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Abstract. Mechanical load application promotes bone 
formation, while reduced load leads to bone loss. However, 
the underlying mechanisms that regulate new bone formation 
are not fully understood. Wnt/β-catenin signaling has 
an important role in bone formation, bone growth and 
remodeling. The aim of the present study was to investigate 
whether mechanical stimuli regulated bone formation through 
the Wnt/β-catenin signaling pathway. Saos-2 osteoblastic cells 
were subjected to mechanical strain using a Flexcell strain 
loading system. The results demonstrated that 12% cyclical 
tensile stress significantly stimulated Saos‑2 cell proliferation, 
increased the activity of alkaline phosphatase and promoted 
the formation of mineralized nodules, as determined by 
MTT and p-nitrophenyl phosphate assays and Alizarin Red S 
staining, respectively. Furthermore, western blot analysis 
demonstrated that, following mechanical strain, increased 
phosphorylation of glycogen synthase kinase-3β and nuclear 
β-catenin expression was observed in cells, compared with 
static control culture cells. Results of reporter gene and 
reverse transcription-polymerase chain reaction assays also 
demonstrated that mechanical strain significantly increased 
T-cell factor reporter gene activity and the mRNA expression 
of cyclooxygenase (COX)-2, cyclin D1, c-fos and c-Jun in 
Saos-2 cells. Co-immunoprecipitation analysis revealed 
that elongation mechanical strain activated Wnt/β-catenin 
signaling and reduced β-catenin and E-cadherin interaction 

in Saos-2 cells. In conclusion, the results of the current study 
indicate that mechanical strain may have an important role 
in the proliferation and differentiation of osteoblasts. The 
disassociation of the β-catenin/E-cadherin complex in the 
osteoblast membrane under stretch loading and the subsequent 
translocation of β-catenin into the nucleus may be an intrinsic 
mechanical signal transduction mechanism.

Introduction

Bone is a dynamic tissue that undergoes continuous repair 
and remodeling throughout the lifetime of an individual (1,2). 
The regulation of bone remodeling involves a balance between 
the number of osteoblasts and osteoclasts, which produce 
or resorb bone, respectively (3). Osteoblasts, osteocytes and 
osteoclasts are specialized cells that orchestrate the process 
of bone remodeling. As osteoblasts are highly sensitive to 
mechanical stimuli, these cells have the leading role in the 
bone remodeling process (4). It has been previously established 
that external mechanical stress, such as physiological levels of 
compression and tension force, induces the formation of new 
bone (5). Distraction osteogenesis (DO) is a bone regenerative 
response and is employed surgically to treat skeletal injuries 
and deformities (6). DO leads to the generation of new bone 
by applying tensile forces to the skeleton after a controlled 
osteotomy has been established (7). However, the mechanism 
by which the mechanical load is translated into intracellular 
signals remains unclear.

It is established that canonical Wnt signaling has an 
important role in the regulation of osteoblastogenesis and 
bone formation (8-10). Various studies have demonstrated 
that Wnt promotes osteoblast differentiation, proliferation 
and mineralization activity. The major component of the 
Wnt signaling pathway is β-catenin, which is a transcrip-
tion factor and a structural adaptor protein that facilitates 
the binding of cadherins to the actin cytoskeleton during 
cell-cell adhesion (11,12). Activation of Wnt signaling results 
in a loss of cadherin-mediated cell-cell adhesion and increased 
cytoplasmic β-catenin (13). β-catenin acts as a transcription 
cofactor with T-cell factor (TCF)/lymphoid enhancer-binding 
factor (LEF) in the Wnt pathway (14). Under normal conditions, 
β-catenin that is not associated with cadherins undergoes rapid 
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phosphorylation by glycogen synthase kinase (GSK)-3β, which 
targets it for degradation (15). However, upon phosphorylation 
of GSK-3β, GSK-3β-mediated phosphorylation of β-catenin 
is prevented, which leads to increased cytoplasmic levels of 
unphosphorylated β-catenin. Wnt signaling-induced cyto-
plasmic accumulation of β-catenin leads to increased entry of 
β-catenin into the nucleus and increased heterodimer formation 
with TCF/LEF transcription factors to regulate the expression 
of various Wnt target genes, such as cyclin D1 (16-19).

Previous studies have demonstrated that Wnt/β-catenin 
signaling is involved in the early responses of osteoblastic 
cells to load bearing. The current study investigated the effects 
of mechanical strain on β-catenin in Saos-2 osteoblastic 
cells and investigated whether mechanical stimuli modulated 
Wnt/β-catenin signaling.

Materials and methods

Saos‑2 cell culture. The Saos-2 human osteosarcoma cell line 
(American Type Culture Collection, Manassas, VA, USA) was 
obtained from the Center Laboratory for Tissue Engineering, 
College of Stomatology, The Fourth Military Medical 
University (Xi'an, China) and used as osteoblasts (20). The 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% v/v fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a 
humidified atmosphere of 5% CO2 and 95% air. After reaching 
90% confluence, the cells were detached by treatment with 
10% trypsin-EDTA (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) and cultured for 72 h on 6‑well flexible‑bottomed 
plates (type I collagen-coated BioFlex I plates at 37˚C; Flexcell 
International Corp., Burlington, NC, USA) at 1x105 cells per 
well. Subsequently, 10% FBS was replaced with 1% FBS prior 
to the application of strain force to cells. The 1% FBS provided 
minimal nutrition for the cells while allowing them to achieve 
a quiescent phase (G0). After 24 h starvation, the media was 
replaced again with DMEM containing 10% FBS and cells 
were incubated for an additional 12 h at 37˚C. The plates were 
subsequently placed into the Flexcell's FX-4000T tension 
plus system (Flexcell International Corp.) in which the 6-well 
plates were docked.

Application of strain force. Flexcell's FX-4000T tension plus 
system (BF-3001U BioFlex®) was used to generate cyclic tensile 
strain in the Saos-2 cells. The instrument comprises a computer 
system controller and monitor, a control module that regulates 
negative and positive pressure, and a vacuum baseplate and 
gasket upon which the flexible-bottomed plates are placed 
(BioFlex I culture plates). Control of frequency, strain rate and 
degree of elongation of the deformation regimen are achieved 
by regulating the rate of evacuation (vacuum level) and rate 
of air influx to the plate bottoms. The flexible membrane with 
the adherent cells were subjected to cyclic, uniaxial strain at 
different magnitudes at a frequency of 1 cycle/sec (Hz) along 
the long axis. Unstrained plates served as controls. Strain is the 
amount of deformation caused by an applied stress.

MTT analysis. Saos-2 cells were subjected to 0 or 12% elon-
gation by using Flexcell's FX-4000T tension plus system. At 

0, 4, 8 and 12 h following loading, a 20 ml sample of MTT 
solution (5 g/l dissolved in PBS) was added to the culture 
plates and incubated at 37˚C for 6 h. The pipetted supernatant 
was discarded and 150 ml dimethyl sulfoxide (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) was added to dissolve 
the blue MTT formazan produced by mitochondrial succinate 
dehydrogenase. The absorbance was measured at 492 nm 
in a spectrophotometer. The percentage of viable cells was 
calculated as the relative ratio of their absorbance to the 
control.

Biochemical alkaline phosphatase (ALP) assay. Biochemical 
analysis was employed to investigate the effects of different 
magnitudes of mechanical strain (as detailed above) on ALP 
activity. ALP activity was measured directly on the monolayer 
of the cultures. Following medium removal, cells were washed 
three times with PBS and shaken for 30 min at 37˚C in 1 ml 
saline buffer (PBS) containing 10 mM p-nitrophenylphosphate 
(PNP; Sigma-Aldrich; Merck KGaA). PNP solution was 
removed and 1 ml 1 N NaOH was added to cells. The optical 
density was measured at 405 nm. The ALP activity values 
were normalized to the relative number of viable cells, as 
determined using the proliferation assay described above.

Nodule formation and mineralization. Saos-2 cells were 
treated with either 0 or 12% tensile stress for 8 h/day for 
7 or 14 days. Mineralized nodule formation and the degree 
of mineralization were determined for osteoblast cultures 
cultured in 6-well plates using Alizarin Red S staining. 
Briefly, medium was aspirated from the wells and cells were 
rinsed twice with PBS. Cells were fixed with ice‑cold 70% v/v 
ethanol for 1 h. Ethanol was removed and the cells were rinsed 
twice with deionized water. Cells were subsequently stained 
with 40 mM Alizarin Red S in deionized water (adjusted 
to pH 4.2) for 10 min at room temperature. Alizarin Red S 
solution was removed by aspiration and the cells were rinsed 
five times with deionized water. Water was removed by aspira-
tion and the cells were incubated in PBS for 15 min at room 
temperature on an orbital rotator. PBS was removed and the 
cells were rinsed once with fresh PBS. Mineralized Alizarin 
Red S-positive nodules present in each well were subsequently 
counted using light microscopy at magnification, x40; 5 fields 
of view were randomly selected per well.

Immunofluorescence. Immediately following treatment with 
12% tensile stress for 0, 4 or 8 h, cells were prepared by 
washing with PBS and were immersion‑fixed with 4% parafor-
maldehyde in PBS for 15 min at room temperature. Cells were 
subsequently permeabilized with 0.2% Triton-X-100 in PBS 
at room temperature for 5 min. Then cells were blocked by 
2% goat serum (OriGene Technologies, Beijing, China) at 37˚C 
for 1 h. Primary antibodies were diluted in PBS/5% bovine 
serum albumin (Sigma-Aldrich; Merck KGaA). After rinsing 
three times with PBS, cells were incubated overnight at 4˚C in 
a moist environment with a mixture containing primary anti-
bodies against β-catenin (rabbit; 1:100; sc-7199; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) and anti-E-cadherin 
(mouse; 1:100; sc-9988; Santa Cruz Biotechnology, Inc.), 
followed by incubation with a secondary antibody mixture 
containing Alexa Fluor® 594 donkey anti-mouse IgG (1:500; 
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R37115; Molecular Probes; Thermo Fisher Scientific, Inc.) 
and Alexa Fluor® 488 donkey anti-rabbit IgG (1:500; R37118; 
Molecular Probes; Thermo Fisher Scientific, Inc.) for 2 h at 
room temperature. F-actin was additionally stained with Alexa 
Fluor® 350 phalloidin (A22281; Molecular Probes; Thermo 
Fisher Scientific, Inc.) at a concentration of 7.5 U/ml for 30 min 
at room temperature, which was followed by washing three 
times with PBS. The cells were mounted on a drop of n-propyl 
gallate in 70% glycerol-PBS and viewed with a laser scanning 
confocal microscope (FLUOVIEW; Olympus Corporation, 
Tokyo, Japan) at magnification, x600 using FV1000 Viewer 
version 1.7a software (Olympus Corporation).

Reverse transcriptase‑polymerase chain reaction (RT‑PCR). 
Cells were subjected to 0 or 12% tensile stress for 0 or 4 h. 
Cellular RNA was isolated from each culture using an RNeasy 
Mini kit (Qiagen, Inc., Valencia, CA, USA), according to the 
manufacturer's protocol. To remove contaminating genomic 
DNA, the RNA samples were treated with RNase-free DNase I 
(Qiagen, Inc.) at 37˚C for 30 min. Template RNA (1 µl) was 
added to the individual tubes containing the master mix, using 
the Omniscript RT kit (Qiagen, Inc.). The tubes were centrifuged 
at 120 x g for 1 min at room temperature to collect residual 
liquid from the walls of the tube. The tubes were incubated 
for 2 h at 37˚C. RNase A (2 µl; 10 mg/ml) was added and the 
reaction mix incubated for 10 min at 65˚C and then for 5 min 
at 93˚C before being cooled immediately on ice. Subsequently, 
1 µl cDNA mixture was subjected to PCR amplification using 
specific primers. The primer sequences used in the current study 
are presented in Table I. Each PCR was performed in a 50 µl 
mixture containing 1 µl cDNA, 5 µl 10X Qiagen PCR buffer, 
10 µl 5X Q‑Solution, 1 µl each of deoxynucleotide triphosphate 
mix (10 mM), 0.1 µM of each sense and antisense primer, and 
0.5 µl Taq DNA polymerase by using Taq DNA Polymerase kit 
(Qiagen, Inc.). The amplification reaction consisted of initial 
denaturation at 94˚C for 3 min, followed by three‑step cycling 
that consisted of denaturation at 94˚C for 30 sec, annealing at 
a temperature optimized for each primer pair for 30 sec and 
extension at 72˚C for 1 min for 30 cycles (optimal number of 
cycles determined prior to the experiment). A final extension 
step was performed at 72˚C for 10 min. The 150 ng amplification 
products were electrophoresed on 2% agarose gels and visual-
ized by ethidium bromide staining. The results were normalized 

to the mRNA level of β-actin, a housekeeping enzyme. These 
experiments were performed using samples from at least five 
different cell preparations and quantification (BioSens Gel 
Documentation System, Shanghai Bio-Tech Co., Ltd., Shanghai, 
China) of mRNA was confirmed using the same cell sample at 
least in triplicate.

Reporter gene assay. Cells were switched to media containing 
0.5% FBS and 1% penicillin/streptomycin and transfected 
using FuGENE 3 transfection reagent (Roche Diagnostics, 
Indianapolis, IN, USA) 500 µl TOPflash (wild‑type TCF) 
or FOPflash (mutant TCF) luciferase reporter plasmids 
(300 ng/ml) (Upstate Biotechnology; EMD Millipore, Billerica, 
MA, USA) were co-transfected into Saos-2 cells (~1x106) with 
500 µl Renilla luciferase marker plasmid (5 ng/ml) (Promega 
Corporation, Madison, WI, USA) at 37˚C for 48 h. The cells 
were subjected to 0 or 12% tensile stress for 1 h. Cells were 
subsequently incubated for 4 h in 12 ml DMEM + 0.1% FBS 
and 1% penicillin/streptomycin, after which the cells were 
processed for Dual Luciferase Assays (Dual-Luciferase® 
Reporter Assay System; Promega Corporation). Results were 
calculated by standardizing to Renilla luciferase counts and 
subtracting the mutant (FOPflash) luciferase counts from the 
wild‑type (TOPflash) counts.

Western blotting, immunoprecipitation and immunoblotting. 
Cells that were subjected to 0 or 12% tensile stress for 1 h 
were cultured on flex membranes. Following treatment, 
cells were washed three times with ice-cold PBS and placed 
on ice. Cells were lysed with 500 µl ice‑cold lysis buffer at 
pH 7.4 (50 mM HEPES, 5 mM EDTA and 50 mM NaCl), 
1% Triton‑X‑100, protease inhibitors (10 µg/ml aprotinin, 1 mM 
phenylmethylsulfonyl fluoride and 10 µg/ml leupeptin) and 
phosphatase inhibitors (50 mM sodium fluoride, 1 mM sodium 
orthovanadate and 10 mM sodium pyrophosphate). Solubilized 
proteins were centrifuged at 14,000 x g in a microfuge (4˚C) 
for 15 min and supernatants were stored at ‑80˚C. Extracted 
proteins were quantified by the Bradford assay. Nuclear extract 
was also prepared: The cell homogenates were centrifuged at 
450 x g for 5 min at 4˚C. The supernatant was discarded, and 
200 µl of hypotonic buffer containing 10 mM HEPES, 1 mM 
EDTA, 1 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 20 µg/ml 
aprotinin, 0.5% Nonidet P‑40, 4 µg/ml leupeptin and 0.2 mM 

Table I. Primer sequences used in semi-quantitative reverse transcription-polymerase chain reaction.

 Primer
 --------------------------------------------------------------------------------------------------------------------------------------------------------- Annealing
Gene Forward Reverse Size, bp temperature, ˚C

β-actin 5'-ATCATGTTTGAGACCTTCAA-3' 5'-CATCTCTTGCTCGAAGTCCA-3' 212 55
β-catenin 5'-AAGGTCTGAGGAGCAGCTTC-3' 5'-TGGACCATAACTGCAGCCTT-3' 668 55
COX-2 5'-TCAAGTCCCTGAGCATCTAC-3' 5'-CATTCCTACCACCAGCAACC-3' 488 58
Cyclin D1 5'-GAGACCATCCCCCTGACGGC-3' 5'-CTCTTCCTCCTCCTCGGCGGC-3' 484 56
c-fos 5'-ACCAGTCCGGACCTGCAGTGG-3' 5'-GCGGCATTTGGCTGCAGCCAT-3' 261 57
c-Jun 5'-CCCCTGTCCCCCATCGACATG-3' 5'-TTGCAACTGCGTTAGCAT-3' 267 55

COX, cyclooxygenase.
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phenylmethanesulfonyl fluoride were added to the cell pellet. 
Following centrifugation at 7,200 x g for 15 min at 4˚C, the 
supernatant, which contained the membranes and the cytosolic 
fraction, was discarded. The pellets, consisting of crude nuclei, 
were suspended for 15 min at 4˚C in 20 µl of a hypertonic 
solution (20 mM HEPES, 420 mM NaCl, 1.5 mM MgCl2, 
0.5 mM DTT, 0.2 mM PMSF, 0.2 mM EDTA and 25% glycerol) 
containing protease inhibitor. The samples were centrifuged at 
16,000 x g for 30 min at 4˚C. The supernatant, which contained 
nuclear proteins, was stored at ‑80˚C until use.

For immunoprecipitation, 600‑700 µg/µl cell lysates 
were incubated with E-cadherin (1:200; sc-9988; Santa Cruz 
Biotechnology, Inc.) or β-catenin (1:200; sc-7199; Santa 
Cruz Biotechnology, Inc.) antibodies overnight at 4˚C and 
subsequently incubated with 25 ml protein A-G agarose 
beads (Beyotime Institute of Biotechnology, Shanghai, 
China) for 1 h at 4˚C with gentle rocking. The beads were 
washed four times with 500 ml lysis buffer and proteins were 
solubilized in Laemmli sample buffer (sc-286962; Santa 
Cruz Biotechnology, Inc.) containing 2-mercaptoethanol. 
Immunoprecipitated samples or samples prepared directly 
after cell lysis were separated using 10% SDS-PAGE and 
transferred onto nitrocellulose membranes. The amount of 
protein was 70 µg per lane. Membranes were blocked over‑was 70 µg per lane. Membranes were blocked over‑ µg per lane. Membranes were blocked over‑. Membranes were blocked over-Membranes were blocked over-
night at 4˚C with PBS containing 5% non‑fat dry milk and 
0.1% Tween‑20. The blots were incubated overnight at 4˚C 
with primary antibodies against phosphorylated (p)-GSK-3β 
(1:100; sc-373800), GSK-3β (1:100; sc-377213; both Santa 
Cruz Biotechnology, Inc.), β-actin (1:4,000; A2228; Sigma, 
St. Louis, MO, USA), β-catenin (1:100; sc-7199), lamin B 
(1:100; 374015) and E-cadherin (1:100; sc-9988; all Santa Cruz 
Biotechnology, Inc.) in PBS containing 1% non-fat dry milk 
and 0.1% Tween-20. Following incubation with secondary 
antibodies (1:2,000; 7074 and 7076; anti-rabbit or anti-mouse 
IgG antibody conjugated to horseradish peroxidase; Cell 
Signaling Technology; Danvers, MA, USA) for 1 h at 37˚C 
in PBS containing 1% non-fat dry milk and 0.1% Tween-20, 
proteins were detected by chemiluminescence (SuperSignal™ 
West Femto Trial kit; Thermo Fisher Scientific, Inc.). and 
protein expression were analysed by Bandscan version 5.0 
software (Glyko, Inc., Novato, CA, USA).

Statistical analysis. Data are presented as the mean ± standard 
deviation. Statistical analysis was processed by SPSS version 
16.0 (SPSS, Inc., Chicago, IL, USA). Data in Fig. 1 were 
subjected to repeated analysis of variance and multiple 

Figure 1. Cyclic tensile stress promoted the proliferation and ALP activity of Saos-2 osteoblastic cells. (A) MTT assay results for cell proliferation in cells 
treated with 0 or 12% tensile stress. (B) ALP activity was detected in cells treated with 0 or 12% tensile stress. **P<0.01 vs. corresponding time point in 0% 
tensile stress group and #P<0.05 vs. 0 h in 12% tensile stress group, n=6. ALP, alkaline phosphatase; OD, optical density.

Figure 2. Mineralization nodule formation was increased in Saos-2 osteo-
blastic cells induced by 12% tensile stress. (A) Mineralization nodules were 
detected by using Alizarin Red S staining. (a) Saos-2 cells after 7 days 
without tensile stress. (b) Saos-2 cells after 7 days with 12% tensile stress. 
(c) Saos-2 cells after 14 days without tensile stress. (d) Saos-2 cells after 
14 days with 12% tensile stress. Magnification, x40. (B) Quantified results 
for mineralization nodules. **P<0.01 vs. corresponding results in 0% tensile 
stress group, n=10.
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comparisons were made by Tukey's method. Student's t-test 
was used to analyze differences between two groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

The effects of cyclic tensile strain on proliferation, ALP activity 
and mineralization nodule formation in Saos‑2 osteoblastic 
cells. As demonstrated in Fig. 1, the proliferation and ALP 
activity of Saos‑2 osteoblastic cells were significantly increased 
following mechanical strain treatment at 4, 8 and 12 h (P<0.01). 
The formation of mineralization nodules in Saos-2 osteoblastic 
cells was also promoted by a 12% mechanical strain elongation 
rate, compared with unstrained cells (P<0.01; Fig. 2).

The effects of cyclic tensile strain application on β‑catenin 
expression in Saos‑2 cells. The expression level of β-catenin 
mRNA was measured using RT-PCR (Fig. 3). No marked 
differences in the expression level of β-catenin mRNA 
were observed between the 0 and 12% tensile stress groups. 
The immunofluorescent staining results demonstrated that 
β-catenin and E-cadherin were detected prior to (control; Fig. 4) 
and following (4 and 8 h; Fig. 4) 12% tensile stress. β-catenin 
was localized primarily on the cytomembrane prior to stress, 
while it was observed in the cytoplasm and nucleus following 
stress. However, E-cadherin remained on the cytomembrane 
throughout. Co-localization of β-catenin and E-cadherin was 
observed prior to stress; however, co-localization was not 
observed following 12% tensile stress for 8 h (Fig. 4).

GSK‑3β phosphorylates β‑catenin and subsequently facili‑
tates the degradation of β‑catenin. The present study further 
investigated whether mechanical strain influences GSK‑3β 
activity (Fig. 5). The results demonstrated that 12% tensile 
strain increased the cytosolic phosphorylation of GSK-3β 
expression, while it had no effect on GSK-3β levels. In addition, 
nuclear β-catenin levels were upregulated by tensile stress.

The effects of cyclic tensile strain application on TCF 
reporter gene activity. In the current study, TCF reporter 
gene transcriptional activity was also determined in Saos-2 
cells, and the results demonstrated a significant increase in 
TCF reporter gene activity compared with the control group 
following 12% tensile for 1 h (P<0.05; Fig. 6). Therefore, the 
Wnt/β-catenin pathway may be functionally activated under 
tensile stress.

The effects of cyclic tensile strain application on mRNA 
expression of genes downstream of the Wnt/β‑catenin 
pathway. The mRNA expression of downstream genes (COX-2, 
c-fos, c-Jun and cyclin D1) of the Wnt/β-catenin pathway 
was investigated by RT-PCR following 0 or 12% tensile 
stress for 4 h (Fig. 7). The results demonstrated a significant 
increase in the mRNA transcript levels of these genes in the 
12% tensile stress group compared with the control group 
(P<0.01; Fig. 7).

The effects of cyclic tensile strain application on binding of 
the β‑catenin/E‑cadherin complex. Immunoprecipitation was 
performed to observe the effects of tensile stress on the binding 
of the β-catenin/E-cadherin complex (Fig. 8). Immunoblot 
assays demonstrated that β-catenin and E-cadherin protein 
levels in the experimental groups were unchanged following 
12% tensile stress for 1 h. However, immunoprecipitation 
assays demonstrated a significant decrease in the binding of 
β-catenin to E-cadherin.

Discussion

Numerous in vitro and in vivo experiments have reported 
that mechanical loading promoted osteoblast proliferation 
and increased the transcription of various bone-associated 
genes (4-6). However, the molecular mechanism by which 
mechanical signals are transduced in osteoblasts remains 
unclear. Previous studies have indicated that the integrin/focal 

Figure 4. Immunofluorescence analysis of β-catenin and E-cadherin in 
Saos-2 osteoblastic cells following tensile stress. β-catenin was localized on 
the cytomembrane in the control group and in the cytoplasm and nucleus 
after 4 or 8 h of 12% tensile stress. However, E-cadherin was distributed on 
the cytomembrane throughout. Magnification, x600.

Figure 3. Agarose gel electrophoresis of the products of reverse 
transcription‑polymerase chain reaction using specific primers for β-catenin 
and β-actin. No difference in the expression of β-catenin mRNA was 
observed between the 0 and 12% tensile stress groups at different time points.
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adhesion kinase pathway and calcium ion channels are involved 
in the signal transduction process (21,22). Robinson et al (23) 
demonstrated that target gene expression in the Wnt/β-catenin 
pathway was upregulated by the application of a four-point 
bending load to the long bones of low-density lipoprotein 
receptor related protein (Lrp) 5 transgenic mice, indicating 
that mechanical loading may activate the Wnt/β-catenin 
signaling pathway.

The Wnt/β-catenin signaling pathway has become a 
major research focus in developmental biology. Mammalian 
Wnt proteins bind to the receptor complex of the Lrp5/Lrp6 
extracellular region and the Frizzled receptor. Subsequently, 
through a series of cytoplasmic protein interactions, β-catenin 
accumulates in the cytoplasm, translocates to the nucleus and 
functions with transcription factors, TCF and LEF-1, to acti-
vate bone-associated target gene transcription. This pathway is 
referred to as the classical Wnt/β-catenin pathway, and it has 
an important role in bone formation (24,25). Loss-of-function 
mutations in Lrp5 resulted in osteoblast dysfunction and 
subsequent osteoporosis (25). Furthermore, Boyden et al (26) 
demonstrated that a mutation at position 171 in the Lrp5 
protein led to the total loss of dickkopf Wnt signaling pathway 
inhibitor 1 antagonism in the Wnt signaling pathway in vitro, 
which resulted in in bone sclerosis. In addition, Bain et al (10) 
reported that increased expression and activity of the early 
osteoblast differentiation marker ALP was induced when 
β-catenin was overexpressed in C3H1OT1/2 cells or when 
lithium chloride was added to enhance the expression of 
endogenous β-catenin. These previous reports indicated that 
β-catenin has an important role in the proliferation and differ-
entiation of osteoblast precursor cells and osteoblasts. The 
present study applied 12% cyclical tensile stress to osteoblasts 
and also demonstrated that the proliferation, ALP activity 
and mineralization nodule formation of Saos-2 osteoblastic 
cells were promoted. Subsequently, the present study investi-
gated the alterations in the Wnt/β-catenin signaling pathway 
following tensile stress application in osteoblasts in vitro.

Previous studies have demonstrated that intracellular 
β-catenin serves a dual function in cell-cell adhesion struc-
tures and as a regulation factor of downstream gene expression. 
Under normal circumstances, β-catenin forms a complex with 
cadherins in the cell membrane, while free β-catenin is rapidly 
degraded via phosphorylation by the complex of GSK-3β, 
axin and adenomatous polyposis coli in the cytoplasm. 

However, if GSK-3β becomes inactivated by phosphorylation, 
β-catenin is not degraded. As a result, β-catenin accumulates 
in the cytoplasm and triggers signal transduction, followed 
by translocation into the nucleus to promote target gene 
transcription by binding to transcription factors. Therefore, 
the nuclear translocation of β-catenin into is a prerequisite for 
the activation of the classical Wnt/β-catenin pathway (13,27). 
The present study demonstrated that the phosphorylation of 
GSK-3β and nuclear β‑catenin expression was significantly 
enhanced following tensile stress. Nuclear β-catenin was more 
apparent in the 4 and 8 h tensile stress groups compared with 
the control group. These results indicated that 12% cyclical 
tensile stress altered the localization of β-catenin in the cell, 
which may trigger β-catenin-mediated Wnt signal transduc-
tion and maintain the activation of this signaling pathway for 
an extended period of time. Furthermore, β-catenin mRNA 
and protein expression levels were also measured in the 
current study, however, no marked differences between the 
experimental and control groups were observed, indicating 
that tensile stress did not increase the level of β-catenin 
transcription or its protein synthesis. Instead, tensile stress 
primarily resulted in alterations in the spatial localization of 

Figure 6. TCF reporter gene was activated by cyclic tensile strain in Saos-2 
cells. Reporter activity was normalized by Renilla luciferase activity 
and mutant TCF luciferase activity was subtracted from wild-type TCF 
luciferase activity. Application of 12% tensile stress induced a significant 
two-fold increase in TCF reporter gene activity compared with the 0% tensile 
stress group. **P<0.01 vs. 0% tensile stress group, n=6. TCF, T-cell factor; 
elongation, tensile stress.

Figure 5. Effect of tensile stress on protein expression in Saos-2 cells. (A) p-GSK-3β and GSK-3β protein expression in cytosolic fractions was determined 
by western blot analysis following 1 h of 0 or 12% tensile stress. (B) Expression level of nuclear β-catenin protein was determined by western blot analysis 
following 1 h of 0 or 12% tensile stress. p-, phosphorylated; GSK, glycogen synthase kinase.
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β-catenin and promoted its translocation into the nucleus. In 
the current study, 12% tensile stress was selected as this value 
falls within the tolerable physiological range for bone. In the 
study by Norvell et al (28), β-catenin nuclear translocation 
was observed in primary rat osteoblasts after a 10 dynes/cm2 
fluid shear stress was applied, and this translocation was 
maintained at a relatively high level up to 6 h after loading. 
Furthermore, it was reported by Case et al (29) that transient 
nuclear translocation of β-catenin occurred in CIMC-4 cells 
after a 2% stretch force was applied, however, this event was 
decreased at 1 h. The difference between these results may be 
attributed to the different loading systems, force values and 
cell types used.

In the present study, the results also demonstrated 
that, following transfection of the TCF reporter gene into 
osteoblasts, the activity of the nuclear transcription factor 

TCF was significantly enhanced following a 12% cyclical 
stretch. The TCF/LEF family is a well-defined group of 
Wnt/β-catenin downstream target molecules. Unlike other 
traditional transcription factors, TCF/LEF cannot activate 
transcription alone. Instead, they rely on the binding and 
activation of β-catenin. TCF/LEF mutually bind to transcrip-
tion inhibitors, when the Wnt/β-catenin pathway remains 
inactive. However, upon activation of the pathway, nuclear 
β-catenin facilitates Wnt/β-catenin target gene expres-
sion by replacing the inhibitory factors and binding to the 
N-terminal region of TCF/LEF to enhance its interaction 
with chromatin and restore transcriptional activity. In the 
study by Chou et al (30), impaired bone formation was 
observed in TCF‑4 deficient mice, indicating that the activa-
tion and expression of this gene is closely associated with 
bone formation. The results of the TCF luciferase reporter 

Figure 8. The effects of cyclic tensile stress on the association of total β-catenin with E-cadherin. (A) Immunoprecipitation analysis demonstrated a marked 
decrease in the binding of β‑catenin to E‑cadherin after 12% tensile stress was applied to the cells for 1 h. (B) Results were quantified by densitometric analysis 
and statistically analyzed. **P<0.01 vs. 0% tensile stress group, n=6.

Figure 7. Gene expression of downstream targets of the Wnt/β-catenin signaling pathway in Saos-2 osteoblastic cells following tensile stress. (A) Gene expres-
sion was measured by reverse transcription‑polymerase chain reaction following 0 or 12% cyclic tensile stress. (B) Quantified gene expression levels obtained 
from quantitative densitometric analysis. **P<0.01 vs. 0% tensile stress group, n=6. COX, cyclooxygenase.
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gene assay in the present study were consistent with the 
immunofluorescence results, which demonstrated nuclear 
localization of β-catenin following 12% tensile stress. 
Together, these results demonstrate that nuclear translocation 
and activation of β-catenin due to stretching may further 
enhance the transcriptional activity of TCF and lead to the 
functional activation of the Wnt/β-catenin signaling pathway.

To further confirm and observe the activation of the 
Wnt/β-catenin signaling pathway following stretch loading, 
the present study investigated the expression of downstream 
target genes, including COX-2, c-fos, c-Jun and cyclin D1. 
The mRNA transcript levels of COX-2, c-fos, c-Jun and 
cyclin D1 were significantly enhanced after 4 h stretch loading, 
as revealed by RT-PCR analysis. Norvell et al (28) reported that 
the expression of COX-2 was enhanced by the activation of the 
Wnt/β-catenin pathway by GSK-3β inhibitors. Additionally, 
the function of COX-2 in bone tissue reconstruction following 
force loading was also confirmed. This indicated that COX‑2 
is an important target gene in the Wnt/β-catenin pathway 
and its expression may be triggered by the activation of the 
Wnt/β-catenin pathway by tensile stress. Robinson et al (23) 
reported that, after Lrp5 G171V transgenic mice were treated 
with a GSK-3β inhibitor or stress loading, the expression of 
the Wnt/β-catenin target genes, including c-fos, c-Jun and 
cyclin D1, in the two groups was higher compared with the 
control, although no significant differences were observed 
between the two experimental groups. This is consistent with 
the present study's experimental results from cells after stretch 
loading in vitro. Together, these results indicate that stretch 
loading may activate the Wnt/β-catenin pathway and trigger 
the expression of downstream target genes that are closely 
associated with bone formation.

In addition, the current study investigated the mechanism 
by which tensile stress activated the Wnt/β-catenin signaling 
pathway in osteoblasts. Previous studies have demonstrated 
that mechanical loading promote osteoblast proliferation 
and differentiation (4,5,31), however, the mechanism by 
which osteoblasts convert stimulating mechanical signals to 
biochemical signals is unknown. The results of the current 
study demonstrated that the levels of β-catenin and E-cadherin 
were not significantly altered, however, the binding level 
of β-catenin with E-cadherin was significantly reduced 
following tensile stress. It is established that cadherins 
are a cell-cell adhesion mediation and signal transduction 
family, and they are comprised of three different types, 
including E-cadherin, N-cadherin and P-cadherin, that are 
differentially distributed in different tissues. The cytoplasmic 
region of cadherin molecules is highly conserved and is 
connected to the cytoskeleton. Acting as a transmembrane 
calcium-dependent adhesion molecule in various cell types, 
including osteoblasts, it binds directly to β-catenin and forms 
a complex in the cell membrane, restricting β-catenin to the 
cell membrane and preventing it from translocating into the 
nucleus to function in the regulation of downstream gene 
expression. Adkison et al (32) demonstrated that the amount 
of vascular endothelial cadherin binding to β-catenin was 
significantly reduced after 34% stretch loading was applied 
to mouse pulmonary artery endothelial cells for 24 h. In 
addition, the present study demonstrated that the binding 
level of E-cadherin with β‑catenin was significantly reduced 

and the amount of β-catenin that translocated into the 
nucleus was increased after 12% tensile stress in osteoblasts 
for 1 h. Therefore, we hypothesize that this may be due to the 
structural deformation of the cell membrane and cytoskeleton 
under tensile stress, which disrupts the β-catenin and 
E-cadherin complex and causes the release of β-catenin 
from the complex. As a result, β-catenin accumulates in the 
cytoplasm and translocates into the nucleus. This is followed 
by binding to and activation of the nuclear transcription 
factor TCF to promote the expression of the downstream 
bone formation-associated target genes COX-2, c-fos, c-Jun 
and cyclin D1, thus facilitating the conversion of mechanical 
stimuli to chemical signals.

In conclusion, the results of the current study demonstrated 
that 12% tensile stress activated the Wnt/β-catenin signaling 
pathway and promoted the expression of downstream target 
genes, including COX-2, c-fos, c-Jun and cyclin D1, and that 
β-catenin had a pivotal role in this process. The disasso-
ciation of the β-catenin/E-cadherin complex in the osteoblast 
membrane under stretch loading and the subsequent trans-
location of β-catenin into the nucleus may be an intrinsic 
mechanical signal transduction mechanism. Together, these 
observations provide novel insight in order to obtain a deeper 
understanding of the molecular mechanisms of mechanical 
signal transduction and bone reconstruction.
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