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Aims: This study investigated the effects of hyaluronic acid (HA), a commonly used osteogenic medium referred
to as DAG, and the combined administration of HA and DAG (CG) on the osteogenic differentiation of human
amniotic mesenchymal stem cells (hAMSCs), and the underlying mechanism.

Main methods: The phenotype of hAMSCs was detected by flow cytometry and immunocytochemical staining.
Alkaline phosphatase (ALP) and calcium deposition assays were employed for evaluating the osteogenic dif-
ferentiation of hAMSCs. The expression of osteogenesis-related genes and proteins was determined by quanti-
tative reverse transcription PCR (QRT-PCR) and Western blotting, respectively. Meanwhile, the molecular me-
chanism of osteogenic differentiation of hAMSCs was detected by PCR array and qRT-PCR.

Key findings: The results showed that treatment with CG could significantly stimulate hAMSC ALP activity and
calcium deposition compared to treatment with DAG, while HA had little effect. The expression of osteogenesis-
related molecules and stemness-related molecules was up-regulated at the mRNA and protein levels in all three
groups, and this up-regulation was most significant in the CG group. In addition, treatment with CG significantly
increased the gene expressions involved in regulation of the TGF-B/Smad signalling pathway compared to
treatment with DAG. Furthermore, the pro-osteogenic differentiation effects as well as the up-regulated ex-
pression of genes observed in the CG treatment group were significantly inhibited when the cells were pre-
treated with SB431542, an inhibitor of the TGF-3/Smad pathway.

Significance: These results suggest that HA in combination with DAG could significantly enhance the osteogenic
differentiation of hAMSCs, potentially via the TGF-3/Smad signalling pathway.

1. Introduction

Bone defects caused by trauma, infection, bone tumour excision,
and other reasons are a major clinical challenge. Surgical techniques
including autogenous bone grafting and the Ilizarov distraction tech-
nique are commonly employed to repair bone defects [1]. However, the
use of these methods is restricted by the lack of available bone for the
first approach, and the long treatment time needed for the second ap-
proach [2]. Stem cell-based bone tissue engineering is a promising
approach that offers an alternative treatment option for repairing bone
defects. Human amniotic mesenchymal stem cells (hAMSCs), a major
type of adult mesenchymal stem cells, have a high capacity for self-

renewal and can differentiate into different cell types such as bone
(osteoblasts), cartilage (chondrocytes), and fat (adipocytes) [3]. Upon
in vivo transplantation, hAMSCs are able to secrete a wide range of
bioactive molecules, such as cellular growth factors and im-
munosuppressive factors, and create a microenvironment that promotes
tissue repair and regeneration. Furthermore, hAMSCs present no risk of
immunogenicity or tumorigenicity in vivo [4,5]. In addition, hAMSCs
are isolated from the amniotic membrane after delivery, and as such are
not considered to be controversial in terms of medical ethics. Thus,
hAMSCs are potential candidates for stem cell transplantation therapy
of repairing bone defects, whose efficient and directional osteogenic
differentiation in vitro is an important issue.
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Hyaluronic acid (HA) is a linear non-sulphated glycosaminoglycan
composed of repeating disaccharide units of N-acetyl-D-glucosamine
and D-glucuronic acid that is widely found in body fluid and tissues,
such as connective, epithelial, and skin tissues. It is a major structural
component of the extracellular matrix in mammalian tissues, and reg-
ulates diverse biological processes, including cell proliferation, differ-
entiation, migration, and adhesion, via receptors such as CD44 [6]. HA
plays multiple roles in skeletal biology, including facilitating migration
and condensation of mesenchymal cells, forming joint cavities, and
promoting long bone growth; it also participates in bone remodelling by
controlling osteoclast, osteoblast, and osteocyte behaviour [7,8]. Thus,
HA could be used to regulate osteoblastic differentiation. Some recent
studies have reported that HA regulates osteoblastic differentiation in
different tissue-specific cell types. Huang et al. reported that HA in-
duced osteoblastic differentiation in rat calvarial-derived mesenchymal
cells through a molecular weight (MW)-specific mode of action, i.e., low
MW HA (60kDa) increased cell proliferation and osteocalcin mRNA
expression without osteoblastic differentiation, while high MW HA
(900 and 2300 kDa) increased all of the parameters tested and induced
osteoblastic differentiation [9]. In contrast, Nakata's research group
found that high MW HA (900-1200 kDa) inhibited bone morphogenetic
protein (BMP)-induced osteoblastic differentiation by signalling
through the CD44 receptor in mouse myoblast cells and mouse bone
marrow cells [10]. Another group reported that high MW HA
(2000 kDa) enhanced BMP-2-induced osteogenic differentiation in a
human osteoblastic cell line MG63 cells by down-regulating the ex-
pression level of BMP-2 antagonists (noggin and follistatin) and the
phosphorylation level of ERK protein [11]. Therefore, the osteogenic
bioactivity of HA is debatable, and it is unclear whether low MW HA
(< 900kDa) facilitates osteoblastic differentiation. We hypothesized
that the regulatory properties of HA depended not only on its MW but
also on the cell type.

HA-based hydrogel scaffolds are one of the most promising mate-
rials for bone tissue repair, because they are biodegradable and non-
immunogenic. The scaffolds are typically constructed using HA alone
and/or in combination with other components to improve their osteo-
genic potential. For example, HA hydrogel has been used as a carrier to
deliver recombinant human BMP-2 (rhBMP-2). Ossipov's research
group constructed a modified HA hydrogel containing an engineered
integrin-specific ligand that effectively enhanced the osteogenic po-
tential of rhBMP-2 [12]. Totey's group found that the use of a tripo-
lymer combining chitosan, collagen type 1, and HA was more effective
at enhancing osteoblastic differentiation and calcium deposition in
human bone marrow-derived mesenchymal stem cells than each of the
three individual polymers alone [13].

Therefore, HA has shown excellent application potential in the field
of bone defect repair, either is used as osteogenic differentiation reg-
ulator directly or scaffold material. However, the regulatory role and
mechanism of different molecular weight HA on osteogenic differ-
entiation of different stem cells remain largely unknown. The aim of
this study was to investigate the effects of low MW HA with 300 kDa on
osteoblastic differentiation in hAMSCs, and to determine the underlying
mechanism by which HA promotes osteoblastic differentiation.

2. Materials and methods
2.1. Reagents

HA (300kDaMW) was purchased from Seebio Biotech, Inc.
(Shanghai, China). Low- or high-glucose Dulbecco's Modified Eagle
Medium (LG/HG-DMEM), trypsin, GlutaMAX, non-essential amino
acids (NEAAs), foetal bovine serum (FBS), and -mercaptoethanol were
purchased from GIBCO Industries, Inc. (Langleg, OK, USA). D-Hank's
buffer, phosphate-buffered saline (PBS), and antibiotics (penicillin and
streptomycin) were obtained from Sino American Biotechnology Co.
(Shanghai, China). Dexamethasone (DXM), pf-glycerol phosphate
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disodium, r-ascorbic acid, collagenase II, DNase I, and Alizarin red S
(ARS) were all purchased from Sigma-Aldrich, Inc. (St. Louis, MO,
USA).

2.2. Isolation and primary culture of hAMSCs

The study and use of the human amnion were approved by the
Ethics Committee of Affiliated Hospital of Zunyi Medical University
(Zunyi, China). Primary hAMSCs were isolated from the placentas of
healthy donors who delivered full-term babies by Caesarean using a
mechanical and two-step enzymatic digestion procedure [4]. The cells
were inoculated into 25-cm? cell culture flasks (Corning, NY, USA) at a
density of 5 x 10> cells/flask in mesenchymal stem cell growth media
(MSCGM), which consisted of LG-DMEM with 10% (v/v) FBS, 1% (v/v)
L-GlutaMAX, 1% (v/v) NEAA, 55 umol/L -mercaptoethanol, 10 ng/mL
bFGF, and 1% (v/v) antibiotics, and was maintained at 37 °C in an in-
cubator with an atmosphere consisting of 5% CO,, 95% air, and 100%
relative humidity. The cell growth medium was replaced every three
days, and the cells were passaged at 70% to 80% confluence. Cells at
passage 3 (P3) were used for this study. All of the experiments were
performed at least three times.

2.3. Phenotypic identification of hRAMSCs

The hAMSCs were identified by flow cytometry on the basis of cell
surface markers. For the flow cytometric analysis, a fluorescein iso-
thiocyanate (FITC)-conjugated mouse anti-human CD90 monoclonal
antibody, an allophycocyanin (APC)-conjugated mouse anti-human
CD73 monoclonal antibody, a PerCP-Cy5.5-conjugated mouse anti-
human CD105 monoclonal antibody, and phycoerythrin (PE)-con-
jugated mouse anti-human monoclonal CD44, CD34, CD11b, CD19,
CD45, and HLA-DR antibodies were obtained from BD Pharmingen (San
Diego, CA, USA). Isotype control fluorescent-labelled mouse IgG
monoclonal antibodies (IgG1 x-FITC, IgG1 x-APC, IgG1 k-PerCP-Cy5.5,
IgG1 «-PE, IgG2a «-PE, IgG2b k-PE), also from BD Pharmingen, were
used as the controls. P3 hAMSCs in the logarithmic growth phase were
harvested and washed twice with Dulbecco's PBS (D-PBS) containing
1% (m/v) bovine serum albumin. Cell viability was determined using
trypan blue exclusion staining, after which 200 L of the cell suspension
at a density of 1.5 x 10° cells/mL was added to each tube and 10 pL of
the directly conjugated CD antibodies listed above was added to each
sample. Next, the cell suspensions were gently mixed by oscillation and
incubated at room temperature in the dark for 25 min. Then, 2 mL of D-
PBS containing 0.1% (m/v) NaN3 was added to each tube. The tubes
were centrifuged at 400 RCF for 5min and the supernatant was dis-
carded. The resulting cell pellet was re-suspended with 200 pL of D-PBS
containing 4% (m/v) paraformaldehyde per tube and was analysed
using the BD FACSCalibur flow cytometry (FCM) system and CellQuest
software (BD, NJ, USA).

The hAMSCs were also identified using immunocytochemical
staining (ICC) for mesenchymal cell biomarkers. For the ICC staining of
cell smears, coverslips were placed in an optical grade 6-well plate
under sterile conditions, then P2 hAMSCs were inoculated at a density
of 2 x 10° cells/well and maintained at 37 °C in mesenchymal stem cell
growth media in a 5% CO, incubator. The cell smear was taken out and
washed three times with D-PBS for 5 min per wash when the cells were
in the logarithmic growth phase. The cells were then fixed with 4% (m/
v) paraformaldehyde at room temperature for 30 min. After three 5 min
washes with D-PBS, the cells were permeabilized with 0.3% (v/v)
Triton X-100 for 15 min at room temperature. Following three more
washes with D-PBS, the cells were blocked with 3% (v/v) H,O, for
10min and 10% (v/v) normal goat serum for 30 min at room tem-
perature in the dark. Then, the coverslips were washed and incubated at
4°C overnight with or without mouse anti-human vimentin or cyto-
keratin 19 primary antibodies (Sigma, MO, USA); D-PBS was used in-
stead of the primary antibody as the negative control. Next, the
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coverslips were washed three times with D-PBS to remove the primary
antibody and incubated with an HRP-conjugated secondary antibody
(GenTech, Shanghai, China) at 37 °C for 30 min. The coverslips were
washed three times for 5 min each, and then stained with 3’-diamino-
benzidine tetrahydrochloride (DAB) for 3-5min at room temperature.
After washing with distilled water, the cells were counterstained with
haematoxylin (Solarbio, Beijing, China).

2.4. hAMSC osteogenic experiments

For the osteogenic differentiation experiments, P3 hAMSCs were
seeded in 6-well plates (Corning, NY, USA) at 2 X 10° per well in
MSCGM, as described above. When the cells reached 50% confluence,
they were treated with a final concentration of 0.1, 0.2, 0.5, or 1.0 mg/
mL HA. The ideal concentration of HA, which was determined to be
0.5mg/mL, was used for all of the subsequent experiments. The four
treatment groups investigated in this study were: the negative control
group (CON), the HA treatment group (HA), the positive drug control
group (DAG), and the HG + DAG group (CG). For the CON group,
hAMSCs were grown in MSCGM only. The HA group was supplemented
with 0.5mg/mL HA, the DAG group was supplemented with 100 nM
DXM, 50 mg/L-ascorbic acid, and 10 Mm f-glycerol phosphate dis-
odium (a cocktail combination frequently referred to as DAG), and the
CG group was supplemented with 0.5 mg/mL HA and DAG. For the
long-term osteogenic differentiation experiments, the active ingredients
listed above were added to each group when the medium was changed
every three days.

2.5. Alkaline phosphatase (ALP) staining and enzymatic activity

hAMSCs cultured under the different osteogenic induction condi-
tions for 7 days and 14 days were assayed for ALP staining and activity.
ALP staining was performed using a 5-bromo-4-chloro-3-indolyl-phos-
phate (BCIP)/nitro-blue-tetrazolium (NBT) alkaline phosphatase colour
development kit (Beyotime, Shanghai, China) following the standard
procedures. ALP activity was quantified using an alkaline phosphatase
assay kit (Beyotime, Shanghai, China) according to the manufacturer's
protocol, and the absorbance at 405 nm was measured using a micro-
plate reader (Multiskan™ GO, ThermoFisher, USA). The total protein
content in the same sample was measured using a BCA protein assay kit
(Beyotime, Shanghai, China). ALP activity relative to the control group
was calculated after normalization to the total protein content. All of
the experiments were performed in triplicate, and the results are re-
presentative of at least three independent experiments.

2.6. Mineralization assay and quantification

Mineralization (calcium deposition) of hAMSCs at 21 days was as-
sayed and quantified by ARS staining. Prior to staining, the cell growth
medium was removed from the hAMSCs, and the cells were washed
three times with D-PBS for 5min. The cells were then fixed with 4%
paraformaldehyde at room temperature for 30 min. After another three
washes, they were stained with 40 mM ARS for 5min at room tem-
perature. Subsequently, the cells were washed three times with D-PBS
and images were taken. For quantitative determination of the degree of
mineralization, the ARS stain bound by the differentiated osteoblasts
was eluted at 37 °C for 30 min with 1 mL of 10% (m/v) cetylpyridinium
chloride per well. Then, 100 uL/well of the eluted stain was transferred
to a 96-well plate, and the absorbance of the eluted solution was
measured at 562nm using a Multiskan™ GO microplate spectro-
photometer (Thermo Fisher Scientific, USA).

2.7. Quantitative reverse transcription PCR

The relative expression levels of osteogenic marker genes and
stemness genes in cells grown under the different conditions were
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Table 1
Primer sequences of genes tested.
Gene Sequence(5” — 3") GI (accession) Product
length (bp)
RunX2 For: TCCACACCATTAGGGACCATC NM_001024630.3 136
Rev: TGCTAATGCTTCGTGTTTCCA NM_001015051.3
NM_001278478.1
Osx For: CCTCTGCGGGACTCAACAAC NM_001173467.2 128
Rev: AGCCCATTAGTGCTTGTAAAGG  NM_152860.1
NM_001300837.1
Ocn For: CTCACACTCCTCGCCCTATT NM_199173.4 239
Rev: AACTCGTCACAGTCCGGATT
BSP For: CCCCACCTTTTGGGAAAACCA NM_004967.3 109
Rev:
TCCCCGTTCTCACTTTCATAGAT
Collal  For: GTGCGATGACGTGATCTGTGA NM_000088.3 119
Rev: CGGTGGTTTCTTGGTCGGT
ALP For: NM_000478.4 140
GCGCAAGAGACACTGAAATATGC
Rev: TGGTGGAGCTGACCCTTGAG NM_001127501.2
4-Oct For: AAGGATGTGGTCCGAGTGTG NM_002701.5 180
Rev: GAAGTGAGGGCTCCCATAGC NM_203289.5
NM_001173531.2
NM_001285986.1
NM_001285987.1
Nanog For: CCCCAGCCTTTACTCTTCCTA NM_024865.3 97
Rev: CCAGGTTGAATTGTTCCAGGTC
BMP5 For: NM_021073.2 107
ACGAAAGACGGGAAATACAAAGG
Rev:
CATAAAGAGAGGTGCAGAGGACG
GDF10 For: AGATCGTTCGTCCATCCAACC NM_004962.3 108
Rev:
GGGAGTTCATCTTATCGGGAACA
TGF-f2  For: CCCCGGAGGTGATTTCCATC NM_003238.3 140
Rev: NM_001135599.2
GGGCGGCATGTCTATTTTGTAAA
SMAD2  For: CCGACACACCGAGATCCTAAC NM_005901.5 125
Rev: NM_001135937.2
GAGGTGGCGTTTCTGGAATATAA NM_001003652.3
SMAD3  For: TGGACGCAGGTTCTCCAAAC NM005902.3 920
Rev: CCGGCTCGCAGTAGGTAAC NM_001145102.1
NM_001145103.1
NM_001145104.1
SMAD4  For: CTCATGTGATCTATGCCCGTC NM_005359.5 146
Rev:
AGGTGATACAACTCGTTCGTAGT
SMADS5  For: CCAGCAGTAAAGCGATTGTTGG NM_005903.6 220
Rev: GGGGTAAGCCTTTTCTGTGAG NM_001001419.2
NM_001001420.2
B-Actin  For: TGGCACCCAGCACAATGAA NM_001101.3 186

Rev:
CTAAGTCATAGTCCGCCTAGAAG

investigated at 7, 14, and 21 days after osteoinduction by real-time
quantitative reverse transcription polymerase chain reaction (qRT-
PCR), as described previously [4]. Briefly, total RNA was extracted from
hAMSCs using the RNAiso Plus extraction kit (Takara Bio, Dalian,
China) according to the manufacturer's instructions. The extracted RNA
was treated with a DNase I solution to remove any contaminating DNA
and further purified using a RNeasy® MinElute™ Cleanup Kit (Qiagen).
The purity and concentration of the resulting RNA were measured using
a NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific, USA).
c¢DNA was prepared from total RNA using the PrimeScript™ RT reagent
kit (Perfect Real Time, Takara Bio, China), according to the manufac-
turer's instructions. A SYBR® Premix Ex Taq™ II kit (Perfect Real Time,
Takara Bio, China) and a CFX96™ Real-Time PCR detection system (Bio-
Rad, CA, USA) were used for the qRT-PCR analysis. The amplification
protocol consisted of an initial denaturation and enzyme activation step
at 95 °C for 30 s, followed by 40 cycles of 95 °C for 5s and 60 °C for 30's.
B-actin was used as the internal control for mRNA expression levels.
The primers used for qRT-PCR are shown in Table 1. Relative gene
expression levels (the amount of target gene expression, normalized to
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the internal control gene expression) were calculated using the 2~ 44Ct

method.
2.8. Western blotting analysis

The relative expression level of each osteogenic protein under dif-
ferent conditions was measured at 7, 14, and 21days after os-
teoinduction by Western blotting, as described previously [4]. In brief,
the growth media were discarded, and the hAMSCs were washed 2-3
times with D-PBS. Total protein and/or nuclear proteins were isolated
using total protein extraction and nuclear-cytosol extraction kits (Ap-
plygen, Beijing, China) following the manufacturer's protocols. The
protein concentration was measured using a BCA protein assay kit
(Beyotime, Shanghai, China) according to the manufacturer's instruc-
tions. Primary antibodies against RunX2, Osx, ALP, Collal, BSP, and f-
actin (Abcam, Cambridge, UK) were diluted 1:1000 to 1:10000 and
added to the membranes, which were then incubated at 4 °C overnight.
After overnight incubation, any unbound primary antibodies were re-
moved by washing the membranes three times for 5 min each with Tris-
buffered saline. Subsequently, the membranes were incubated with
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG
secondary antibodies (Abcam, Cambridge, UK) diluted 1:10,000 at
room temperature for 1 to 2h. The membranes were then rinsed three
times for 5 min each with Tris-buffered saline. Finally, the membranes
were visualized using an ECL kit (Beyotime, Shanghai, China). Band
intensities were quantified using a ChemiDoc™ MP Imaging System
(Bio-Rad, CA, USA) and Image J 1.46a software. The background was
subtracted, and the signal of each target protein band was normalized
to that of the loading control ($-actin) band.

2.9. Microarray and bioinformatics

Signalling pathway analysis was performed using the human os-
teogenesis RT? Profiler™ PCR array (PAHS-026Z, SABiosciences), which
monitors 84 different genes associated with osteogenesis, according to
the manufacturer's instructions. The 96-well PCR array also contains 12
internal control genes, including a panel of five housekeeping genes
(ACTB, B2M, GAPDH, HPRT1, and RPLPO), a human genomic DNA
contamination control, three reverse transcription controls, and three
positive PCR controls. A 2X SuperArray PCR master mix (Cat. No.
330522) was used to amplify the cDNA from the hAMSC samples after
osteoinduction, according to the manufacturer's instructions. The PCR
program was as follows: an initial polymerase activation/denaturation
step at 95 °C for 10 min, followed by 40 amplification cycles of 95 °C for
15s and 60°C for 1min. The data were analysed using the
SABiosciences web portal (http://pcrdataanalysis.sabiosciences.com).
Gene expression levels were determined using the comparative Ct
method. The values were normalized by subtracting the geometric
mean of the Ct values for the housekeeping gene from the Ct value of
each gene of interest. Housekeeping genes whose Ct values varied
by > 2-fold among the conditions were excluded [14].

2.10. Statistical analysis

At least three independent replicates were performed for all of the
experiments. Data are expressed as the mean * standard deviation
(SD). The statistical differences were analysed by one-way ANOVA and
Student's t-test. P-values lower than 0.05 were considered to indicate
statistical differences.
3. Results
3.1. hAMSCs phenotypes

As shown in Fig. 1, the hAMSCs used in the study expressed high
levels of surface protein biomarkers, including CD90 (91.30 + 5.31%),
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CD73 (91.22 * 5.19%), CD105 (96.88 + 3.28%), and CD44
(98.12 + 3.49%), while the hematopoietic stem cell surface markers
CD34, CD45, CD11b, CD19, and HLA-DR were either expressed at very
low levels or not expressed at all. In addition, the hAMSCs showed
strong, diffuse expression of vimentin, but did not express CK19. These
results are consistent with the minimal criteria for defining human
multipotent mesenchymal stromal cells as proposed by the Mesench-
ymal and Tissue Stem Cell Committee of the International Society for
Cellular Therapy [15], and confirmed the mesenchymal origin of the
cells.

3.2. Effect of HA on hAMSCs osteogenic differentiation

hAMSCs were induced for 7, 14, and 21 days under different os-
teoinduction conditions. Cell morphology and density were observed
using an inverted microscope; the images are shown in Fig. 2A. hAMSCs
in the DAG and CG treatment groups showed morphological changes at
7 days: the cells transitioned from the typical long-spindle morphology
to short-spindle, triangle, or polygonal shapes with clear boundaries
between the cells. However, hAMSCs treated with HA alone exhibited
very little change in cell shape. After 14 days of treatment, hAMSCs in
both the DAG and CG groups displayed a paving stone-like pattern.
Then, 21 days post-osteoinduction, overlapping cell growth was ob-
served, in addition to the formation of some light-tight cell nodules. By
this time point, most of the long-spindle-shaped hAMSCs in the CON
and HA groups also exhibited irregular shapes.

The differentiation of mesenchymal stem cells (MSCs) into osteo-
blasts is a crucial step in bone formation. ALP, an ectoenzyme secreted
by mature osteoblasts, is an early phenotypic marker for osteogenic
differentiation of stem cells. ALP activity is typically present on the
seventh day after in vitro osteoinduction, and ALP staining is visible
after 14 days of osteogenic induction [16]. However, both ALP activity
and staining were apparent after 7 days of osteogenic induction by DAG
and CG in the present study, as shown in Fig. 2B and D. There was no
difference between the DAG and CG groups. A substantial increase in
ALP expression was observed 14 days post-osteoinduction, and this
expression was significantly higher in the CG treatment group than in
the DAG treatment group, which suggests that HA has a marked sy-
nergistic effect in combination with DAG (a positive stimulator).
However, the HA group did not exhibit ALP activity, and the ALP
staining results were similar to those from the negative control group
(CON), as shown in Fig. 2B and D.

Osteogenic differentiation of MSCs results in mineralization or the
formation of osteoblast nodules, which is a marker for osteogenic dif-
ferentiation. As such, on day 21 of the osteoinduction experiments, the
formation of mineralized nodules in hAMSCs was assessed by Alizarin
red S (ARS) staining, and the amount of mineralization was quantitated
by eluting the ARS stain from the differentiated osteoblasts. As shown
in Fig. 2C and E, treatment with HA alone only gave rise to negative or
minimal ARS staining, similar to the negative control, indicating that
the cells in the HA group did not display mineralization. The cells in the
DAG and CG treatment groups exhibited characteristic osteoblast no-
dules. Furthermore, a significant increase in ARS staining was observed
in the CG group compared with the DAG group, which was confirmed
by quantitative analysis of ARS, as shown in Fig. 2E. Therefore, the
results of the ALP activity and ARS staining assays demonstrated that
HA in combination with DAG significantly promoted the osteogenic
differentiation of hAMSCs, and that HA alone did not directly induce
hAMSC osteogenesis.

3.3. Effect of HA on the expression of osteogenic differentiation-specific
genes and proteins in hAMSCs

To determine the effect of HA on the molecular changes that occur
during hAMSC osteogenic differentiation, we examined the relative
expression levels of the osteogenesis-associated genes RunX2, Osx, BSP,
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genes tested were significantly higher in the CG group than in the CON the CG group than in the DAG group on days 14 and 21, except for
and DAG groups on day 7. The expression levels of all of the genes Collal. In addition, treatment with HA resulted in slightly increased
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Fig. 3. Relative expression levels of osteogenesis-related genes in hAMSCs. (A) Relative expression level of RunX2 mRNA; (B) Relative expression level of Osx mRNA;
(C) Relative expression level of BSP mRNA; (D) Relative expression level of Ocn mRNA; (E) Relative expression level of ALP mRNA; (F) Relative expression level of
Collal mRNA. CON: negative control group; HA: HA treatment group; DAG: positive drug control group; CG: HG + DAG. The data are expressed as the mean + SD
(n = 3). Compared with CON, *P < 0.05, **P < 0.01; compared with DAG, P < 0.05, “*P < 0.01.

expression levels of all of the genes tested at the different time points in
comparison to CON, except for Collal on day 21. The expression of
each gene tested remained at approximately the same level at each time
point for the CON and HA treatment groups, with the exception of
Runx2 and ALP, which were markedly up-regulated, and Collal, which
was remarkably down-regulated, on day 21. However, the expression
levels of all of the osteogenic genes tested in the induction groups (DAG
and CG) clearly decreased over the course of the hAMSC differentiation
process. In addition, the trend in Runx2 and ALP expression levels was
consistent with the osteogenic differentiation period. Next, the ex-
pression levels of osteogenesis-associated proteins, including RunX2,
Osx, BSP, ALP, and Collal, were determined, as shown in Figs. 4A and
B. The changes in protein expression were not completely synchronized
with the changes in transcription over the course of the osteogenic

differentiation process, especially for RunX2, BSP, and Collal. For
example, Runx2 expression was essentially consistent for all of the
treatment groups on days 7 and 14, except for the DAG group on day
14. Runx2 expression increased by about 1.5-fold for the HA group and
2-fold for the DAG and CG groups by day 21 (Fig. 4B-a). Similarly,
inconsistent with the mRNA findings were the protein levels of BSP and
Collal, which increased from day 7 and peaked at day 14 in the DAG
and CG groups. Furthermore, BSP and Collal were expressed at
slightly lower levels in the CG group than in the DAG group at these
time points (Figs. 4B-c and -e). However, treatment with HA alone re-
sulted in the increased expression of Runx2, Osx, BSP, and ALP com-
pared with the negative control group at day 21, and Runx2, BSP, and
ALP expression were higher in the CG group than in the DAG group.
However, in contrast to the ALP gene expression results (Fig. 3), the
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(n = 3). Compared with CON, *P < 0.05, **P < 0.01.

synergistic effect of HA and DAG on osteoinduction was not evident
from the ALP protein assay results (Fig. 4).

3.4. Effect of HA on stemness-related genes in hAMSCs during osteogenic
differentiation

To investigate the changes in stemness-related gene expression
during the osteogenic differentiation of hAMSCs, the expression of Oct4
and Nanog was examined on days 7, 14, and 21. As shown in Fig. 5, the
stemness genes tested were expressed at relatively stable levels in the
CON group throughout the entire time course. At early time points, the
expression levels of these stemness genes were significantly higher in
the DAG and CG groups than in the other groups. Similar results were
observed on day 21. Interestingly, treatment with HA alone resulted in
increased expression of the stemness genes tested. Furthermore,

combined treatment with HA and DAG (CG group) had a positive sy-
nergistic effect on the expression of stemness genes at days 7 and 21.

3.5. 3.5 HA promotes osteogenic differentiation by activating the TGF-3/
Smad signalling pathway

A human osteogenesis RT? Profiler PCR array was used to measure
the expression of 84 genes involved in signalling pathways, as shown in
Table 2, and to determine the involvement of specific signalling path-
ways in the observed effect of HA on hAMSC osteogenic differentiation.
The candidate genes were selected on the basis of the absolute value
(not < 2) of fold change of gene expression levels. The results from the
RT? Profiler PCR array showed that 19 genes that are typically activated
during osteogenic differentiation were significantly up-regulated or
down-regulated by at least 2-fold in the hAMSCs treated with
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HA + DAG group as compared with the DAG group (Fig. 6), and that
their expression levels were associated with different stages of hAMSC
osteogenic differentiation. For example, ACVR1, BMP3, BMP5,
BMPRI1j, CHRD, FGF1, SMAD2, SPP1, and TNF were significantly up-
regulated on day 7 and then down-regulated on day 14. Based on the
different genes identified by this screening process, we concluded that
the TGF-B/Smad signalling pathway was involved in mediating the
synergistic promotion of osteogenic differentiation of hAMSCs by HA
and DAG. Next, SB431542 (10 mM), a potent and selective inhibitor of
TGF-f signalling, was used to treat cells in the DAG and CG treatment
group during osteogenic differentiation of hAMSCs. As shown in
Fig. 7A, the CG group exhibited greater ALP staining than the DAG
group after 7 days of treatment, as mentioned above. The addition of
SB431542 resulted in a notable decrease in ALP staining in the CG
group but had no effect on ALP staining in the DAG group. Treatment
with SB431542 also inhibited the pro-differentiation effect of CG,
which resulted in a notable down-regulation of the expression of the

Table 2
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Fig. 5. Relative expression levels of stemness-related genes in
hAMSCs. (A) Relative expression level of Oct4; (B) Relative
expression level of Nanog. CON: negative control group; HA:
HA treatment group; DAG: positive drug control group; CG:
HG + DAG. The data are expressed as mean = SD (n = 3).
Compared with CON, *P < 0.05, **P < 0.01; compared
with DAG, *P < 0.05, ¥#P < 0.01.

21

Time (d)

osteogenesis-associated genes RunX2, Osx, and Ocn, and especially ALP
and Collal, in the CG group (Fig. 7B). The addition of SB431542 to the
DAG group only had a slight, if any, effect on the expression of these
genes. Finally, we determined the expression levels of some of the key
transcription factors involving the TGF-/Smad signalling pathway,
including TGF-$2, BMP5, and GDF10, and Smad2, 3, 4, and 5, in the
DAG and CG groups. As shown in Fig. 7C, treatment with CG resulted in
a significant increase in the expression of most of these factors com-
pared to DAG treatment. Furthermore, the addition of SB431542
markedly inhibited the expression of these factors in the CG group, and
only had a slight, if any, effect on the expression of these factors in the
DAG group.

4. Discussion

hAMSCs are an important resource for tissue regeneration, repair,
and reconstruction owing to their stemness properties and capacity for

The 84 genes of interest representing human osteogenesis pathways tested in this study.

Skeletal Development

ACVR1 (ALK2) BMPR1j (ALK6) COL2A1
BMPR1a (ALK3) CSF1 (MCSF) BMP5
EGFR (ERBS1) FGF2 (BFGF) COL2al
GDF10 (BMP3B) SMAD1 (MADH1) IGF1
SMAD3 (MADH3) TGFBR1 (ALK5) NOG
TNFSF11 (RANKL) TGFj2 TWIST1
ALPL COMP FGFR1
BMPR2 GLI1 MMP8
Bone Mineral Metabolism

ACVRI1 (ALK2) BMPRI1a (ALK3) BGLAP
BMPR1J (ALK6) SMAD3 (MADH3) IGF1
FGF2(BFGF) CDHI11 COMP
VDR BMPR2 FGFR2
Extracellular Matrix Molecules

FLT1(VEGFR1) COL14al COL15al
SERPINH1 (HSP47) COL10al MMP10
AHSG CTSK BGN
Cell Adhesion Molecules

EGFR (ERBB1) BMPRI1 (ALK6) CDH11
TNFSF11(RANKL) CSF1(MCSF) TNF
SMAD3(MADH3) ITGa3 ITGaM
COMP SOX9 TGFS1
Growth Factors

CSF2 (GM-CSF) CSF3 (GCSF) EGF
FGF2 (BFGF) GDF10 (BMP3B) VEGFA
Transcription Factors

SMAD1 (MADH1) SMAD2 (MADH2) TWIST1

SMAD3 (MADH3) SMAD4 (MADH4) SMADS5 (MADHS5)

SOX9 BMP1 AHSG BGLAP
BMP6 BMP7 BMP3 BMP4
COLlal CTSK DLX5 CHRD
IGFIR IGF2 IHH MMP2
RUNX2 S0X9 SP7 SPP1
BGLAP BMP2 TNF TGFB3
CDH11 TGFfR2 MMP9 BMP1
TGFB1 FGFR2

BMP2 BMP4 BMP6 BMP7
ANXA5 S0X9 TGFB1 TGFB3
EGF GFB1 ITGB1 MMP2
CALCR AHSG TWIST1 MMP8
COLlal COLla2 COL2al COL3al
MMP2 MMP8 MMP9 PHEX
COL5a1 ALPL

COL14al COL2a1 BMP1 ICAM1
EN1 VCAM1 CD36 COL3al
ITGB1 IHH BGLAP COL15al
ITGa2 ITGal COL5a1

FGF1 IGF1 IGF2 PDGFA
VEGFB

RUNX2 SOX9 GLI1 NFkB1
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A Amplification Plot B Fold-change
Gene Day? Dayld Day21 GenBank ID Description
ACVR1 2,11 110 -1.04 NM_001105 activin A receptor, type I
1.000 AHSG -1.11 1.60 -3.58 NM_001622 alpha-2-HS-glycoprotein

ALPL 1.09 2,12 -1.18 NM_000478 alkaline phosphatase, tissue-nonspecific isozyme
BMP3 222 -1.55 -1.29 NM_001201  bone morphogenetic protein 3
BMPS 10.22 1.44 5.05 NM_021073  bonemorphogenetic protein 5
BMPR1p 228 -2.30 1.97 NM_001203  bone morphogenetic protein receptor, type I beta
CALCR -133  -146 3.65 NM_001742  calcitonin receptor
CHRD 230 -1.08 1.02 NM_003741  chordin

1;000 gt COL2al 1.48 1.18  -2.31 NM_001844  collagen, type II, alpha 1

) CSF3 126 -2.40 1.44 NM_000759  colony stimulating factor 3 (granulocyte)

FGF1 2.03 1.53  -1.03 NM_000800 fibroblast growth factor 1 (acidic)
FGFR1 1.65 -3.92 1.03 NM_015850 fibroblast growth factor receptor 1
GDF10 134 1937 2.67 NM_004962  growth differentiation factor 10
MMP10 -1.04 1.03  -2.65 NM_002425 matrix metallopeptidase 10 (stromelysin 2)
SMAD2 248 -1.27 -1.04 NM_005901 SMAD family member 2

— SPP1 2.01 1.42 1.07 NM_000582  secreted phosphoprotein 1
TNF 452 -1.03 -326 NM_000594 tumor necrosis factor
TNFSF11 -1.34 322 -1.53 NM_003701 tumor necrosis factor (ligand) superfamily, member 11

° VCAM1 1.00 270 -1.40 NM_001078  vascular cell adhesion molecule 1

p2M 216 137 1.03 NM_004048  beta-2-microglobulin

Note: CG vs PG

Fig. 6. Differential osteogenic differentiation gene expression profiles induced by treatment with CG and DAG in hAMSCs, as determined by PCR array. (A)
Representative PCR array amplification curve of one sample after CG treatment; (B) Genes whose expression changed > 2-fold between samples, as indicated by the

PCR array.
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multilineage differentiation. In this study, we investigated the ability of
HA to induce osteogenesis in hAMSCs and the underlying mechanism of
this process. Our data showed that HA alone was able to enhance the
expression of some osteoblast-specific genes in hAMSCs but did not
induce ALP activity or promote the formation of mineralized nodules.
However, HA worked synergistically with DAG (a standard cocktail for
inducing the osteogenic differentiation of stem cells) to promote
hAMSC differentiation into osteoblasts, potentially via the TGF-3/BMP
signalling pathway.

HA is a polysaccharide and the activity of polysaccharides is closely
related to their MWs. The regulation of osteoblast differentiation by HA
similarly depends on its MW. As described previously, low MW HA
(60kDa) inhibits osteoblastic differentiation, and high MW HA

Fig. 7. Synergistic mechanism analysis of HA-induced osteo-
genic differentiation in hAMSCs. (A) Expression of ALP, as
determined by staining, on day 7 (a: DAG; b: CG; c:
DAG +SB431542; d: CG + SB431542; scale bar: 200 pm; 40 x
magnification); (B) Relative expression levels of osteogenesis-
related genes on day 7; (C) Relative expression levels of TGF-$
signalling pathway associated-genes on day 7; DAG: positive
drug control group; CG: HG + DAG; The data are expressed as
the mean # SD (n = 3). The final concentration of SB431542
was 10 mM. Compared with DAG *P < 0.05, **P < 0.01;
compared with CG * P < 0.05, *# P < 0.01; compared with
DAG + SB431542 group &P < 0.05, 24P < 0.01.

(900 kDa, 2300 kDa) facilitates osteoblastic differentiation in rat cal-
varial-derived cells [9]. High MW HA (2000 kDa) potentiates BMP-2-
induced osteoblastic differentiation in human osteoblastic lineage
MG63 cells via the down-regulation of antagonists and ERK phosphor-
ylation [11]. Recent data have also shown that high MW HA
(1110-2630 kDa) increases the expression of typical osteogenic differ-
entiation genes, such as ALP, Runx-2, and Ocn, at the mRNA level in
rabbit bone marrow-derived stem cells. Furthermore, ALP, Runx-2, and
Ocn mRNAs are expressed in a MW-dependent manner. The higher the
MW of HA, the higher the mRNA expression [17]. In contrast, other
research groups have shown that the osteoblastic differentiation in-
duced by BMP-2 in C2C12 cells (mouse myoblastic cells) and ST2 cells
(mouse bone marrow cells) is significantly down-regulated by high MW
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HA (900-1200 kDa), and high MW HA negatively regulates osteoblastic
differentiation via the CD44 receptor when over 80% of the C2C12 and
ST2 cells are CD44-positive [10]. High MW HA (2000 kDa) does not
promote the expression of osteogenesis-related genes, including ALP,
Ocn, Opn, and BMP-2, at the mRNA level in human periodontal liga-
ment cells [18]. Therefore, the effect of HA on osteogenic differentia-
tion is debatable. In this study, we show for the first time that low MW
HA (300kDa) can regulate osteogenic differentiation in hAMSCs. Po-
sitive osteogenesis inducer enhanced osteogenic differentiation of
hAMSCs but this effect was shown to be enhanced by addition of HA.
These findings are in agreement with previous studies that found that
high MW HA inhibits cell differentiation [10,18], but contradict other
studies [9,17]. Therefore, we concluded that HA-mediated regulation of
osteoblast differentiation may be cell type-dependent. HA participates
in many cellular functions via receptors, such CD44, RHAMM, and
TLR4; CD44 is the main HA receptor, and RHAMM can compensate for
the loss of CD44 [10,17]. However, there are significant differences in
the expression levels and types of HA receptors in different cell types.
For example, CD44 is highly expressed by mesenchymal stem cells
(including hAMSCs) but is absent or only expressed at low levels in
human amniotic epithelial cells. Thus, it is possible that HA interacts
with different receptors to affect various cell events in different cell
types, such that its effects are not only dependent on MW.

The osteogenic differentiation of MSCs in vitro is usually divided
into three stages: the cell proliferation stage, early cell differentiation
stage, and later cell differentiation stage [19]. Cell proliferation is sig-
nificantly enhanced when human MSCs are cultivated for longer per-
iods with the routinely used osteogenic inducer DAG. After the initial
adhesion and proliferation of human MSCs, their maturation into the
osteogenic lineage is an essential step for osteogenesis [20]. The cell
maturation and mineralization that takes place during osteogenesis is
tightly regulated by signalling molecules, including hormones, cyto-
kines, and transcription factors. Runx2 is a master osteogenic tran-
scription factor [21], particularly at the early stage of osteoblast dif-
ferentiation. Runx2 induces osteoblast differentiation by promoting the
transcription and translation of key osteogenic genes, such as Collal,
Ocn, BSP, and Opn, by binding to the osteoblast-specific element at the
early stage of differentiation, and induces calcification by increasing
ALP activity [22,23]. Previous studies have demonstrated that the
major component in DAG, DXM, promotes mesenchymal stem cell
proliferation [24] and induces mesenchymal stem cell differentiation
into osteoblasts by activating Runx2 expression through a FHL2/[3-ca-
tenin signalling-dependent mechanism in which DXM induces the up-
regulation of the endogenous activator FHL2, the interaction of FHL2
and B-catenin in the presence of Wnt3a potentiates 3-catenin nuclear
translocation, and the binding of nuclear B-catenin to TCF/LEF leads to
Runx2 transcription [25]. We previously showed that HA increases the
expression of Wnt3a, cyclin D1, and 3-catenin in hAMSCs and promotes
hAMSC proliferation by activating canonical Wnt/3-catenin signalling
[4]. In the present study, we found that HA acted synergistically with
the osteogenesis inducer DAG, leading to higher transcription levels of
all of the osteogenesis-related genes tested, including Runx2, Ocn,
Collal, ALP, Osx, and BSP in hAMSCs, in comparison to the negative
control group and/or the positive control group (which was treated
with DAG only). Furthermore, in the early stage of differentiation, HA
alone significantly promoted Runx2 expression in hAMSCs 7 days post-
treatment. These findings suggest that HA behaves similarly to DXM by
signalling via Wnt at the early stage of osteoinduction differentiation in
mesenchymal stem cells. In addition, our results showed that HA sig-
nificantly increased ALP activity on day 14 and mineralization on day
21 in hAMSCs in the late stage of differentiation, and acted synergis-
tically with DAG to induce osteogenesis osteoinduction, as determined
by ALP activity and the degree of calcium deposition. Therefore, HA in
combination with DAG may enhance osteogenic differentiation in
hAMSCs by up-regulating the expression of the key osteogenesis-related
gene RUNX2 at the early differentiation stage.
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In this study, a distinct non-synchronous change between mRNA
and protein expression levels was observed for most of the osteoblast-
specific factors tested during hAMSC osteoinduction differentiation. For
example, ALP mRNA expression induced by DAG peaked at day 7, de-
creased sharply at day 14, then remained constant over time (Fig. 3E),
whereas the ALP protein level increased progressively over time
(Fig. 4B-d). This is consistent with a previous study [26]. However,
treatment with HA and DAG resulted in a bimodal pattern of ALP
mRNA expression, i.e., ALP mRNA expression peaked at day 7, de-
creased at day 14, and peaked again at day 21 (Fig. 3E). Furthermore,
ALP protein expression (Fig. 4B-d) in the CG group was consistent with
its mRNA expression (Fig. 3E) over the course of the hAMSC osteogenic
differentiation process. This suggests that CG and DAG may induce
osteogenic differentiation by distinct mechanisms.

The biochemical signals by which HA induces an osteogenic re-
sponse in stem cells are yet to be fully elucidated. In humans, there are
at least 15 bone morphogenic proteins (BMPs), which belong to the
TGF-f superfamily. BMPs, especially BMP-2, 6, and 9, are known to
promote osteogenesis, strongly induce the osteoblast differentiation of
mesenchymal stem cells in vitro, and are the most osteogenic BMPs in
vivo [10,11,27]. Furthermore, signal transduction studies have shown
that Smad1, 5, and 8 are the immediate downstream molecules of the
above-mentioned BMP receptors and play a central role in osteogenic
differentiation [10,28]. Thus, the Smad-dependent BMP signalling
pathway plays an important role in the osteogenic differentiation of
mesenchymal stem cells. Accordingly, we hypothesized that the sy-
nergistic osteogenic effect induced by HA and DAG in hAMSCs was
regulated by the Smad-dependent BMP signalling pathway. A human
osteogenesis RT* Profiler PCR Array was employed at three different
time points in the study. The results showed that most of the genes
whose expression levels were affected by combined treatment with HA
and DAG were involved in the TGF-3/BMP signalling pathway at the
early differentiation stage. Furthermore, ALP, Collal, and Ocn mRNA
expression was significantly reduced in the CG group (which was
treated with both HA and DAG) when the TGF-B/BMP signalling
pathway was blocked, while the expression of Runx2 and Osx did not
change. In addition, there was no change in the expression levels of any
of the tested genes in the DAG group when this signalling pathway was
blocked. As mentioned above, the osteogenic differentiation of stem
cells is a multistep and complex physiological process, and it is very
inefficient to stimulate differentiation by a single factor or method. Just
as bone tissue engineering focuses on three key elements, i.e. seed cells,
biological growth factors, and biocompatible scaffolds, to enhance bone
formation and repair in vivo, the synergistic effect of multiple factors
can be applied as an attractive strategy for the osteogenic differentia-
tion of stem cells in vitro. For example, shin et al. found that the com-
bination of proper mechanical stretching and epigallocatechin-3-gallate
(EGCG) promoted the osteogenic differentiation of human mesench-
ymal stem cells (hMSCs) [29]. Carvalho et al. also demonstrated that
the supplement of osteopontin (OPN) and osteocalcin (OC) in the os-
teogenic differentiation medium enhanced osteogenic differentiation of
human bone marrow mesenchymal stem/stromal cells (hBM MSC)
[30]. Recently, similar to our work, cerium (one of the lanthanides), in
combination with DAG, was shown to have a potent osteogenic dif-
ferentiation-promoting effect on mouse bone marrow-derived me-
senchymal stem cells, involved in activating the TGF-3/BMP signalling
pathway [16]. Indeed, different signalling pathways with diverse
functions may be involved in the osteogenic differentiation of me-
senchymal stem cells. For example, BMP9, a potent osteogenic factor
(as mentioned above), induces osteogenic differentiation in mesench-
ymal stem cells by initiating a well-coordinated cascade of diverse
signalling events, including TGF-3/BMP, Wnt/B-catenin, Notch, and
MAPKs [31]. Therefore, the mechanism by which HA combines with
DAG to synergistically induce osteogenic differentiation in hAMSCs
requires further elucidation.

In addition, combined treatment with HA and DAG significantly
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Fig. 8. A schematic diagram showing the proposed mechanism of HA in combination with DAG enhanced the osteogenic differentiation of hAMSCs through the TGF-

B/Smad signalling pathway.

promoted the transcription of the stemness genes Oct4 and Nanog at the
early and/or late differentiation stages of hAMSC osteogenic differ-
entiation. Oct4 and Nanog are essential transcription factors that reg-
ulate the stemness properties (self-renewal and pluripotency) of stem
cells. As described previously [32-34], Oct4 and Nanog control a cas-
cade of signalling pathways that are intricately connected to the reg-
ulation of self-renewal, differentiation, genome surveillance, and cell
fate determination in stem cells. Furthermore, the up-regulation of Oct4
and Nanog maintains stemness and regenerative potential and inhibits
the expression of aging-related genes and the aging of adult stem cells
[35,36]. Therefore, harnessing the synergistic osteoinductive effects of
HA and DAG could help promote bone repair in the context of re-
generative medicine.

5. Conclusions

In conclusion, the present study demonstrated that treatment with
HA alone, and especially in combination with DAG, up-regulates the
expression of osteoblast-specific genes and promotes the osteogenic
differentiation of hAMSCs through the TGF-3/BMP signalling pathway
(Fig. 8). Harnessing the synergistic effect of HA and DAG could be used
to enhance osteogenesis in the context of regenerative medicine.
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