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Abstract

Human amniotic membrane extracts contain numerous growth factors and bioactive sub-
stances. However, osteogenic effects of amnion and chorion membrane extracts (AME and
CME, respectively) on osteoblasts are unclear. In this study, we explored the ability of AME
and CME to promote the osteogenic differentiation of osteoblast-like MG-63 cells. MG-63
cells were cultured in osteogenic induction medium (OIM) with or without exogenous AME
and CME. CME enhanced the osteogenic differentiation of MG-63 cells compared with
AME, as indicated by increased mineralization; alkaline phosphatase activity; and mRNA
expression of osteogenic marker genes encoding integrin-binding sialoprotein (/BSP),
RUNX2, OSTERIX, and osteocalcin (OCN). Interestingly, AME and CME contained differ-
ent combinations of osteogenesis-related growth factors, including basic fibroblast growth
factor (bFGF), transforming growth factor beta-1 (TGF3-1), and epidermal growth factor
(EGF), which differentially regulated the osteogenic differentiation of MG-63 cells. bFGF
and TGFB-1 present in CME positively regulated the osteogenic differentiation of MG-63
cells, whereas EGF present in AME negatively regulated the differentiation of MG-63 cells.
Moreover, exogenous treatment of EGF antagonized CME-induced mineralization of extra-
cellular matrix on MG-63 cells. We compared the osteogenic efficacy of CME with that of
BMP2, bFGF, and TGF(-1 alone or their combinations. We observed that CME greatly
enhanced osteogenesis by providing a conductive environment for the differentiation of MG-
63 cells. Together, our results indicated that human AME and CME exerted differential
effects on osteogenesis because of the presence of different compositions of growth fac-
tors. In addition, our results highlighted a new possible strategy of using CME as a biocom-
patible therapeutic material for bone regeneration.
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Introduction

Osteogenesis is a sequential process involving the proliferation and differentiation of osteogenic
cells, activation of osteogenesis-specific genes, and maturation and mineralization of extracellular
matrix (ECM) [1, 2]. During bone formation, osteoblasts, the major bone-forming cells, synthe-
size bone matrix proteins, including alkaline phosphatase (ALP), osteocalcin (OCN), and type I
collagen, and subsequently produce a calcium- and phosphate-based mineral that is deposited
into the ECM to form a strong, mineralized tissue [3, 4]. Osteoblast differentiation is tightly con-
trolled by specific extracellular regulatory proteins such as growth factors, hormones, vitamins,
and cytokines [5]. Growth factors and cytokines modulate cell fate, including proliferation, differ-
entiation, survival, and migration. Particularly, growth factors play an important role in bone
regeneration and remodeling and several growth factors have been used in clinical therapies for
treating bone defects[6, 7], However, use of growth factors in clinical therapies is impeded by
problems such as low yield of recombinant growth factors and poor efficacy and stability [8].

The human amniotic sac is derived from the placenta, which is composed of conjoined
amnion (inner) and chorion (outer) membranes (AM and CM, respectively). In addition to its
unique properties, the human amniotic sac contains numerous growth factors and cytokines,
indicating that it is an ideal biomaterial for various therapeutic applications, including wound
healing. Further, use of the human amniotic membrane in clinical therapy is associated with
minimum inflammation, angiogenesis, and microbial infection [9-11]. We previously demon-
strated the potential of human amniotic membrane extracts to promote the osteogenic differ-
entiation of osteoblast-like MG-63 cells [12]. Moreover, the extracts prepared from amnion/
chorion membrane have showed greater effect on osteogenesis of MG-63 cells than the extracts
from a single layer of the amnion membrane. This may be because of the different growth fac-
tors present in AM and CM.

Important regulatory growth factors involved in osteogenesis include bone morphogenetic
proteins (BMP2 and BMP4), basic fibroblast growth factor (bFGF), transforming growth fac-
tor beta-1 (TGFp-1), and epidermal growth factor (EGF) [13-16]. Recently, Rui-Dong and Li
showed that the combination of BMP9 and TGF-1 promoted the osteogenic differentiation of
mesenchymal stem cells, suggesting that these growth factors exerted a synergistic effect on
osteogenesis in a dose-dependent manner [17]. This finding also suggested that a crosstalk
between BMP9 and TGFp-1 signaling pathways promoted osteogenesis [17, 18]. Furthermore,
several studies have indicated that many osteogenesis-related growth factors, which are inter-
connected, temporally participate in the regulation of osteogenesis [19, 20].

Based on these findings, we hypothesized that AME and CME contain different composi-
tions of growth factors, which may affect the overall osteogenic differentiation of MG-63 cells.
Thus, the present study (1) investigated whether AME and CME exerted differential effects on
osteogenesis, (2) analyzed the composition of osteogenesis-related growth factors in human
AME and CME, and (3) determined the role of these growth factors in the osteogenic differen-
tiation of MG-63 cells.

Materials and methods
Reagents and chemicals

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Lonza (Walkersville, MD,
USA). Penicillin G-streptomycin sulfate and fetal bovine serum (FBS) were purchased from
Gibco (Grand Island, NY, USA). Recombinant human bFGF, TGFB-1, EGF, and BMP2 were
purchased from Peprotech (Rocky Hill, NJ, USA), and inhibitors of FGF (SU5402), TGFp-1
(SB505124), and EGF (PD153035) were purchased from Santa Cruz Biotechnology (Dallas,
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Texas, USA). These inhibitors were prepared in dimethyl sulfoxide (DMSO) and were used in
growth factor inhibition assay.

Preparation of human AME and CME

Human amniotic membrane matrixes were obtained from 3 donors who had undergone a cae-
sarian section, with an approval from the Institutional Review Board (KUGH14239-002) of
Korea University Guro Hospital (Seoul, Korea) for the purpose of this research. Donors with
gestational diabetes, preeclampsia, or infectious diseases (specifically HIV 1-2, HBV, and
HCV) were excluded. Written informed consent was obtained from each donor after explain-
ing the purpose of this study.

To prepare AME and CME, AM was separated from amniotic membrane tissue. The
remaining tissue was used as CM. AM and CM were washed 3 times with PBS containing anti-
biotics (100 U/mL penicillin and 100 U/mL streptomycin) to remove blood clots, were sliced
into small pieces, frozen in liquid nitrogen, and finely ground by using a mortar and pestle.
The ground membranes were mixed with PBS at 1:1 ratio of weight (g):volume (mL), were
homogenized on ice for 1 h, and were centrifuged. After centrifugation, supernatants were fil-
tered through a 0.22-pm pore size membrane. Concentrations of proteins in the supernatants
were determined by performing DC protein assay (Bio-Rad, Hercules, CA, USA), and the
supernatants were stored at -80°C until further use.

Cell culture and in vitro osteogenic differentiation

MG-63 cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin and
100 U/mL streptomycin. Human bone marrow derived mesenchymal stem cells (hMSCs))
were purchased from Lonza (Lonza, Walkersville, MD, USA) and maintained in DMEM sup-
plemented with 10% FBS, 1% NEAA, 0.1% B-mercaptoethanol, 100 U/mL penicillin and 100
U/mL streptomycin, 5 mM L-glutamine (Gibco). MG-63 cells and hMSCs were maintained in
a humidified atmosphere of 5% CO, at 37°C.

For in vitro osteogenic differentiation, the cells were seeded in 24-well plates (density,
1 x 10° cells/well). On reaching 90% confluency, their growth medium was replaced with oste-
ogenic induction medium (OIM) containing DMEM supplemented with 10% FBS, 10 nM
dexamethasone (Sigma, St. Louis, MO, USA), 0.2 mM ascorbic acid (Sigma), 10 mM B-glycerol
phosphate (Sigma), and antibiotics (100 U/mL penicillin and 100 U/mL streptomycin)
(Gibco). Thereafter, the medium was changed every 3 days.

ALP activity

At 3 or 7 day after culture, MG-63 cells were washed with PBS and lysed in lysis buffer contain-
ing 0.5% Triton X-100. Concentrations of proteins in the cell lysates were determined using
Bradford protein assay kit (Bio-Rad). Samples containing equal concentrations of proteins
were used to determine ALP activity. ALP activity was measured using colorimetricSensoLy-
te™ pNPP Alkaline Phosphatase Assay Kit (Anaspec, Fremont, CA, USA), according to the
supplier’s protocol, and by reading the absorbance at 405 nm with a microplate reader.

RNA isolation and real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s instructions. Next, 1 ug RNA was reverse transcribed in a 20-pL reaction
mixture by using PrimeScript™ 1** strand cDNA Synthesis Kit (Takara Bio, Tokyo, Japan), and
quantitative polymerase chain reaction (RT-PCR) was performed using ABI Prism 7300
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Detection System (Applied Biosystems, Foster City, CA, USA). Each 20 pL reaction mixture
contained 10 uL 2x LightCycler 480 SYBR Green I Master Mix (Roche, Penzberg, Germany),
1 pL 5 pmol sense and antisense primers, 0.4 uL 50x Roxy dye (Applied Biosystems), and 1 pL
cDNA. Amplification was performed using 40-45 cycles of denaturation at 95°C for 15 s and
annealing at 60°C for 1 min. Relative mRNA expression was analyzed using 2°**“? method
and was normalized with that of the gene encoding glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Specific primers used for PCR are listed in S1 Table.

Calcium assay and Alizarin red S staining

Calcium assay and Alizarin red S staining were performed to determine ECM mineralization,
as described previously [21, 22]. For the calcium assay, MG-63 cells were washed with PBS and
were decalcified using 0.6 N HCl. Calcium concentration in the supernatant was measured
using QuantiChrom™ Calcium Assay Kit (DICA-500; BioAssay Systems, Hayward, CA, USA),
according to the manufacturer’s instructions. The degree of mineralization was evaluated by
measuring the absorbance at 612 nm with a microplate reader.

For Alizarin red S staining, MG-63 cells were washed with PBS and were fixed in 4% para-
formaldehyde for 20 min. The cells were then washed twice with distilled water and were
stained with Alizarin red S solution (Millipore, Darmstadt, Germany) for 20 min at room tem-
perature. Finally, the cells were washed 3 times with 1 mL distilled water, and color change
was evaluated using photographs. ECM mineralization was quantified by adding 1 mL 100
mM cetylpyridinium chloride (Sigma) to each well and by measuring optical density at 570
nm. Values were normalized by protein concentration.

ELISA

Concentrations of BMP2, EGF, bFGF, and TGFp-1 in AME and CME were quantified using
respective Quantikine™ ELISA immunoassay kits (R&D system, Minneapolis, MN, USA).
Briefly, microplate wells were pre-coated with monoclonal antibodies against human BMP2,
EGF, bFGF, or TGFp-1. Next, standards and samples were added to the microplate wells to
allow growth factors to bind to the immobilized antibodies. Unbound proteins were removed
by washing with wash solution, and enzyme-linked polyclonal antibodies against BMP2, EGF,
bFGF, or TGFp-1 were added to the microplate wells. Unbound antibodies were removed by
washing, and a substrate solution was added to the microplate wells for color development.
Concentrations of BMP2, EGF, bFGF, and TGFB-1 in AME and CME were determined by
measuring optical density at 450 nm with a microplate reader.

Statistical analysis

Each experiment was performed using 2-3 extracts from each of the 3 donors. One-way
ANOVA and Student’s t-test were used to determine statistical differences among the experi-
mental groups, with *p<0.05, **p<0.01, and *p<0.001 being considered statistically signifi-
cant. All the assays were performed at least in triplicate, and representative data were
expressed as mean + standard deviation (SD).

Results

Exogenous AME or CME alter the morphology of MG-63 cells during
osteogenesis

Our previous studies suggested the potential ability of human amniotic membrane extracts on
osteogenic differentiation of osteoblasts [12]. However, it was unclear which membrane
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stimulated the osteogenic differentiation of osteoblasts between AM and CM. Therefore, we
separated AM and CM and prepared 2 extracts (AME and CME) in the present study (SIA and
S1B Fig). To evaluate osteogenesis-related morphological changes induced by AME or CME,
we cultured human osteoblast-like MG-63 cells in OIM and treated them with AME or CME in
a dose-dependent manner. As expected, treatment with AME or CME induced differential mor-
phological changes in MG-63 cells compared with those in untreated cells cultured in only
growth medium (GM) or only OIM for 7 days (Fig 1A, right square images). While cells cul-
tured in only OIM showed initiation of osteogenic differentiation compared with cells cultured
in only GM, cells cultured in OIM containing CME showed more obvious evidence of osteo-
genesis than only OIM condition (Fig 1A, left square image). However, no detectable evidence
of mineralized nodule formation was observed in cells cultured in OIM containing AME; how-
ever, these cells showed excessive cell migration and accumulation (Fig 1A, left square image).

Potential of CME for promoting osteogenic differentiation

Next, we examined whether AME and CME differentially promoted the osteogenic differentia-
tion of MG-63 cells. To measure ALP activity, MG-63 cells were cultured in OIM with or
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Fig 1. Differential effects of human amniotic membrane extract according to membrane composition during osteogenesis of MG-63 cells. (A)
Confluent MG-63 cells cultured in OIM were treated with various concentrations (200-800 pg/mL) of both AME and CME. Morphological changes in the
treated cells after 7 days of treatment were examined under a light microscope. Scale bars represent 100 ym. (B) MG-63 cells were cultured in OIM with or
without 100 yg/mL AME, ACME, and CME. ALP activity was measured at day 3 and 7. Data are presented as the mean + SD of multiple repeated
experiments; *p< 0.05 versus OIM, indicates statistical significance. (C) MG-63 cells were cultured in OIM and AME, ACME, or CME was added in a dose-
dependent manner. After 7 days, Calcium concentration was measured spectrophotometrically by using phenolsulfonephthalein dye as a substrate for free
calcium. Relative calcium concentration was normalized to microgram of protein from each sample. Data are presented as the mean + SD of multiple
repeated experiments; **p< 0.01 and *p< 0.001 versus OIM, indicates statistical significance.

https://doi.org/10.1371/journal.pone.0182716.9001
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without AME, ACME (amnion/chorion membrane extracts) or CME for 3 or 7 days, respec-
tively. On day 7, ALP activity was slightly different in cells treated with AME, ACME and
CME at the concentration of 100 pg/mL compared with that in cells cultured in only OIM (Fig
1B) while a much higher concentration (200 and 400 pig/mL) was clearly determine the signifi-
cantly higher effect of CME on ALP activity than AME (Fig 2A). In addition, CME has poten-
tial ability for promoting osteogenic differentiation when we compared the result of AME and
ACME. Calcium concentration also significantly increased by approximately 25 folds in cells
treated with 800 pg/mL CME (Fig 1C and Fig 2B). In contrast, calcium concentration in cells
treated with the same concentration of AME was only 2- to 3-fold higher than that in cells cul-
tured in only OIM (Fig 1C and Fig 2B). CME treatment also significantly upregulated the
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Fig 2. Potent ability of CME to promote the osteogenic differentiation of MG-63 cells. (A) ALP activity of MG-63 cells cultured in OIM with or
without AME or CME (200-400 ug/mL) for 3 or 7 days was measured. *p< 0.05 and *p< 0.001 versus OIM of day 7. (B) MG-63 cells were cultured
in OIM, and AME or CME was added in a dose-dependent manner. Calcium concentration after 7 days was measured. *p< 0.05 and **p< 0.01
versus OIM. (C) MG-63 cells were cultured in OIM with or without 200 pg/mL of AME or CME to evaluate the expression of osteogenic marker
genes by quantitative real-time RT-PCR. The mRNA levels of 3 genes encoding RUNX2, OSTERIX, and IBSP were determined on days 3 and 7.
Expression of the gene encoding OCN, which is expressed by osteoblasts in the late stage of osteogenic differentiation, was analyzed on day 24.
Results of gene expression were normalized with those obtained for GAPDH and were presented as fold change. *p< 0.05, **p< 0.01, and *p<
0.001, Student’s t-test. (D) MG-63 cells grown in OIM and treated with 400 pg/mL CME were cultured for 9 days and were stained with Alizarin red
S. Control cells were cultured in only OIM. Scale bars represent 500 um. Data are presented as the mean + SD of multiple repeated experiments.

https://doi.org/10.1371/journal.pone.0182716.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0182716  August 10, 2017

6/20


https://doi.org/10.1371/journal.pone.0182716.g002
https://doi.org/10.1371/journal.pone.0182716

@° PLOS | ONE

Chorion membrane extract promotes osteogenesis

expression of osteogenic marker genes encoding RUNX2 (8.939 fold), OSTERIX (1.607 fold),
and IBSP (6.101 fold, p = 0.0292) on day 7 and the gene encoding OCN (3.907 fold, p = 0.0053)
on day 24 (Fig 2C). Although AME treatment upregulated the expression of these osteogenic
marker genes, the upregulation was not significant. Alizarin red S staining showed a strong
increase in the mineralization of MG-63 cells treated with 400 pg/mL CME compared with
that of cells cultured in only OIM (Fig 2D). These results suggested that CME but not AME
markedly stimulated the ALP activity, expression of osteogenic marker genes, and mineraliza-
tion of MG-63 cells during osteogenesis.

Effect of suramin sodium on the inhibition of the osteogenic
differentiation of CME-treated MG-63 cells

To determine whether growth factors present in CME enhanced the osteogenesis of MG-63
cells, we examined the inhibitory effect of suramin sodium, which is known to block the inter-
action of various growth factors such as bFGF, PDGF, EGF, and TGFp-1 with their respective
surface receptors [23-25],on MG-63 cells cultured in OIM supplemented with CME. Expect-
edly, dose-dependent pretreatment of suramin sodium in CME-treated MG-63 cells gradually
impaired their mineralization, as indicated by Alizarin red S staining (Fig 3A) and decrease in
the mRNA levels of genes encoding ALP and IBSP during the early stage of osteogenic differ-
entiation (Fig 3B). Suramin sodium did not affect the osteogenic differentiation of MG-63
cells cultured in only OIM (S3A Fig). These results suggested that growth factors present in
CME were involved in promoting the osteogenesis of MG-63 cells.

Concentrations of osteogenesis-related growth factors in AME and CME

It has been known that bFGF, EGF and TGF-1 are involved in the proliferation and differen-
tiation of osteogenic-lineage cells. However, the stage of osteogenesis in which these growth
factors act on is still unclear [6, 14, 16, 17, 26, 27]. We next evaluated the concentrations of
osteogenesis-related growth factors, including bFGF, TGEB-1, BMP2, and EGF, in AME and
CME by performing ELISA. Results presented in Fig 3 indicated that the concentrations of
bFGF and TGFf-1 were comparable between AME and CME even though AME contained
higher concentrations of TGFB-1 than CME. Interestingly, BMP2, which is currently used to
stimulate bone regeneration [28], was not present in both the extracts while EGF was present
only in AME (Fig 4).

Inhibitory effect of SU5402 and SB505124 on the osteogenic
differentiation of CME-treated MG-63 cells

To investigate whether bFGF and TGFf-1 present in CME positively regulated osteogenesis,
we used SU5402 and SB505124, respectively, to inhibit these growth factors. Results presented
in Fig 4 indicate that CME-induced ECM mineralization was completely abolished after treat-
ment with SU5402 and SB505124 alone or their combination (Fig 5A). Calcium assay also
showed that continuous treatment of CME-treated MG-63 cells with bFGF and TGFp-1 inhib-
itors suppressed calcium deposition during osteogenic differentiation (Fig 5B), which was con-
sistent with the results of Alizarin red S staining. Calcium deposition was more effectively
inhibited by SB505124 than by SU5402; moreover, stable suppression of calcium deposition
was observed in cells treated with a combination of SU5402 and SB505124 (Fig 5B). SU5402
and SB505124 did not affect the osteogenic differentiation of MG-63 cells at the same experi-
mental condition (S3B and S3C Fig). We considered that MG-63 cells cultured for 4 days were
in between the early and middle stages of osteogenic differentiation because these cells rapidly
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Fig 3. Suramin sodium inhibited the effectiveness of CME in promoting the osteogenic differentiation of MG-63 cells. (A) MG-63 cells were seeded
in GM. On the next day, GM was replaced with OIM containing various concentrations of suramin sodium (0-50 pg/mL). After 1 h, the cells were treated with
400 pg/mL CME. After 9 days, mineralization of MG-63 cells was determined by performing Alizarin red S staining. (B) MG-63 cells were pretreated with
suramin sodium (0—100 pg/mL) for 1 h, followed by treatment with 200 ug/mL CME. Expression of genes encoding ALP and IBSP was determined by
quantitative real-time RT-PCR on day 4. *p< 0.05, **p< 0.01, and *p< 0.001 versus only CME. Data are presented as the mean + SD of multiple repeated

experiments.

https://doi.org/10.1371/journal.pone.0182716.9003

reached the late stage of osteogenic differentiation about 10 days of culturing in OIM supple-
mented with 200 pg/mL CME. Therefore, quantitative real-time RT-PCR analysis performed
to evaluate the expression of early osteogenic marker genes such as those encoding ALP and
IBSP on day 4. The mRNA levels of these genes was elevated in cells treated with CME but was
dramatically decreased in cells treated with SU5402 and SB505124 (Fig 5C). These results
clearly indicated that bFGF and TGFp-1 present in CME positively regulated the expression of
osteogenic marker genes and mineralization of the ECM during osteogenesis.

Stimulatory effect of PD153035 on the osteogenic differentiation of AME-
treated MG-63 cells

Next, we determined the effect of EGF present in AME on the osteogenesis of MG-63 cells.
MG-63 cells cultured in OIM were pretreated with EGF-specific inhibitor PD153035, followed
by treatment with the 200 pug/mL of AME. We observed that inhibition of EGF present in
AME markedly increased calcium concentration (Fig 6A). Treatment with a high concentra-
tion of AME (400 pg/mL) did not affect calcium deposition on day 7 compared with that in
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Fig 4. Concentrations of different osteogenesis-related growth factors in AME and CME. (A) A table showing the
relative concentrations of growth factors in AME and CME (picogram of growth factor/milligram of AME or CME). (B)
Histograms showing the distribution of growth factor concentrations in the two membrane extracts from the 3 donors. Data
are presented as the mean + SD of 2 repeated experiments; * p< 0.05, Student’s t-test, indicates statistical significance.

https://doi.org/10.1371/journal.pone.0182716.9004

untreated cells. In contrast, treatment with PD153035 dramatically increased the mineraliza-
tion of MG-63 cells (Fig 6B) under the same experimental condition. Moreover, mRNA levels
of osteogenic marker genes were significantly increased in PD153035-pretreated MG-63 cells
(Fig 6C). PD153035 did not affect the osteogenesis of MG-63 cells, which were confirmed by
calcium assay (S3D Fig). These results suggested that EGF present in AME inhibited the osteo-
genesis of MG-63 cells.

EGF strongly suppressed the osteogenic effects of CME

Results presented in Fig 4 indicated that AME contained various growth factors such as EGF,
bFGF, and TGFB-1. However, AME treatment showed less stimulation of mineralization on
MG-63 cells compared with CME treatment. CME contained appropriate concentrations of
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https://doi.org/10.1371/journal.pone.0182716.g005

bFGF and TGFp-1 but lacked EGF. Next, the effect of EGF concentration (0.1-100 ng/mL) on
osteogenic differentiation was examined in the presence of 400 pg/mL CME. Fig 7A shows
that the stimulatory effect of CME was significantly inhibited by EGF at concentrations as low
as 1 ng/mL. Fig 7B similarly shows that 10 ng/mL EGF inhibited the formation of mineralized
nodules in MG-63 cell culture. We observed that 10 ng/mL EGF completely inhibited CME-
induced mineralization by MG-63 cells at CME concentrations ranging from 400-800 ug/mL
(Fig 7C). Taken together, these data suggested that exogenous EGF treatment strongly sup-
pressed calcium formation and ECM mineralization during the osteogenesis of CME-treated
MG-63 cells.

Strong effects of CME on human MSCs during osteogenesis

Next, we asked if CME could stimulate human mesenchymal stem cells (hMSCs) which are
used as standard cell types for therapy. The morphological change, ALP activity, calcium
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https://doi.org/10.1371/journal.pone.0182716.9006

contents and mineralization of hMSCs were significantly promoted under the OIM condition
with CME (Fig 8). But most important of all, ALP activity of hMSCs has already stimulated in
response to CME treatment with a peak level detected at day 3 (Fig 8B) compared with ALP
activity of MG-63 cells (Fig 2A), suggesting the strong efficacy of CME on the osteogenesis of
hMSCs. Taken together, these results provide clear evidence that CME could be a biocompati-
ble therapeutic material for bone regeneration as a strong stimulator of osteogenesis on

hMSCs.

Comparison of osteogenic effect of growth factors with that of CME

To compare the osteogenic effect of several bone-specific growth factors and CME, we selected
growth factors, bFGF, TGFf-1, EGF and BMP2 which are involved in differentiation of
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osteoblasts [29] and then tested on MG-63 cells and hMSCs with CME. In Fig 9A, bone-related
growth factors alone or their combination did not affect calcium formation of MG-63 cells at
day 9. The ALP activity of hMSCs was slightly increased in treated with bFGF and decreased
in treated with TGFp-1 at day 7 after the induction of osteogenesis (Fig 9B). However, CME
remarkably stimulated the differentiation and mineralization compared with both MG-63 cells
and hMSCs (Fig 9A and 9B). Especially, BMP2 are known to highly induce the osteogenic dif-
ferentiation of osteoblasts [30-33] but low concentration or the short period treatment did not
exert osteogenesis in our study. To further confirm the comparison of osteogenic effect
between growth factors and CME, we treated high concentration of recombinant BMP2,
bFGF, and TGFp-1 alone or their combinations and CME underlying the osteogenic condi-
tion. Analysis after 18 days of treatment with the growth factors or CME showed that treat-
ment with high concentration of BMP2 (500 ng/mL) increased the mineralization of MG-63
cells, as confirmed by Alizarin red S staining (Fig 9C). In contrast, no mineralization was
detected in cells treated with high concentrations (500 ng/mL) of bFGF and TGFpp-1, indicat-
ing that these growth factors did not exert osteogenic effect independently (Fig 9C and S4 Fig).
Surprisingly, treatment with low concentration (100 pg/mL) of CME strongly induced the
osteogenic differentiation of MG-63 cells under the same experimental condition. Treatment
with exogenous bFGF + TGFp-1 and bFGF + TGFB-1+ BMP2 did not exert any synergistic
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effect on the osteogenic differentiation of MG-63 cells (Fig 9C and S4 Fig). Interestingly, the
osteogenic effect of BMP2 was abolished when it was administered in combination with bFGF +
TGEFB-1 (Fig 9C and S4 Fig), implying that this was not an optimal combination for promoting
the osteogenesis of MG-63 cells.

Discussion

The human amniotic membrane has been used as a natural scaffold in tissue engineering since
the early 20 century [34]. AM is a strong, flexible, and translucent biomaterial scaffold con-
taining various growth factors and cytokines that confer it with unique anti-scarring and anti-
inflammatory properties [35]. The natural AM is modified by decellularization to obtain an
acellular AM matrix for clinical use. Decellularization involves the removal of epithelial cells
from the surface of AM by physiological or chemical methods to eliminate immunogenicity
[36, 37]. Koizumi et al. reported that the most growth factors present on the epithelium of AM
are lost during decellularization [38]. Although human CM contains more growth factors and
cytokines than those present on an equal surface area of AM, CM has not been used as a scaf-
fold because it is structurally difficult to operate during decellularization compared with AM.
In this study we prepared human amniotic membrane matrix-extract and evaluated the osteo-
genic differentiation of osteoblast-like cells. The AM matrix-extract is easy to use and storage
in clinical setting and the procedure mentioned in this study did not affect the growth factors
present in intact amnion and chorion membranes. Moreover, we also evaluated the less studies
human CM extract’s effect on the osteogenic differentiation of osteoblasts.
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Bone regeneration is a multistep process characterized by cell migration, coupling, prolifer-
ation and differentiation and involves several cells types such as osteoblasts, osteoclasts, endo-
thelial cells and pericytes [6]. BMPs are the most investigated growth factors involved in bone
regeneration. BMPs diversely affect osteoblast lineage cells and stimulate the proliferation and
differentiation of mesenchymal progenitors, preosteoblasts, and osteoblasts [39, 40]. Particu-
larly, BMP2 recruits bone-lining cells at defected regions and enhances their differentiation by
modulating angiogenesis [41, 42]. Since its FDA approval in 2002, recombinant human BMP2
(rhBMP2) has been used for treating patients with various bone defects [39]. Interestingly,
CME did not contain BMP2, as determined by ELISA (Fig 4). However, osteogenic effect of
CME showed more promising results than BMP2 in the present study (Fig 9). Treatment with
200-400 pg/mL CME might provide an appropriate environment for the differentiation of
MG-63 cells, which reached the late stage of osteogenesis on day 7 and 9 after treatment (Fig
2). These results indicate that CME constituents promote the osteogenesis of MG-63 cells. A
further study is needed to identify the exact component.

With BMP2, growth factors such as bFGF, TGFB-1 and EGF play important roles in bone
regeneration by promoting osteoblast proliferation and differentiation. In our study, treatment
with high BMP2 doses induced ECM mineralization after 18 days; however, the combination
of BMP2 + FGF2 + TGFp-1 did not promote the late-stage differentiation of MG-63 cells (Fig
9 and S4 Fig). However, Alizarin red S staining demonstrated the significant efficacy of CME
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in promoting the mineralization of MG-63 cells compared with that of growth factors alone
and/or their combinations (Fig 9). These results indicated that CME possess potential for bone
formation even in the absence of BMP2. In addition, interplay among different growth factors
may influence stimulatory or inhibitory effects of osteoblasts which may differ among the
combination and ratio of growth factors.

In previous study, we optimized the in vitro dose of BMP2 as 500 ng/mL for enhancing
osteogenesis on MG-63 cells at 20 days after the treatment in OIM. Therefore, here we used
500 ng/mL BMP?2 as the highest concentration in single growth factor treatment for increasing
mineralized nodule formation on MG-63 cells (Fig 9). Previous studies reported much lower
concentration of growth factors for in vitro osteogenic differentiation on human and mouse
MSCs [7, 43]. The optimum dosage of growth factors for in vitro osteogenesis may vary by the
cell type used in the experimental system. For example, in our study lower concentration of
bFGF have shown an increased ALP activity hMSCs at day 7, however, no effect on MG-63
cells (Fig 9). The reason could be the different ability of cells as an osteoblast on in vitro osteo-
genic differentiation. In addition, the promoting effect of growth factors on osteogenesis may
differ by the period of in vitro ostoegenesis. Many studies commonly used low growth factor
doses and long culture period for in vitro differentiation of osteoblasts. Here, in order to detect
the stimulatory effect of CME on osteogenesis during short differentiation period, we treated
high concentration of growth factors and compared the efficacy of osteogenesis. Our results
showed that CME significantly promoted mineralization and calcium accumulation only at 7
and 9 days after osteogenic induction while high doses of growth factors could not enhance
the osteogenesis of MG 63 cells. Therefore, the potential ability of CME for osteogenesis was
much better than several bone-specific growth factors, even if high concentration of growth
factors were used under the same experimental condition and period.

Growth factors are known to be involved in proliferation and differentiation of osteo-pro-
genitor cells. Previous data showed that osteogenesis of rat MSCs was promoted by adding
bFGF in the earlier stages followed by the treatment of BMP?2 at the later stage [7]. They deter-
mined the temporal and synergistic effect of bFGF and BMP2 on osteogenesis and explained
the reason; the treatment of bFGF at the early stage increased the total number of cells, which
may also increase the BMP2 receptors on the cell surfaces to enhance the binding potential
with added BMP2 at the late stage. In this study, our main focus was to study the differentia-
tion effects of growth factors on osteogenesis of MG-63 cells, rather than the proliferation
effects. We constantly applied growth factors to study the osteogenic effects on MG63 cells and
compared with CME. The temporal and multiple combination of growth factors for osteogen-
esis will consider in our future experiments. Furthermore, the optimal time for growth factor
addition and dosages during osteogenesis further needs to study to understand the natural spa-
tiotemporal process of bone regeneration. Altogether, our results showed that CME is a com-
plete natural solution that is easier to apply to enhance osteogenesis than selectively addition
of bone-specific growth factors during differentiation of osteoblasts.

Recent studies have suggested that continuous treatment with rhBMP2 leads to adverse such
as carcinogenesis and excessive bone regeneration [39, 44, 45]. Therefore, CME might be an
excellent alternative to BMP2 for bone regeneration because it is easy to obtain, is more safe and
biocompatible for in vivo application, and promote the osteogenic differentiation of osteoblasts.

The bFGF has biological activities including proliferation, migration, angiogenesis, and
bone differentiation. However, the osteogenic effects of bFGF on osteoblasts are controversial.
Dombrowski et al. have shown that blocking of FGF signaling using the chemical inhibitor
SU5402 increases mineralization of rat bone marrow stem cells (rMSCs) in OIM for 21 days
[46]. However, we cultured MG-63 cells in OIM with SU5402 for only 9 days. No detectable
change of mineralization was observed during 9 days on MG-63 cells cultured in OIM
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containing SU5402 (S3 Fig). Collectively, it implies that FGF signaling does not affect osteo-
genic differentiation at the early stage of osteogenesis whereas this specific signaling has nega-
tive effect on the late stage of osteogenic differentiation, suggesting the continuous activation
of FGF signaling may be unnecessary for osteogenic differentiation in in vitro system. In addi-
tion, a new fining recently supported by Kim et al., identified DJ-1 protein which is a novel
osteogenic factor to promote the osteogenesis of MSCs through the activation of FGF signaling
[47]. We have shown the inhibitory effect of SU5402 on the osteogenic differentiation of
CME-treated MG-63 cells (Fig 5), indicating that CME may contain an osteogenic stimulator
to enhance mineralization of osteoblast-like cells via FGF signaling like DJ-1.

In the present study, we evaluated the effects of CME on the differentiation of osteoblast-
like MG-63 cells and hMSCs. The effect of CME on other bone lineage cells and different types

of osteoblasts in vitro and in vivo needs to be evaluated along with the mechanism underlying
the stimulation of osteogenesis by CME.

Conclusion

Both AME and CME enhanced the osteogenesis of MG-63 cells; however, CME was more
effective in promoting osteogenesis than AME. We found that bFGF and TGFp-1 present in
both the extracts positively regulated the osteogenic differentiation of MG-63 cells while EGF
present in AME negatively regulated the osteogenic differentiation of MG-63 cells (Fig 10).
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Fig 10. Proposed mechanisms underlying the effect of growth factors present in AME and CME on the osteogenic differentiation of MG-
63 cells. (A) Of the several growth factors presentin CME, bFGF and TGF-1 positively regulated the expression of osteogenic marker genes,
which subsequently promoted ECM mineralization during the osteogenic differentiation of MG-63 cells. (B) AME contained high concentrations of
EGF along with bFGF and TGFB-1. bFGF and TGFf-1 upregulated the expression of osteogenic marker genes, which positively affect to the
formation of mineralization, like CME. In contrast, activation of EGF signaling in AME-treated MG-63 cells decreased the expression of osteogenic
marker genes, thus preventing these cells from entering the late stage of osteogenic differentiation, which is characterized by ECM mineralization.

https://doi.org/10.1371/journal.pone.0182716.g010
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Based on their growth factor composition, AME and CME exerted differential effects on the
expression of osteogenic marker genes, which in turn affected the mineralization of MG-63
cells during osteogenesis (Fig 10). Moreover, our results clearly indicated the excellent capacity
of CME in promoting bone regeneration compared with that bFGF, TGFp-1, and BMP2 alone
or in combination. Therefore, we suggest two possible translational approaches to various
bone disease such as osteoporosis and osteopetrosis. The first strategy is a combination treat-
ment of CME with stem cells which may use in bone defect to promote bone growth and heal-
ing. On the other hand, AME may provide a new therapeutic strategy to modulate the bone
density or calcification during bone regeneration by modifying osteogenic efficacy of AME
using EGFR inhibitors.

The exact regulatory mechanisms underlying the mineralization of osteoblasts induced by
growth factors and proteins in the human amniotic membrane are unclear. However, our find-
ings clearly indicate the potential of CME in promoting the osteogenic differentiation of osteo-
blast-like cells and human bone marrow derived MSCs, suggesting that it can be used as a
novel therapeutic biomaterial for bone regeneration.

Supporting information

S1 Fig. Image of human amniotic membranes and extracts. (A) Representative images
showed amnion, chorion, and conjoined amnion/chorion membrane. (B) AME and CME
were prepared as described in Material and Method section shown here.

(TTF)

S2 Fig. Osteogenesis of MG-63 cells. (A) Expression profiles of ALP activity were determined
during MG-63 osteogenesis. GM: growth medium and OIM: Osteogenesis Induction Medium.
(B) Calcium contents of MG-63 cells during osteogenesis were analyzed by performing the cal-
cium assay at day 7 after the induction. (C) The mRNA levels of osteogenic markers, ALP,
IBSP, RUNX2, OSTERIX and OCN were examined by quantitative RT-PCR about 4 days after
the induction of osteogenesis. *p< 0.01 and **p< 0.001, Student’s t-test. Data are presented as
the mean + SD of multiple repeated experiments.

(TIF)

$3 Fig. Suramin sodium, SU5402, and SB505124 did not affect the osteogenesis of MG-63
cells. The experiment performed without CME treatment at the same condition described (A)
in Fig 2A, (B) in Fig 4A, (C) in Fig 4B, and (D) in Fig 5A, respectively. Data are presented as
the mean + SD of multiple repeated experiments.

(TTF)

$4 Fig. Recombinant human growth factors did not induce the mineralization of MG-63
cells. The experimental condition described in Fig 7. Microscope images showed MG-63 cells
cultured in OIM with bFGF (500 ng/mL), TGFB-1 (500 ng/mL), CME (100 pg/mL), bFGF

+ TGFp-1 (500 ng/mL of each growth factor), and bFGF + TGFB-1 + BMP2 (500 ng/mL of
each growth factor). Scale bars represent 500 pm.

(TTF)

S1 Table. List of primers and product sizes for quantitative real-time RT-PCR.
(DOCX)
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