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TGF-f1 promotes the osteoinduction of human osteoblasts
via the PI3K/AKT/mTOR/S6K1 signalling pathway

ZHAODONG ZHANG'", XIUZHI ZHANG'?*, DEWEI ZHAO', BAOYI LIU', BENJIE WANG', WEITING YU,
JUNLEI L1'?, XIAOBING YU'?, FANG CAO®, GUOSHUANG ZHENG', YAO ZHANG' and YUPENG LIU'

lDepartrnent of Orthopaedics, The Affiliated Zhongshan Hospital of Dalian University, Dalian, Liaoning 116001;
2Department of Special Materials and Devices, Institute of Metal Research, Chinese Academy of Science,

Shenyang, Liaoning 110016; 3Department of Biomedical Engineering, Faculty of Electronic Information

and Electrical Engineering, Dalian University of Technology, Dalian, Liaoning 116024, PR. China

Received July 9, 2018; Accepted March 6, 2019

DOI: 10.3892/mmr.2019.10051

Abstract. Transforming growth factor f1 (TGF-f1) has been
suggested to be a candidate cytokine in the field of bone tissue
engineering. Cytokines serve important roles in tissue engi-
neering, particularly in the repair of bone damage; however,
the underlying molecular mechanisms remain unclear. In the
present study, the effects of TGF-f1 on the osteogenesis and
motility of hFOBI1.19 human osteoblasts were demonstrated
via the phenotype and gene expression of cells. Additionally,
the role of the phosphatidylinositol 3-kinase/protein
kinase B/mammalian target of rapamycin/S6 kinase 1
(PI3K/AKT/mTOR/S6K1) signalling pathway in the effects of
TGF-p1 on osteoblasts was investigated. It was demonstrated
using Cell Counting Kit-8 and flow cytometry assays that the
proliferation of human osteoblasts was promoted by 1 ng/ml
TGF-p1.1In addition, alkaline phosphatase activity, Alizarin red
staining, scratch-wound and Transwell assays were conducted.
It was revealed that osteogenesis and the migration of cells
were regulated by TGF-P1 via the upregulation of osteogenic
and migration-associated genes. Alterations in the expres-
sion of osteogenesis- and migration-associated genes were
evaluated following pre-treatment with a PI3K/AKT inhibitor
(LY294002) and an mTOR/S6K1 inhibitor (rapamycin), with
or without TGF-f1. The results indicated that TGF-p1 affected
the osteogenesis and mineralisation of osteoblasts via the
PI3K/AKT signalling pathway. Furthermore, TGF-f31 exhib-
ited effects on mTOR/S6K1 downstream of PI3K/AKT. The
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present study demonstrated that TGF-f31 promoted the prolif-
eration, differentiation and migration of human hFOB1.19
osteoblasts, and revealed that TGF-f1 affected the biological
activity of osteoblasts via the PI3K/AKT/mTOR/S6K1 signal-
ling pathway. Our findings may provide novel insight to aid
the development of bone tissue engineering methods for the
treatment of bone injury.

Introduction

The development of tissue engineering has aided the identifi-
cation of novel approaches in the repair and treatment of bone
damage. The bone tissue engineering process for repair involves
the growth of seed cells using scaffold materials, frequently
in the presence of cytokines, to generate tissue-engineered
bone, and its potential use in clinical settings has been
investigated (1,2). At present, the development of orthopaedic
tissue engineering scaffolds is progressing rapidly, with
the production of porous tantalum, degradable magnesium,
hydroxyapatite and high polymer materials (3). Scaffolds
provide seed cells a spatial structure for adhesion, prolifera-
tion and differentiation, and regulate tissue regeneration and
reconstruction (1,4,5).

Growth factors are biologically active cytokines that stim-
ulate the growth of cells. The binding of growth factors to cell
membrane receptors is a specific, high-affinity process that
regulates the growth and development of cells. Growth factors
are used to promote the bone formation ability of an implant
via surface modifications without altering the overall physical
properties of the implant, thereby regulating the bone-repair
microenvironment. For example, bone morphogenetic
protein 2 (BMP-2) is frequently used for surface modification
studies in implants and is used primarily in the treatment of
fresh fractures, bone defects and avascular necrosis of the
femoral head (6). It was demonstrated that BMP-2 promoted
the proliferation, migration and osteogenic differentiation of
mesenchymal stem cells (MSC), and induced bone formation
in vivo (7,8). In addition, vascular endothelial growth factor
(VEGF), an important regulator of vascular development and
angiogenesis, serves a crucial role in skeletal development.
Poh et al (9) immobilised VEGF on the surface of titanium
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alloys. VEGF-modified implants increased the survival and
proliferation of endothelial cells, and promoted the differentia-
tion of human MSCs into endothelial cells, aiding angiogenesis
and the formation of novel bone tissue (10,11). These studies
demonstrated that the use of growth factors to modify the
surface of the implant promoted the osteointegration of the
implant material.

Transforming growth factor 1 (TGF-f1) is the most
abundant cytokine in bone cells (12). Osteoblasts secrete large
quantities of TGF-f1, which serves an important role in the
process of bone turnover (13). A member of the TGF-f3 super-
family, TGF-f1, promotes the proliferation and osteogenic
differentiation of bone cells (14,15). Additionally, it exhibits a
notable chemotactic effect on human osteoblasts; this effect is
particularly evident at low concentrations of TGF-f1 (16). It was
demonstrated that TGF-B1 promoted the absorption of osteo-
clasts, and that novel bone formation was stimulated by in vivo
injection of TGF-B1. Furthermore, it was revealed that TGF-f1
released by osteoclasts stimulated novel bone formation and
reduced the extent of subsequent bone resorption (17). TGF-f1
may exhibit therapeutic potential in wound healing (18).
Previously, Chen et al (19) applied TGF-31 to porous titanium
loaded with gelatine microspheres, and observed that TGF-f1
promoted the adhesion, proliferation and differentiation of
MG63 osteosarcoma cells. Lamberg ez al (20) demonstrated
that the localised delivery of TGF-f1 enhanced the stability
of titanium implants and promoted attachment. TGF-p1 has
received increasing attention regarding the modification of
scaffold materials.

TGF-B1 is involved in a series of physiological and
biochemical processes, due to the complexity of its regula-
tion of cell biological activity and the levels of protein
phosphorylation observed in numerous associated signal-
ling pathways. TGF-f signalling pathways typically involve
TGF-f receptor-mediated suppressor of mothers against
decapentaplegic (Smad)-dependent or -independent signal-
ling (21). The former promotes the proliferation, chemotaxis
and differentiation of bone cells, and reduces the secretion of
receptor activator of nuclear factor x-B ligand/osteoprotegerin
via TGF-f3-Smad signalling to inhibit osteoclast differentia-
tion (22). The latter affects osteoblasts via mitogen-activated
protein kinase (MAPK) kinase (MKK)-p38MAPK or
MKK-extracellular signal-regulated kinase 1/2 signalling (23).
TGF-p suppresses Runt-related transcription factor 2 (Runx?2)
to inhibit the differentiation of osteoblasts (24). Furthermore,
an association between the TGF-f family and the phosphati-
dylinositol 3-kinase/protein kinase B (PI3K/AKT) signalling
pathway has been reported (25). The PI3K/AKT signalling
pathway has been identified as important in the survival,
growth, proliferation and differentiation of cells (21-23). A
recent study reported that inhibition of the PI3K/AKT signal-
ling pathway promoted osteoblast injury (26). Additionally,
PI3K/AKT activity promotes cell survival via the downstream
mTOR pathway and participates in the metabolism, prolifera-
tion and angiogenesis of cells (27,28).

At present, the effects of TGF-§1 signalling on the migra-
tion and mineralisation of human osteoblasts remain unclear.
In the present study, the effects of TGF-f1 on osteoblast migra-
tion and mineralisation were investigated and the role of the
PI3BK/AKT/mTOR/S6K1 signalling pathway was determined.
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Materials and methods

Cell culture. Human foetal osteoblast hFOB1.19 cells
(American Type Culture Collection, Manassas, VA, USA) were
incubated at 37°C with 5% CO, and cultured in Dulbecco's
Modified Eagle's medium (DMEM; HyClone; GE Healthcare
Life Sciences, Logan, UT, USA) supplemented with 10%
fetal bovine serum (HyClone; GE Healthcare Life Sciences),
100 pg/ml streptomycin and 100 IU/ml penicillin. Cells of
passages 3-6 were selected for experiments.

Cell proliferation assay. hFOB1.19 osteoblasts
(5x10° cells/well) were cultured in a 96-well plate for 24 h
at 37°C. Then, the medium was replaced and supplemented
with TGF-f1 (0, 0.5, 1, 2, 5 and 10 ng/ml; PeproTech China,
Suzhou, China). Following incubation at 37°C for 1, 3 or
5 days, 10 ul Cell Counting Kit-8 (CCK-8) reagent (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) was added
to wells. Following incubation for a further 2 h at 37°C, the
absorbance at 450 nm was detected (650 nm reference) using
an iMark™ microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Cell cycle measurement by fluorescence-activated cell
sorting. hFOB1.19 human osteoblasts (5x10* cells/well) were
cultured in a 6-well plate for 24 h at 37°C. Then, the medium
was replaced and supplemented with TGF-p1 (0, 0.5, 1,2, 5
and 10 ng/ml) for 24 h at 37°C. The cells were subsequently
washed with PBS, removed by 0.25% trypsin/EDTA solution
for 5 min at 37°C and centrifuged at 282 x g for 5 min at room
temperature. Subsequently, cells were washed twice with PBS
and fixed in 70% ethanol for =1 h at -20°C. They were washed
twice to remove the ethanol, and propidium iodide/RNase
Staining Buffer (BD Biosciences, Franklin Lakes, NJ, US) was
added to the cells. Following incubation for 15 min at 37°C,
cells were analyzed using a flow cytometer (BD FACSDiva
software; version 7.0; BD Biosciences) within 1 h. The DNA
content of cells was measured by flow cytometry to determine
the cell cycle stage of cells.

Alkaline phosphatase (ALP) staining. ALP staining was
performed to evaluate osteoblastogenic activity (29).
hFOBI1.19 osteoblasts (5x10* cells/well) were cultured in
a 6-well plate and treated with TGF-$1 (0, 0.5, 1, 2, 5 and
10 ng/ml), in the presence or absence of a PI3K/AKT inhibitor
(10 uM LY294002; PeproTech, Inc., Rocky Hill, NJ, USA) or
an inhibitor of mammalian target of rapamycin/S6 kinase 1
(mTOR/S6K1; 100 nM rapamycin) (30). Following incuba-
tion for 7 days at 37°C, osteoblasts were washed with PBS
two times, fixed in 4% paraformaldehyde (PFA) for 10 min
at room temperature and washed with deionised water
twice. Cells were incubated with a 5-bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) ALP
colour development kit (Beyotime Institute of Biotechnology,
Haimen, China) for 1 h at 37°C and washed with deionised
water two times. Then, images were acquired using a phase
contrast microscope equipped with a charge-coupled device
(CCD) camera (magnification, x100). Image-Pro Plus 6.0
(Media Cybernetics, Inc., Rockville, MD, USA) was used to
evaluate the percentage of the total stained area.
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Alizarin red S staining. Alizarin red S staining was performed
to evaluate the extent of Ca** deposition in the extracellular
matrix. hFOB1.19 human osteoblasts (5x10* cells/well) were
cultured in a 6-well plate and treated with TGF-B1 (0.5, 1, 2,
5 and 10 ng/ml), with or without 10 xM LY294002 or 100 nM
rapamycin. Negative control (NC) cells were not treated with
the compounds. Following incubation for 14 days at 37°C,
osteoblasts were rinsed with PBS twice, fixed in 4% PFA
for 10 min at room temperature and washed with deionised
water twice. Cells were incubated with 1% (w/v) Alizarin
red at pH 4.4 for 40 min at 37°C and subsequently washed
with deionised water two times. Then, images were captured
using a CCD camera-equipped phase contrast microscope
(magnification, x100). The Alizarin-positive area was evalu-
ated as a percentage of the total area using Image-Pro Plus 6.0.

Transwell assay. A migration assay was conducted using
24-well Transwell inserts (8-um pores; Costar; Corning, Inc.,
Corning, NY, USA). The cells were treated with TGF-31
(0,0.5,1,2,5 and 10 ng/ml), with or without 10 xM LY294002
or 100 nM rapamycin. In the assay, 5x10° hFOB1.19 osteoblast
cells cultured with DMEM containing 0.1% FBS (200 ul)
were seeded in the upper chambers, and DMEM containing
1% FBS (HyClone; GE Healthcare Life Sciences) (500 ul)
was added to the lower chambers. Following incubation for
24 h at 37°C, the cells on the upper surface of the membrane
were gently removed using a cotton swab. Cells penetrating to
the lower surface of the inserts were fixed with methanol for
10 min at room temperature, stained with 0.1% crystal violet
for 10 min at room temperature and counted using a light
microscope (magnification, x100). Five randomly-selected
fields were used to count the migrating cells in each well.
Data are presented as the mean + standard error of the mean
for five randomly-selected fields per sample. Assays were
independently performed in triplicate.

Scratch-wound assay. hFOB1.19 osteoblasts (5x10* cells/well)
were cultured in a 6-well plate and treated with TGF-f1
0,0.5,1,2,5 or 10 ng/ml), with or without 10 zM LY294002
or 100 nM rapamycin at 37°C with 5% CO,. The cell layer
was wounded using a 200-ul pipette tip. The scratched wells
were washed with PBS three times and cultured in serum-free
medium for 24 h at 37°C. The initial wounding and cell
movement in the scratched area were monitored using a CCD
camera-equipped phase contrast microscope (magnification,
x100) to quantify the number of cells that had migrated into
the wounded area within 24 h.

Reverse transcription-quantitative polymerase chain
reaction (RT-gPCR). hFOB1.19 human osteoblasts
(5x10* cells/well) were cultured in a 6-well plate and treated
with 1 ng/ml TGF-p1, 10 puM LY294002 and/or 100 nM
rapamycin. Following incubation for 14 days, total RNA
isolation was performed using an RNeasy Mini kit (Qiagen,
Inc., Valencia, CA, USA), according to the manufacturer's
protocols. The purity and concentration of RNA was deter-
mined via spectrophotometry at 260 nm and 260/280 nm.
The extracted RNA was reverse transcribed using a
PrimeScript™ II first Strand cDNA Synthesis kit (Takara
Biotechnology Co., Ltd., Dalian, China). RT reactions were
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Table I. Primer sequences for Osterix, Runx2, OC, OPN, MMP-2,
MMP-9 and f-actin.

Gene Sequence

Osterix Forward: 5'-GCGGCAAGGTGTATGGCAAGG-3'
Reverse: 5-GCAGAGCAGGCAGGTGAACTTC-3'

Runx2 Forward: 5'-AACAGCAGCAGCAGCAGCAG-3'
Reverse: 5'-GCACCGAGCACAGGAAGTTGG-3'

OCN  Forward: 5'-CAGGCGCTACCTGTATCAATGGC-3'
Reverse: 5'-GCCGATGTGGTCAGCCAACTC-3'

OPN Forward: 5'-AGCGAGGAGTTGAATGGTGCATAC-3'

Reverse: 5-AATCTGGACTGCTTGTGGCTGTG-3'
MMP-2 Forward: 5'-GCCTCTCCTGACATTGACCTTGG-3'

Reverse: 5'-CACCACGGATCTGAGCGATGC-3'
MMP-9 Forward: 5'-TCCTGGTGCTCCTGGTGCTG-3'
Reverse: 5'-CTGCCTGTCGGTGAGATTGGTTC-3'
Forward: 5'-AGCCATGTACGTTGCTATCCA-3'
Reverse: 5'-ACCGGAGTCCATCACGATG-3'

[B-actin

MMP, matrix metalloproteinase; OCN, osteocalcin; OPN, osteopontin;
Osterix, transcription factor Sp7; Runx2, Runt-related transcription factor 2.

performed using a RT-qPCR System (Eppendorf, Hamburg,
Germany) with the following thermocycling conditions:
10 min at 37°C, 30 min at 42°C and 5 min at 95°C The
primers [transcription factor Sp7 (Osterix), Runx2, osteoc-
alcin (OCN), osteopontin (OPN), matrix metalloproteinase
(MMP)-2, MMP-9 and B-actin] were synthesised by Sangon
Biotech Co., Ltd. (Shanghai, China) and are presented in
Table I. gPCR was conducted using an ABI QuantStudio™
7 Flex (Applied Biosystems; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and SYBR® Green PCR master mix
(Thermo Fisher Scientific, Inc.). Reactions were incubated
in a MicroAmp® 96-well reaction plate (Thermo Fisher
Scientific, Inc.) at 95°C for 10 min, followed by 40 cycles at
95°C for 15 sec and at 60°C for 1 min. B-actin was used as
an internal standard. Data were analysed using QuantStudio
Real-Time PCR Software (version 2.1; Thermo Fisher
Scientific, Inc.). mRNA expression levels were normalised
to B-actin and calculated using the 2424 method (31). All
samples were analysed three times.

Western blot analysis. Osteoblasts were inoculated into 10-cm
culture dishes. Following culture for 3 days at 37°C with 5%
CO,, cells were treated with 1 ng/ml TGF-p1 or untreated. The
cells were incubated for 24 h and then washed three times with
4°C PBS for phosphatase inhibition. A mixture of the PBS,
protease inhibitor and radioimmunoprecipitation assay lysate
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used
to extract total protein from the cells. Total protein concen-
tration was determined using a Bradford assay kit (Sangon
Biotech Co., Ltd.). All samples were mixed with 5X loading
buffer and boiled in water at 100°C for 10 min. A total of
15 ug protein was loaded in each lane. Proteins were separated
by 2% SDS-PAGE for 2 h and transferred to 0.2-ym poly-
vinylidene difluoride (PVDF) membranes (EMD Millipore,
Billicera, MA, USA) at 80 V for 1 h. Following blocking
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Figure 1. Effects of TGF-f1 on the proliferation and cell cycle of human osteoblasts. (A) Proliferation of hFOBI1.19 cells following treatment with various
concentrations of TGF-f31, as determined by a Cell Counting Kit-8 assay. The absorbance was detected at 450 nm. (B) Flow cytometry analysis of cell cycle
distribution following treatment with various concentrations of TGF-B1 for 24 h. Data are presented as the mean + standard deviation. "P<0.05, “P<0.01 and
P<0.001 vs. NC. NC, negative control; PI, propidium iodide; TGF-f1, transforming growth factor 1.
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for 1.5 h at room temperature in 3% bovine serum albumin
(Sigma-Aldrich; Merck KGaA) in PBS, membranes were cut

according to the molecular weight of the pre-stained marker
protein and incubated overnight at 4°C with the following
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Figure 2. Effects of TGF-B1 on ALP activity and the mineralisation of osteoblasts. (A) Effects of treatment with various concentrations of TGF-f1 for 7 days
on the activity of ALP in hFOB1.19 human osteoblasts. ALP-positive cells were stained with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium.
(B) Ca?* deposits following treatment of osteoblasts with various concentrations of TGF-B1 for 14 days were identified by Alizarin red S staining. Scale bar,

200 pm. Data are presented as the mean + standard deviation. "'P<0.05, "P<0.01 and

TGF-B1, transforming growth factor 31.

primary antibodies (all 1:1,000; Cell Signaling Technology,
Inc., Danvers, MA, USA): PI3K (cat. no. D32AS5); phosphoryl-
ated (p)-PI3K (cat. no. 4228T); AKT (cat. no. C67E7); p-AKT
(cat.no. D9E); mTOR (cat. no. 7C10); p-mTOR (cat. no. D9C2)
and GAPDH (cat. no. D16H11). The PVDF membranes were
washed three times in TBS-Tween 20 (1XTBS, 0.1% Tween 20)
for 10 min/wash. Membranes were then incubated with a
secondary antibody (anti-rabbit immunoglobulin G, horse-
radish peroxidase-labeled; cat no. 7074; 1:7,500; Cell Signaling
Technology, Inc.) for 45 min at room temperature and washed
three times with TBS-T (10 min/wash). Protein bands were
visualised via enhanced chemiluminescence (Thermo Fisher
Scientific, Inc.) and analysed via GIS gel image analysis
system photography (Tanon Science and Technology Co., Ltd.,
Shanghai, China).

Statistical analyses. All experiments were repeated at least
three times. Unless otherwise stated, all data were presented
as the mean =+ standard deviation. Differences between groups
were determined by performing analyses of variance followed
by the Least Significant Difference multiple comparisons test.
Data were analysed using SPSS version 20.0 for Windows

ok

P<0.001 vs. NC. ALP, alkaline phosphatase; NC, negative control;

(IBM Corp., Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Effects of TGF-f1 on the proliferation of hFOBI.19 human
osteoblast cells. The effects of a range of concentrations of
TGF-f1 on the proliferation of hFOBI.19 human osteoblasts
were determined after 1, 3 and 5 days of treatment (Fig. 1A).
No significant differences were observed between the experi-
mental groups following 1 day of treatment; however, by the
third day of treatment, the proliferation of cells treated with
TGF-p1 (0.5, 1, 2 and 5 ng/ml) was significantly increased
compared with the negative control (NC). Additionally, by
day 5, the proliferation of cells in the 0.5, 1, 2 and 5 ng/ml
TGF-p1 groups was significantly increased compared with
the NC group (P<0.05); however, no significant differences
was reported following treatment for 5 days with 10 ng/ml
TGF-B1 (P>0.05). Proliferation was most markedly increased
in the 1 and 2 ng/ml TGF-B1 groups; no significant difference
was observed between the 1 and 2 ng/ml TGF-p1-treatment
groups (P>0.05).
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Figure 3. Effects of TGF-f1 on the motility of human osteoblasts. (A) Migration of hFOB1.19 human osteoblasts treated with various concentrations of TGF-1
for 24 h, as determined by a scratch-wound assay. The number of cells entering the wound indicated the migration of cells. (B) Migration of osteoblasts treated
with various concentrations of TGF-31 for 24 h, as determined by a Transwell assay. Scale bar, 200 #m. Data are presented as the mean + standard deviation.
“P<0.05, “P<0.01 and ““P<0.001 vs. NC. NC, negative control; TGF-1, transforming growth factor 1.

Effects on hFOBI.19 osteoblast cell cycle following TGF-f1
treatment. The effects of various concentrations of TGF-31
on the hFOBI.19 cell cycle were analysed using flow cytom-
etry. It was revealed that the proportion of osteoblasts in
G,/G, phase following treatment for 24 h with TGF-p1 (0.5,
1, 2 and 5 ng/ml) was significantly decreased compared with
the control, whereas that in G2/M phase was significantly
increased (P<0.05; Fig. 1B). The increased percentage of G2/M
cells in the 1 ng/ml group was most notable. Treatment with
10 ng/ml TGF-p1 did not significantly alter the proportion of
cells in Gy/G, and S phase (P>0.05).

Effects of TGF-f1 on osteogenic induction and the motility
of hFOBI.19 cells. Osteoblasts were treated with various
concentrations of TGF-B1 (0, 0.5, 1, 2, 5 and 10 ng/ml), and
the osteogenic activities and motility of cells were investigated
using ALP and Alizarin red S staining, and scratch-wound and
Transwell assays, respectively. ALP staining revealed that only
1 and 2 ng/ml TGF-p1 significantly promoted ALP activity in
osteoblasts compared with the control group (P<0.01; Fig. 2A).
Additionally, Alizarin red S staining revealed that the degree of
mineralisation was significantly increased following treatment
with 1 and 2 ng/ml TGF-B1 compared with the control group
(P<0.01; Fig. 2B). Furthermore, the degree of mineralisation
was also significantly increased following treatment with 0.5

and 5 ng/ml TGF-B1 (P<0.05); no significant difference was
reported between the 10 ng/ml TGF-f1-treated and control
groups.

Treatment with TGF-p1 (0.5, 1, 2, 5 or 10 ng/ml) resulted in
significantly increased migration of cells in the scratch-wound
assay at all concentrations compared with the control
(P<0.05; Fig. 3A); the greatest effects were observed in the
1 and 2 ng/ml TGF-f1-treatment groups (P<0.001). Similarly,
significantly increased migration was observed during the
Transwell assay following treatment with all concentrations
of TGF-f1 compared with the control (P<0.05; Fig. 3B), with
the most significant increases observed in the 1 and 2 ng/ml
TGF-p1-treatment groups (P<0.001). No significant difference
was reported between the migration of cells treated with 1 or
2 ng/ml TGF-B1 (P>0.05).

Effects of TGF-f1-mediated PI3K/AKT signalling on ALP
activity in osteoblasts. The effects of 1 ng/ml TGF-p1 treat-
ment on the activity of ALP in hFOBI.19 osteoblasts was
investigated; ALP activity generates high concentrations of
phosphate at mineral deposition sites during bone forma-
tion (5) and is a characteristic marker of active osteoblasts.
ALP-positive osteoblasts are stained purple by BCIP/NBT
(Fig. 4A). ALP staining revealed that treatment with 1 ng/ml
TGF-p1 for 7 days significantly promoted ALP activity in
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phate/nitro blue tetrazolium. (B) Ca** deposits following treatment of osteoblasts for 14 days with 1 ng/ml TGF-B1 and/or 10 uM LY, identified by Alizarin
red S staining. Scale bar, 200 zm. Data are presented as the mean + standard deviation. “P<0.01 and ““P<0.001 vs. NC. AKT, protein kinase B; ALP, alkaline
phosphatase; LY, LY294002; NC, negative control; PI3K, phosphatidylinositol 3-kinase; TGF-1, transforming growth factor 1.

human osteoblasts; however, significant reductions in ALP
activity compared with the control were observed following
treatment with the PI3K/AKT inhibitor LY294002 (10 uM), in
the presence or absence of TGF-f1 (P<0.001).

Effects of TGF-pl-mediated PI3K/AKT signalling on
osteoblast mineralisation. Mineralisation of the extracellular
matrix serves an important role in the formation of bone (5).
In the present study, it was demonstrated using Alizarin red S
staining that the treatment of hFOB.19 osteoblasts with 1 ng/ml
TGF-p1 for 14 days significantly promoted the mineralisation
of extracellular matrices compared with the control (Fig. 4B).
Conversely, significant reductions in matrix Ca** deposits were
reported following the inhibition of the PI3K/AKT signalling
pathway via treatment with 10 yM LY294002 compared with
the NC group (P<0.01).

Effects of TGF-fl-mediated PI3K/AKT signalling on the
motility of osteoblasts. The role of TGF-p1 in the migration

of osteoblasts was investigated using a scratch-wound assay.
It was revealed that the number of migrating cells following
treatment with 1 ng/ml TGF-p1 (364+11 cells) was significantly
increased compared with the control (176+7 cells; Fig. 5A).
Conversely, treatment with 10 uM LY294002 (10648 cells) or
LY294002 plus TGF-f1 (1016 cells) significantly decreased
the migration of cells compared with the control (P<0.01).

The migration of osteoblasts was also investigated
using a Transwell assay. The number of migrating cells
following treatment with 1 ng/ml TGF-B1 (63x13 cells) was
significantly increased compared with the NC (43+4 cells;
Fig. 5B). Conversely, treatment with 10 zM LY294002 with
(207 cells) or without TGF-B1 (248 cells) significantly
reduced the number of migrating cells compared with the
control (P<0.05).

PI3K/AKT signalling mediates the TGF-f1-induced
expression of genes associated with osteogenesis and migra-
tion. The mechanisms underlying the effects of TGF-f1 and
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Figure 5. Effects of TGF-f1 on the motility of human osteoblasts are dependent upon PI3K/AKT signalling. (A) Migration of hFOB1.19 human osteoblasts
treated for 24 h with 1 ng/ml TGF-f1 and/or 10 uM LY, a PI3K/AKT inhibitor, as determined by a scratch-wound assay. The number of cells entering the
wound indicated the migration of cells. (B) Migration of osteoblasts treated for 24 h with 1 ng/ml TGF-p1 and/or 10 uM LY, as determined by a Transwell
assay. Scale bar, 200 ym. Data are presented as the mean + standard deviation. "P<0.05, “P<0.01 and ““P<0.001 vs. NC. AKT, protein kinase B; LY, LY294002;
NC, negative control; PI3K, phosphatidylinositol 3-kinase; TGF-f1, transforming growth factor 1.

PI3K/AKT signalling on the function of osteoblasts were
investigated by determining the mRNA expression of genes
associated with the osteogenesis, migration and chemotaxis
of cells (Runx2, Osterix, OPN, OCN, MMP-2 and MMP-9).
Cells were separated into four groups: The NC; treatment with
1 ng/ml TGF-f1; treatment with 10 xM LY294002 combined
with TGF-B1, and LY294002 treatment alone. It was demon-
strated that TGF-f1 treatment significantly upregulated the
expression of osteogenesis-associated (Runx2, Osterix,
OPN and OCN) and migration-associated genes (MMP-2
and MMP-9) compared with the NC (Fig. 6). Conversely,
inhibition of the PI3K/AKT signalling pathway significantly
downregulated the expression of the aforementioned genes.
The results indicated that TGF-f1 promoted the migration
and mineralisation of osteoblasts in a PI3K/AKT-dependent
manner.

Mechanisms underlying the PI3K/AKT/mTOR/S6K]1 signal-
ling pathway-dependent effects of TGF-1 on hFOBI.19
osteoblasts. The involvement of mTOR/S6K1 signalling

downstream of PI3K/AKT in the osteogenesis and migration
of osteoblasts was investigated. Cells were separated into
three treatment groups: 1 ng/ml TGF-B1; 1 ng/ml TGF-f1 plus
10 uM LY294002, and 1 ng/m]l TGF-f1 plus 100 nM rapamycin
(an inhibitor of mTOR/S6K1 signalling). As presented in
Fig. 7, inhibition of the mTOR/S6K1 signalling pathway with
rapamycin significantly decreased the activity of ALP in osteo-
blasts and Ca** deposition compared with the TGF-B1 group
(P<0.001). Similar effects were observed on the motility of cells
following treatment with LY294002 or rapamycin compared
with TGF-p1 treatment alone (Fig. 8). Additionally, treatment
with LY294002 or rapamycin significantly downregulated the
mRNA expression of migration- and osteogenesis-associated
genes compared with TGF-f1 treatment alone (Fig. 9). Finally,
western blotting was performed to investigate the effects of
1 ng/ml TGF-B1 on PI3K/AKT/mTOR signalling. It was
demonstrated that TGF-B1 markedly increased the phosphory-
lation of PI3K, AKT and mTOR compared with the NC group
(Fig. 10). The results suggested that the effects of TGF-f1 on
the osteogenesis and mineralisation osteoblast were mediated
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Figure 6. Effects of TGF-f1 and inhibition of the PI3K/AKT pathway on the expression of osteogenic and migration-associated genes. Expression of osteogenic
(OCN, OPN, Osterix and RUNX2) and migration-associated (MMP2 and MMP9) genes following treatment for 14 days with 1 ng/ml TGF-B1 and/or 10 uM
LY, a PI3K/AKT inhibitor, as determined by reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean + standard devia-
tion. “P<0.01, “"P<0.001 vs. NC. AKT, protein kinase B; LY, LY294002; MMP, matrix metalloproteinase; NC, negative control; OCN, osteocalcin; OPN,
osteopontin; Osterix, transcription factor Sp7; PI3K, phosphatidylinositol 3-kinase; RUNX2, Runt-related transcription factor 2; TGF-f1, transforming growth

factor pl.

via mTOR/S6K1 signalling downstream of the PI3K/AKT
signalling pathway.

Discussion

Bone tissue engineering is frequently used in the repair and
regeneration process of bone injury (32). Further investigation
is required to identify novel cytokines, and develop materials
and seed cells for improved engineering. Cytokines serve
important roles in immune responses, and the proliferation,
chemotaxis and differentiation of cells (33,34). TGF-f31 was
hypothesized to be a potential candidate for the treatment
of bone injury; previous studies reported that TGF-f1 was a
key regulator of bone remodelling and regeneration (35), and
stimulated the proliferation of osteoblasts and regulated the
function of osteoclasts (36).

Unlike pathways including the MAPK, Wnt, Notch and
PI3K signalling pathways, TGF-f1 regulates the biological
activity of osteoblasts via a variety of mechanisms; this may
explain the complexity of its effects on cells (23,37). The
cellular concentration of TGF-f1 affects the activity of cells;
for example, low concentrations promote cell proliferation,
whereas opposing effects are observed with high concentra-
tions (38). In the present study, hFOB1.19 osteoblasts were
treated with various concentrations of TGF-f1, and the
effects on proliferation, osteoinduction and migration were
investigated. CCK-8 and flow cytometry assays revealed that

the proliferation of osteoblasts was most notably increased
following treatment with 1 and 2 ng/ml TGF-f1, compared
with 0.5, 5 and 10 ng/ml; however, no significant difference
was reported between 1 and 2 ng/ml. Therefore, the prolif-
eration of osteoblasts was affected by the concentration of
TGF-f1 in a non-linear manner. Additionally, the effects of this
concentration gradient on osteogenic induction and migration
were determined. ALP and Alizarin red S staining revealed
that 1 and 2 ng/ml TGF-B1 markedly increased the activity of
ALP in osteoblasts and levels of Ca** deposition, compared
with 0.5 and >5 mg/ml TGF-f1. Furthermore, scratch-wound
and Transwell assays revealed that TGF-B1 most notably
increased the motility of osteoblasts at 1 and 2 ng/ml. These
findings indicated that a basal concentration of 1 ng/ml may
be optimal for inducing the biological effects of TGF-p1 on
human osteoblasts.

The mineralisation of osteoblasts is important for regen-
eration during bone repair; improvements in osteogenesis and
mineralisation promote bone repair (5). It has been reported
that TGF-p1 induces osteoblast differentiation (39,40).
Cell differentiation mediated by TGF-p1 may be regu-
lated by Smad-dependent and -independent pathways (41);
however, the effects and involvement of Smad-independent
signalling pathways in the TGF-B1-mediated differen-
tiation of osteoblasts require further investigation. PI3K
is an important signalling molecule for numerous cellular
activities (41,42). PI3K catalyses the phosphorylation
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Figure 7. Effects of the inhibition of PI3K/AKT and mTOR/S6K1 signalling on TGF-f1-mediated osteogenic induction. (A) Effects of treatment for 7 days with
1 ng/ml TGF-f1 plus 10 M LY, a PI3K/AKT inhibitor, or 100 nM Rapa, an mTOR/S6K1 inhibitor, on the activity of ALP in hFOB1.19 human osteoblasts.
ALP-positive cells were stained with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium. (B) Ca** deposits following treatment of osteoblasts
for 14 days with 1 ng/ml TGF-B1 plus 10 uM LY or 100 nM Rapa, as identified by Alizarin red S staining. Scale bar, 200 ym. Data are presented as the
mean + standard deviation. “P<0.01 and ““P<0.001 vs. TGF-B1. AKT, protein kinase B; ALP, alkaline phosphatase; LY, LY294002; mTOR, mammalian
target of rapamycin; NC, negative control; PI3K, phosphatidylinositol 3-kinase; Rapa, rapamycin; S6K1, S6 kinase 1; TGF-f1, transforming growth factor 31.

of the D3 hydroxyl of phosphatidylinositol to produce
phosphatidylinositol-3,4,5-trisphosphate, which binds to
phosphoinositide-dependent kinase and the intracellular
pleckstrin homology domain of AKT (42). Activation of
AKT regulates the proliferation, differentiation, apop-
tosis and migration of cells (43). TGF-B1 induces various
biological effects on cells via PI3K/AKT signalling (44).
The activity of ALP and the synthesis of extracellular
matrix calcium ion deposits are important indicators of
osteoblast ossification and mineralisation. In the present
study, the effects of TGF-B1 on the ossification and miner-
alisation of osteoblasts were evaluated by Alizarin red and
ALP staining. It was demonstrated that the expression of
ALP and the number of mineralised nodules were signifi-
cantly increased following treatment with 1 ng/ml TGF-p1;
however, treatment with the PI3K/AKT blocker LY294002
induced opposing effects, regardless of TGF-f1 treatment.
The results indicated that the effects of TGF-f1 on ALP

activity and the mineralisation of osteoblasts may involve
the PI3K/AKT signalling pathway.

The migration of osteoblasts to a damaged area serves an
important role in the repair of bone injury, as it promotes bone
regeneration (45,46). A previous study reported that TGF-f31
upregulated the expression of chemokine C-X-C motif ligand
16 in osteoblasts to stimulate the migration of cells (47). In
the present study, the effects of TGF-f1 on the migration of
osteoblasts were evaluated. It was demonstrated that cells
treated with 1 ng/ml TGF-f1 exhibited significantly increased
motility compared with the NC. Conversely, inhibition of the
PI3K/AKT signalling pathway reduced the migration of osteo-
blasts, indicating that the effects of TGF-f1 on the motility of
osteoblasts involved PI3K/AKT.

To further investigate the effects of TGF-f1 on the
ossification and migration of osteoblasts, the mRNA
expression of associated genes was investigated, including
Runx2, OPN, OCN, Osterix, MMP-2 and MMP-9. Runx2 is
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Figure 8. Effects of the inhibition of PI3K/AKT and mTOR/S6K1 signalling on the TGF-f1-induced increase in osteoblast motility. (A) Migration of hFOB1.19
human osteoblasts treated for 24 h with 1 ng/ml TGF-f1 plus 10 pM LY, a PI3K/AKT inhibitor, or 100 nM Rapa, an mTOR/S6K1 inhibitor; as determined
by a scratch-wound assay. The number of cells entering the wound indicated the migration of cells. (B) Migration of osteoblasts treated for 24 h with 1 ng/ml
TGF-p1 plus 10 uM LY or 100 nM Rapa, as determined by a Transwell assay. Scale bar, 200 ym. Data are presented as the mean + standard deviation.
"P<0.001 vs. TGF-B1. AKT, protein kinase B; LY, LY294002; mTOR, mammalian target of rapamycin; NC, negative control; PI3K, phosphatidylinositol
3-kinase; Rapa, rapamycin; S6K1, S6 kinase 1; TGF-f1, transforming growth factor f31.

a transcription factor specific to osteoblast differentiation,
and is the earliest and most specific marker gene during
bone formation (48,49). It has been reported that the Runx2
gene activates the transcription and expression of OCN,
OPN, bone sialoprotein and type I collagen by binding to
the cis-acting elements of osteoblasts (50). OPN serves an
important role in the mineralisation and absorption of bone
matrix (51). OCN is an important component of the extracel-
lular matrix and is regarded as a specific marker of the bone
turnover process (52); when OCN is in an inactive state, it
directly affects the formation, absorption and mineralisation
of bone (53). The zinc finger protein Osterix is considered to
be an important regulator of osteoblast differentiation and
maturation (54). The MMP family serves roles in the invasion
and metastasis of cells; MMP-2 and MMP-9 are involved in
bone remodelling and regeneration (55). In the present study,
the expression of osteogenic (Runx2, OPN, OCN and Osterix)
and migration-associated genes (MMP2 and MMP9) was
significantly upregulated following treatment with 1 ng/ml

TGF-B1. In addition, by blocking the PI3K/AKT signalling
pathway, the expression of these genes was downregulated.
These findings indicated that TGF-f1 promoted the osteo-
genesis and migration of osteoblasts via the upregulation of
associated genes in a PI3K/AKT-dependent manner; however,
in addition to TGF-p1, there may be other signals regulating
the PI3K/AKT pathway in osteoblasts, as treatment with
LY294002 significantly downregulated gene expression
compared with the NC.

mTOR is a target of rapamycin and is downstream of
the PI3K/AKT signalling pathway. Activated AKT directly
phosphorylates the Ser2448 site of mTOR (56); S6K1 is one
of the main targets downstream of mTOR that is induced
following the activation of mTOR (57). mTOR/S6K1 signal-
ling serves important roles in the biological processes of
various cells, including DNA replication, mRNA transla-
tion, and the synthesis of proteins and lipids to regulate
the growth, survival, migration, and differentiation of
cells (58,59). Luo et al (30) reported that blocking the AKT
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Figure 9. Effects of the inhibition of PI3K/AKT and mTOR/S6K1 signalling

on the TGF-f1-induced upregulation of osteogenic and migration-associated

genes. Expression of osteogenic (OCN, OPN, Osterix and RUNX?2) and migration-associated (MMP2 and MMPY) genes following treatment for 14 days with
1 ng/ml TGF-f1 plus 10 zM LY, a PI3K/AKT inhibitor, or 100 nM Rapa, an mTOR/S6K1 inhibitor, as determined by reverse transcription-quantitative poly-
merase chain reaction. Data are presented as the mean = standard deviation. “P<0.05, “"P<0.01, “"P<0.001 vs. TGF-B1. AKT, protein kinase B; LY, LY294002;

MMP, matrix metalloproteinase; mTOR, mammalian target of rapamycin; NC

, negative control; OCN, osteocalcin; OPN, osteopontin; Osterix, transcription

factor Sp7; PI3K, phosphatidylinositol 3-kinase; Rapa, rapamycin; RUNX2, Runt-related transcription factor 2; S6K1, S6 kinase 1; TGF-f1, transforming

growth factor 1.
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Figure 10. Phosphorylation of PI3K/AKT/mTOR proteins in osteoblasts
treated with TGF-f1. Representative western blot of t- and p-PI3K, AKT
and mTOR expression following treatment 1 ng/ml TGF-p1 for 24 h. AKT,
protein kinase B; mTOR, mammalian target of rapamycin; NC, negative
control; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; t, total;
TGF-f1, transforming growth factor f1.

signalling pathway decreased mTOR/S6K1 signalling,
and reduced the ability of osteocytes to differentiate and
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Figure 11. Proposed schematic depicting the signalling pathway via which
TGF-B1 promotes the osteogenesis and migration of osteoblasts. AKT,
protein kinase B; MMP, matrix metalloproteinase; mTOR, mammalian
target of rapamycin; OCN, osteocalcin; OPN, osteopontin; Osterix, tran-
scription factor Sp7; p70S6K, p70-S6 kinase 1; PI3K, phosphatidylinositol
3-kinase; Runx2, Runt-related transcription factor 2; TGF-f1, transforming
growth factor 1.
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proliferate. In the present study, treatment with TGF-f31
was combined with an mTOR/S6K1 inhibitor, rapamycin,
to investigate the involvement of mTOR/S6K1 in the effects
of TGF-f1. Similar to PI3K/AKT blockade, treatment with
rapamycin significantly decreased ALP activity, the number
of mineralised nodules and the motility of osteoblasts
compared with TGF-p1 treatment alone. Furthermore,
analysis of mRNA expression in osteoblasts revealed that
rapamycin suppressed the TGF-p1-induced upregulation
of osteogenic and migration-associated genes. The results
indicated that the PI3K/AKT-mediated effects of TGF-31
on osteoblast osteogenesis and mineralisation also involved
the mTOR/S6K1 pathway downstream of PI3K/AKT
(Fig. 11).

In conclusion, it was demonstrated that TGF-f31 promoted
the survival, osteogenic differentiation and migration of
human hFOBI.19 osteoblasts. Additionally, it was revealed that
TGF-p1 induced these effects via the PI3K/AKT/mTOR/S6K1
signalling pathway. These findings indicated a potential
role for TGF-P1 in the field of bone tissue engineering and
provided novel insight into the mechanisms for application in
bone injury repair in the future.
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