTG T(forward) 159
(NM_015869.4) TCC CAA AGT TGG TGG GCC AGA A(reverse)
Runx-2 CACTGG CGC TGC AAC AAG A(forward) 127
(NM_004348) CAT TCC GGA GCT CAG CAG AAT AA(reverse)
Osteocalcin CAA AGG TGC AGC CTT TGT GTC(forward) 150
(X53698) TCA CAG TCC GGA TTG AGC TCA(reverse)
Aggrecan AGG GCG AGT GGA ATG ATG TT(forward) 68
(NM_001135.3) GGT GGC TGT GCC CTT TTT AC(reverse)
collagen 2A1 CTG CAA AAT AAA ATC TCG GTG TTC T(forward) 101
033150.2) GGG CAT TTG ACT CAC ACC AGT(reverse)
SOX9 CTTTGG TTT GTG TTC GTG TTT TG(forward) 101
(NM_000346.3) AGA GAA AGA AAA AGG GAA AGG TAA GTT T(reverse)
GAPDH GTG GTG GAC CTG ACC TGC (forward) 208
(NM_002046.3) TGA GCT TGA VAA AGT GGT C(reverse)
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Z7hR o] bl WS frEsigla wok % T2 Fekiol 94ES
13Tk (p< 0.05)
AR 23 ARMIEAPARE A BEE/AES F/AESH 44

Fehl PHTe FPATIER 2o GHol wAHE AFEFEHE

Al E)= T Fibroblast Growth Factor-2, human bone marrow stem cell,

collagen tissue regeneration, wound healing, colony forming unit,

proliferation, differentiation
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