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Abstract Background/purpose: Mechanical stretch plays a key role in promoting prolifera-
tion and differentiation of bone marrow mesenchymal stem cells (BMSCs) in distraction osteo-
genesis (DO). A better understanding of how the extracellular biomechanical stimulation is
transferred to intracellular signal expression will benefit DO. Focal adhesion kinase (FAK) is
a key factor in integrin signaling pathway. However, little is known about the effect of
integrin-FAK signaling during the process of stretch induced osteogenic differentiation of
BMSCs.
Materials and methods: A specific short hairpin RNAs (shRNAs) lentiviral expression vector was
used to silence Fak gene and a well-established in vitro uniaxial dynamic stretching device was
applied to stimulate DO. Fak silencing was confirmed by fluorescence microscopy and the
detection of FakmRNA and FAK, p-FAK protein expression. Alkaline phosphatase (ALP) activity,
expression of osteogenic differentiation markers - runt-related transcription factor 2 (RUNX2/
Runx2) and alkaline phosphatase (Alp) together with integrin upstream signal transduction
molecules integrin beta-1 (ITGB1/Itgb1) and downstream signal transduction molecules
integrin-linked kinase (ILK) were detected after the stretch.
Results: The results showed that mechanical stretch in control groups significantly induced the
osteogenic differentiation of BMSCs with increased ALP activity, expression of RUNX2/Runx2
and Alp, together with upregulated ITGB1/Itgb1 and ILK, which all vanished in Fak silencing
group.
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Conclusion: Silencing of the Fak gene inhibited the osteogenic differentiation of rat BMSCs
induced by in vitro mechanical stretch through integrin signaling pathway.
ª 2019 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Distraction osteogenesis (DO) is an endogenous tissue en-
gineering technology used to repair skeletal including
craniofacial deformities, in which mechanical stretch is
applied to stimulate the formation of new bone.1 Nowa-
days, DO is still a long treatment course with high cost and
infection risk that may be improved with a better under-
standing in cellular molecular biology.

Osteogenic differentiation of primitive mesenchymal
cells stimulated by controlled mechanical stretch is the key
step for new bone regeneration within the distraction gap.2

Studies have shown that BMSCs are so sensitive to me-
chanical stimulation that they may be the main functional
cells to bone distraction.3

The previous study of Qi MC et al. has successfully
demonstrated that mechanical stretch acts as a stimulator
to induce osteogenic differentiation of rat BMSCs into os-
teoblasts which is vital for bone formation in distraction
osteogenesis.4 However, the signal transduction pathways
and molecular mechanisms which translate biomechanical
signals into intracellular biochemical signals to induce cells
proliferation, differentiation and mineralization during
mechanical stretch are still not fully understood.5

Multiple studies have indicated that integrin signaling
plays a critical role in mechanical stress transduction and is
a bridge for two-way transmission between the extracel-
lular matrix and the cellular cytoskeleton.6e8 And high
expression level of integrin-related factors has been found
in callus from distraction osteogenesis in vivo.9

Focal adhesion kinase (FAK) is a key factor that partici-
pate in the integrin signaling pathway by activating down-
stream signaling molecules and regulating the cytoskeletal
structure and cell adhesion, migration, proliferation, and
differentiation.10 However, to the best of our knowledge,
little is known about the effect of integrin-FAK signaling
during stretch induced osteogenic differentiation of BMSC.

In this study, we hypothesized that integrin-FAK
signaling pathway is involved in osteogenic differentiation
of BMSC stimulated by biomechanical stretch and Fak
silence will impair osteogenic differentiation of BMSCs.

To test our hypothesis, an Fak-specific shRNA lentiviral
expression vector was constructed to silence the FAK gene
expression in BMSC. A well-established in vitro uniaxial
dynamic stretching device was applied as a platform to
stimulate DO, which could successfully induce BMSCs
osteogenic differentiation in the previous study of Zhao C
et al..11 Alkaline phosphatase (ALP) activity, expression of
osteogenic differentiation markers - runt-related tran-
scription factor 2 (RUNX2/Runx2) and alkaline phosphatase
(Alp) together with integrin upstream signal transduction
molecules integrin beta-1 (ITGB1/Itgb1) and downstream
signal transduction molecules integrin-linked kinase (ILK)
were detected after the stretch.

Materials and methods

All experiments were performed according to the Guidelines
of the Institutional Animal Care & Use Committee of the
authors’ affiliated institutions, following the ARRIVE guide-
lines and the National Institutes of Health guide for the care
and use of Laboratory animals. And This research was
approved by the IRB of the authors’ affiliated institutions.

BMSC isolation

Three 40-day-old male SpragueeDawley rats were obtained
from West China Laboratories Animal Centre (Chengdu,
China). Rat BMSCs were harvested and cultured using a
modification of the method described by Haynesworth.12

After the rats were anesthetized with 2% pentobarbital
sodium, femurs were harvested and placed in cell culture
plates with low glucose-Dulbecco’s Modified Eagle Medium
(LG-DMEM, Gibco, New York, NY, USA) containing 10% fetal
bovine serum (FBS, Hyclone, Logan, UT, USA). Bone marrow
was flushed out and the adipose layer was discarded by
centrifugation at 400 �g for 10 min. Cells were seeded into
60mL flasks and cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin (Gibco) in a constant
temperature incubator (37 �C and 5% CO2). The medium was
exchanged 3 times a week. The cells were trypsinized and
passaged at a rate of 1:2 or 1:3 when reached 80e90%
confluency, using trypsin solution containing EDTA. Cells of
the third generation were used for experiments after
identified by flow cytometry (BD, Franklin Lakes, NJ, USA).

Construction of Fak-specific shRNA lentiviral
expression vector and BMSC transfection

Both the interference target and the interference vector
framework were determined and constructed based on the
nucleotide sequence (AF020777) of the focal adhesion ki-
nase (Fak) gene for rats in GenBank according to RNA
interference sequence design principles. The interference
vector framework and lentiviral vector pGCSIL-green fluo-
rescence protein (GFP; Shanghai Genechem Co., Ltd.,
Shanghai, China) were double-digested by restriction en-
zymes AgeI (20,000 units/ml, New England BioLabs, Ips-
wich, MA, USA) and EcoRI (20,000 units/ml, New England

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fak silencing impairs osteogenic differentiation 227
BioLabs) and connected to construct the interference vec-
tor pGCSIL-Gfp-Fak. The interference vector pGCSIL-Gfp-
Fak was used to transform competent Escherichia coli DH5a
cells (Shanghai Genechem Co., Ltd.). Polymerase chain
reaction (PCR) analysis was used to identify positive clones
after 16 h of cell culture at 37 �C. Identification of positive
clones indicated that the Fak-specific shRNA lentiviral
expression vector had been successfully constructed. Using
the transfection reagent Lipofectamine 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA), 293T cells (ATCC)
were co-transfected with the constructed interference
vector and assistant vector (pHelper 2.0) to complete viral
packaging. The 293T cells were lysed 48 h after co-
Figure 1 Uniaxial dynamic stretching device. A. Control system;
in vivo; D. Cells during biomechanical stretch in stretching unit; E. P
Cells after mechanical stretch. Scale bars, 100 mm.
transfection, and the supernatant containing the virus
was collected and concentrated for use.

Three groups of third generation BMSCs were prepared
using the following treatments: the untreated control group
(Con.), the negative control group (shRNA-Neg) and the Fak
silencing group (shRNA-Fak). The sequences were designed
separately for shRNA-Fak (CTATGAAGTGTTAGAGAAA) and
shRNA-Neg (TTCTCCGAACGTGTCACGT, scrambled).
Expression of GFP was observed under an inverted fluo-
rescence microscope, and 72 h after transfection, the
expression of Fak mRNA was detected by real-time quan-
titative PCR and the protein expression of FAK and p-FAK
were detected by Western immunoblotting respectively.
B. Stretching units; and C. Bone during distraction osteogenesis
rimary rat bone mesenchymal stem cells. Scale bars, 100 mm; F.



Table 1 Primers used for quantitative real-time PCR analysis.

Gene product Forward primer (50e30) Reverse primer (50e30)

Gapdh TATGACTCTACCCACGGCAAGT ATACTCAGCACCAGCATCACC
Alp GACCCTGCCTTACCAACTCATT GTGGAGACGCCCATACCATCT
Runx2 CTTCGTCAGCGTCCTATCAGTTC CAGCGTCAACACCATCATTCTG
Itgb1 TCTCACCAAAGTAGAAAGCAGGGA ACGATAGCTTCATTGTTGCCATTC

Abbreviations: Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Alp, alkaline phosphatase; Runx2, Runt-related transcription
factor 2; Itgb1, Integrin beta-1.
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BMSC biomechanical stretching model

A uniaxial dynamic stretching device (Chinese patent
number: ZL 20091 0164248.0) was applied to establish an
in vitro rat BMSC stretching model, which had been proved
validated in our previous study. This device of multiple
units could keep the same stretching frequency in all
chambers and the stretch stimulation was reciprocating
cycle along the single axis, which was similar to the me-
chanical stimulation in DO (Fig. 1AeD). And after stretch,
cells showed a fibroblast-like spindle and paralleled along
the axis of loading (Fig. 1E and F).

BMSCs (1.5� 105/ml) of all three groups were seeded
onto the silica gel film (Dow Corning, Midland, MI) and
cultured for 2e3 days until 80%e90% confluence under the
same conditions and then subjected to mechanical stretch
in the chambers with DMEM respectively.

The parameters of distraction were set as follows: dy-
namic mechanical stretch frequency of 1 Hz, displacement
Figure 2 Antigens expression on cell surface. Positiv
and shrinkage strains of 3 mm, and stretch applied along
the long axis 2 h x 8 with a 6 h interval between each time.

Alkaline phosphatase activity assay

After stretch, cells were harvested at 0, 6, and 12 h then
lysed by sonication in 0.5mL of 10 nM Tris-HCl (pH 7.5)
containing 0.1% Triton X-100. ALP activity was detected by
measuring the absorbance in p-nitrophenyl phosphate
(PNPP) substrate by microtiter plate reader at 520 nm.

Quantitative real-time PCR analysis

At 0, 6, 12, and 24 h after stretch, total RNA was extracted
from BMSCs of each group and reverse-transcribed into
cDNA with the PrimeScript RT Reagent Kit (Takara
Biomedical Technology Co., Ltd., Beijing, China). The
products of reverse transcription were prepared as
e for CD29 and CD90, negative for CD34 and CD45.



Figure 3 Representative fluorescence images showing GFP
expression in BMSCs of the three groups after transfection: A.
Control group; B. shRNA-Neg group and C. shRNA-Fak group.
Scale bar, 100 mm.
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templates for quantitative real-time PCR analysis on an ABI
PRISM 7300 (Applied Biosystems, Foster City, CA, USA). The
sequences of the primers used are listed in Table 1, and the
PCR conditions were 95 �C for 35 s followed by 40 cycles
between 95 �C and 56 �C for 30 s. Each sample was sub-
jected to triplicate PCR cycles, and the threshold cycle
value of samples was normalized by the expression of
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as an
endogenous housekeeping gene. The standard curves were
generated by serial dilutions of a 100 ng/mL sample cDNA in
five 10-fold dilution steps and used for regression analyses.
In addition, the subsequent PCR products were confirmed
by agarose gel electrophoresis.

Western immunoblotting

At 0, 6, 12, and 24 h after stretch, whole-cell lysates were
prepared from all three groups of cells, and the proteins
were transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Bedford, MA, USA) using standard
methods. Blots were incubated with primary antibodies
(diluted to working concentrations of 1:1000 using blocking
buffer) including rat monoclonal antibodies to ITGB1, ILK,
RUNX2, and GAPDH (Cell Signaling Technology), overnight
at 4 �C. After washing in TBS/T, secondary antibody, anti-
mouse or rabbit immunoglobulin G conjugated to horse-
radish peroxidase (Biolegend, San Diego, CA, USA), was
added for incubation at room temperature for 1 h. Immu-
noblot bands were visualized with an enhanced chem-
iluminescence solution (Millipore).

In addition, to confirm whether both FAK and FAK acti-
vation were involved in the stretch-mediated changes, we
performed another group of western blot analysis to detect
the protein expression of FAK, p-FAK and GAPDH (Cell
Signaling Technology, Danvers, MA, USA) in BMSCs in the
control group only at 0, 6, 12, and 24 h after exposed to
mechanical stretch simulating distraction.

Statistical analysis

Results are presented as means� standard deviation (SD) of
at least three independent biological experiments. The
experimental data were analyzed using SPSS, version 20.0
software (SPSS Inc., Chicago, IL, USA). One-way analysis of
variance was performed to identify significant differences
among the results for the groups, and a p value< 0.05 was
considered to indicate a statistically significant difference.

Results

Confirmation of BMSC transfection and depression
of FAK activation

BMSCs of the third generation were used for experiments
after identified by flow cytometry with a result that posi-
tive for CD29 (99.9%) and CD90 (99.1%) and negative for
CD34 (0.3%) and CD45 (2.4%) (Fig. 2).

72 h after transfection, BMSCs in the shRNA-Fak and
shRNA-Neg groups displayed prominent expression of GFP,
whereas no GFP expression was observed in cells of the
control group (Fig. 3). The transfection efficiency for both
shRNA-treated groups was 80%.

The protein expression results of FAK and p-FAK in BMSCs
in the control group at 0, 6, 12, and 24 h after exposed to
mechanical stretch simulating distraction showed that both
FAK and p-FAK protein expression increased over time,
indicating that FAK activation was involved in BMSCs dif-
ferentiation mediated by uniaxial stretch (Fig. 4A). How-
ever, after transfection, Fak mRNA expression (Fig. 4B) and
FAK, p-FAK protein expression (Fig. 4C) in the shRNA-Fak
group was significantly decreased than in the control
groups. These observations confirmed that both FAK
expression and activation in shRNA-Fak group were suc-
cessfully silenced after transfection before stretch which
laid the foundation for subsequent experiments.



Figure 4 A. Representative images of Western blots showing
FAK, p-FAK and GAPDH protein expression in control group of
BMSCs after exposed to mechanical stretch simulating
distraction. B. Fak mRNA expression in three groups of BMSCs.
C. FAK and p-FAK protein expression in three groups of BMSCs
(*p< 0.05).

Figure 5 mRNA expression level of Itgb1, Alp, and Runx2 in
three groups of BMSCs after exposed to mechanical stretch
simulating distraction (*p< 0.05).
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Alkaline phosphatase activity assay results

Alkaline phosphatase (ALP) activity was tested as an indi-
cator for BMSCs osteoblastic differentiation. The ALP ac-
tivity in shRNA-Fak group was significantly lower than
control groups at 6 and 12 h (P< 0.05). No significant dif-
ference was found between control groups (Table 2).

Effects of mechanical stretch on gene expression in
BMSCs

After mechanical stretch, the osteogenic mRNA expression
level of Runx2, Alp together with integrin upstream Itgb1 in
both control groups and shRNA-Neg group showed a similar
trend that they all significantly increased and reached the
peak at 12 h post stretch which started to decrease at 24 h.
The mRNA expression reacting to the mechanical stretch
disappeared in shRNA-Fak group (Fig. 5).

Effects of mechanical stretch on protein expression
in BMSCs

Protein expression of osteogenesis related protein RUNX2,
integrin upstream ITGB1 and downstream ILK was detected
by Western blotting in all three groups. BMSCs in the control
Table 2 Detection of activity of ALP (optical density
value).

Time 0 h 6 h 12 h

Con. 0.245� 0.021 0.702� 0.034 0.901� 0.033
shNeg 0.213� 0.033 0.665� 0.019 0.889� 0.015
shFak 0.205� 0.026 0.224� 0.043* 0.253� 0.048*

Abbreviations: ALP, alkaline phosphatase. *P < 0.05.
and shRNA-Neg groups showed increasing expression of
RUNX2, ITGB1 and ILK over time, which indicated that
biomechanical stretch had successful osteogenic induction
as expected. However, the shRNA-Fak group showed much
lower expression levels for those proteins which was
consistent with qPCR results (Fig. 6).

Overall, the obviously increased ALP activity together
with expression of RUNX2/Runx2 and Alp in both control
groups showed a significant induction of BMSCs osteogenic
differentiation, which vanished in shRNA-Fak group after
Fak silencing. The integrin signaling upstream ITGB1/Itgb1
and downstream ILK expression changes in control groups
were not observed in shRNA-Fak group neither.

Discussion

Mechanical stretch plays a key role in promoting prolifer-
ation, differentiation and maturation of BMSCs in distrac-
tion osteogenesis. A better understanding of how the
extracellular biomechanical stimulation is transferred to
intracellular signal expression will benefit DO. In our study,
to imitate the biomechanical stretch in clinical DO, we
applied the in vitro uniaxial dynamic stretching device and
validated culture system which is similar to the devices and
systems used previously by Haasper et al.,13 Jagodzinski



Figure 6 A. Representative images and B. Quantitative analysis of Western blots showing ITGB1, ILK, RUNX2, and GAPDH protein
expression in three groups of BMSCs after exposed to mechanical stretch simulating distraction (*p< 0.05).
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et al.,14 and Diederichs et al.15 This system had already
been demonstrated to successfully induce BMSC osteogenic
differentiation in the previous study of Zhao C et al. In this
system, cells in different stretch units are subjected to the
same uniaxial dynamic stretching conditions at the same
time, which is more efficient and reduces within-group
error.

Integrins are heterodimeric glycoproteins that recognize
components of the ECM and mediate cell adhesion, and
they are widely distributed over the cell surface.16 These
transmembrane glycoproteins are heterodimers composed
of noncovalently linked alpha and beta subunits.17 The beta
subunit is involved in the formation of focal adhesion pla-
ques and transmits extracellular signals into the cell that
then influence gene expression.18 As the main cell mem-
brane receptor of ECM, integrin beta-1 (ITGB1) likely plays
a vital role as an upstream signaling molecule in regulating
stem cell differentiation in response to specific extracel-
lular cues.19

Integrin engagement triggers activation of several
signaling pathway including Fak, which is recognized as
the key signal transduction factor in the integrin signaling
pathway that functions by activating downstream
signaling in focal adhesion plaques.20 Whether changes in
integrin-FAK signaling pathway would influence osteo-
genic differentiation in osteoblast-like cell line or not
was still not known clearly, which was our main
interest.21

ILK is a protein kinase linked to downstream signaling of
integrins that mediates response to actin changes by
interacting with cytoplasmic domains of Integrin beta sub-
units.22 Yamaji S et al. found that the stimulation of ILK is
dependent on Pi3 kinase action which was blocked by the
lack of FAK.23 In our study, the increased expression levels
of ITGB1 and ILK in control groups was attenuated in shRNA-
Fak group during mechanical stretch, which suggested that
both upstream and downstream expression of integrin
signaling pathway was inhibited after Fak silencing. The
inhibition of Fak induced the decrease of ILK probably in a
PI3-kinase-dependent manner. And ILK is crucial for both
focal adhesions and activation of the ITGB1 that the
absence of ILK activation inhibits ITGB1 function,24 which is
consistent with the decreased Itgb1 expression after Fak
silencing in our study.
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The increase of ALP activity and RUNX2/Runx2, Alp
expression in both control groups demonstrated successful
osteogenic differentiation of BMSCs after mechanical
stretch. Alp expression is a well-established marker of
BMSC transformation into osteoblasts which is triggered by
cell contact with extracellular matrix (ECM).25 The
dramatically decreased gene expression of Alp in the
shRNA-Fak group was mostly associated with that the inhi-
bition of Fak prevented osteogenic differentiation of BMSCs
by decreasing the expression of extracellular signal-related
kinase (ERK) dependent ALP activity.26 BMSCs osteogenesis
in bone formation is mainly regulated by transcription of
Runx2/Cbfa-1.27 The change of Runx2 vanished in the
shRNA-Fak group was considered to be influenced via FAK-
ERK1/2 downregulation.28 The decrease of Alp and Runx2
expression after Fak silencing indicated that the integrin-
FAK signaling pathway is involved in the regulation of
osteogenic differentiation of BMSC responding to mechan-
ical stretch. The integrin signaling pathway influences this
response as one pathway in a series of signaling pathways
that together lead to osteogenesis.29 Signaling pathways
such as Ras-Raf-MAPK/ERK, FAK-PI3K-Akt/Rac-JNK, and
FAK-Rho-GTPase might be further activated to regulate and
control cell functions after integrin-mediated activation of
FAK.30

In conclusion, silencing of the Fak gene inhibited the
osteogenic differentiation of rat BMSCs induced by in vitro
mechanical stretching model through integrin signaling
pathway.
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