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Mechanical Strain Regulates Osteoblast Proliferation
through Integrin-Mediated ERK Activation
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Abstract

Mechanical strain plays a critical role in the proliferation, differentiation and maturation of bone cells. As mechanical
receptor cells, osteoblasts perceive and respond to stress force, such as those associated with compression, strain and shear
stress. However, the underlying molecular mechanisms of this process remain unclear. Using a four-point bending device,
mouse MC3T3-E1 cells was exposed to mechanical tensile strain. Cell proliferation was determined to be most efficient
when stimulated once a day by mechanical strain at a frequency of 0.5 Hz and intensities of 2500 pe with once a day, and a
periodicity of 1 h/day for 3 days. The applied mechanical strain resulted in the altered expression of 1992 genes, 41 of which
are involved in the mitogen-activated protein kinase (MAPK) signaling pathway. Activation of ERK by mechanical strain
promoted cell proliferation and inactivation of ERK by PD98059 suppressed proliferation, confirming that ERK plays an
important role in the response to mechanical strain. Furthermore, the membrane-associated receptors integrin 1 and
integrin B5 were determined to regulate ERK activity and the proliferation of mechanical strain-treated MC3T3-E1 cells in
opposite ways. The knockdown of integrin 1 led to the inhibition of ERK activity and cell proliferation, whereas the
knockdown of integrin B5 led to the enhancement of both processes. This study proposes a novel mechanism by which
mechanical strain regulates bone growth and remodeling.
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Introduction osteoblasts in order to facilitate bone tissue reconstruction,
contributing to the homeostasis of bone tissue [13-19]. In bone,

Wolfl’s law describes the relationship between bone morphology mechanical stimuli are transmitted through the extracellular

and mechanical load. The regular load is important for
maintaining the integrity of bone [1]. The mechanical load
ensures that the bone is constantly updated itself and that any
internal structural defects are repaired. Disuse or a lack of load
caused by events, such as prolonged bed rest, spinal cord injury or
space flight, results in the rapid loss of bone mass and even
osteoporosis in some cases [2]. Conversely, overloaded strain leads
to pathological bone modeling, remodeling, or microdamage that
may result in fracture when accumulated [3-6].

matrix (ECM) to resident osteoblasts, osteocytes, periosteal cells
and osteoclasts [20]. Osteoblasts are important mechanical
receptors that can transform mechanical stimuli into biochemical
signals and secrete bone matrix to promote bone matrix
mineralization [21]. However, how cells convert the mechanical
signal into a biological signal and relaying the signaling pathway to
regulate cell proliferation remain to be unfully elucidated.
Previous studies have demonstrated that integrins function as
mechanotransducers. Matziolis and colleagues reported that the
expression of integrin Bl increased 2.2- fold following mechanical
stimulation [22]. Kasten and colleagues applied drag forces to
integrin Bl on the apical surface of adherent human MSC and

Mechanical loads include mechanical strain and compressive
and shear stresses. The mechanical microenvironment within a
tissue can influence the fate of a cell. Such local mechanical stimuli

result in- mechanotransduction, which is the conversion of a confirmed that the expression of vascular endothelial growth factor

(VEGF) and collagen I were induced by integrin Pl-mediated
mechanical forces, which are involved in osteogenesis [23].
Additionally, studies have demonstrated that the expression of
integrin a5B1 was reduced after skeletal unloading caused by hind

sites [12]. Other studies have confirmed that these events could limb elevation [24,25]. These studies showed that integrins, which
potentially alter gene expression, protein activity and ultimately

cell function [9,11]. Mechanical strain has been reported to induce
bone remodeling activity resulting in structural changes. This type
of stimulation can promote the proliferation and anabolism of

physical signal into intracellular biochemical cascade signals [7—
11]. Previous studies have shown how mechanics can be
transformed into chemical signals due to changes in protein
conformation and the presentation of previously cryptic binding

are receptors for mechanical loading in bone, form an important
link between the extracellular matrix and the cytoskeleton,
transducing mechanical signals imposed on bone into responses
from bone cells.
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Figure 1. The best efficiently stimulation of mechanical strain was determined by MTT in MC3T3-E1 cells. (A) The proliferation was
evaluated by MTT assay under mechanical strains of 2500 pe at 0.5 Hz with different strain time (0.5 h-2.5 h) and periodicity (once or twice a day)
and strain cycle (1 day-3 day). Data are represented as the mean = SD of at least three biological replicates, *P<<0.05, **P<<0.01 compared with treat
time (0 h) group. (B) The proliferation was evaluated by MTT assay in different intensities (1000-5000 p) at 0.5 Hz, once a day for 1 hour over 3
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consecutive days. Data are represented as the mean =+ SD of at least three biological replicates, * P<<0.05, ** P<<0.01 compared with treat time (0 h)

group.
doi:10.1371/journal.pone.0035709.g001

Biomechanical signals are essential for bone homeostasis,
growth, adaptation, healing and remodeling [14,26-29]. Mechan-
ical forces have been shown to activate many types of signal
transduction cascades, including the MAPK signal pathway [30].
The role of MAPK signaling components, such as extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPK (p38), have been shown to favor osteoblastic cell
proliferation and differentiation [31-33]. In particular, ERK1/2 is
involved in cell transformation, proliferation, and the survival of
several cell types, including osteoblasts [34]. However, the
mechanism by which cells convert a mechanical signal into a
biological signal has not been fully elucidated.

In this study, we investigated the effects of mechanical strain on
mouse MC3T3-E1 cell proliferation. A microarray analysis was
used to Investigate gene expression profiles in cells under
mechanical strain. Based on those results, we focused on exploring
the involvement of MAPK signaling pathways. Our results
demonstrate that integrins Bl-and B5-mediated ERK signaling
affected cell proliferation in response to mechanical strain. This
study revealed the importance of mechanical stimulation in bone
growth and remodeling as well as its underlying molecular
mechanism.

Results

Mechanical strain promotes proliferative activity in
MC3T3-E1 cells

Mechanical strain is important for cell proliferative activity. The
influence of strain on the proliferative activity of MC3T3-E1 cells
was tested using different strain times and frequencies. The
following initial test conditions were used: a working tensile strain
of 2500 pe, which is within the physiological range, applied once
or twice a day; a strain cycle of 1 day and strain times of 0.5, 1, 1.5,
2 and 2.5 h. There was no significant difference observed with
respect to the proliferation rates among the different groups. When
the strain cycle was increased from 1 to 2 days, a 1 h strain time
resulted in increased proliferative activity. However, there was no
obvious difference when the number of strains per day increased
from 1 to 2. On the basis of these results, the following conditions
resulted in the highest cell proliferation rate: a 2500 pe strain
applied once a day for 1 hour over 3 consecutive days (Fig. 1A).
Cell proliferative activity under the following different mechanical
strains was examined: 1000, 1500, 2000 and 2500 pe, which are
all within the physiological range; and 5000 pe, which is above
physiological range. Strains of 2000 and 2500 pe markedly
promoted cell proliferation, whereas a strain of 5000 pe inhibited
cell proliferation (Fig. 1B). The mechanical strain of 5000 pe
enhanced PI positive stained percent and lactate dehydrogenase
(LDH) activity in the culture medium of the cells, indicating that
the strain of 5000 pe resulted in cell necrosis and overloading,
which is unsuitable for cell growth (Figure S1, and S2).

Microarray analysis of gene expression profile in MC3T3-
E1 cells under mechanical strain

The CapitalBio microarray platform, which contains 32,000
mouse genes, was validated by the MicroArray Quality Control
project initiated by the US Food and Drug Administration. To
determine the effects of mechanical strain on gene expression,
MC3T3-E1 cells were subjected to the following mechanical strain
conditions: 2500 and 5000 pe at 0.5 Hz applied once a day for 1 h
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over 3 consecutive days. Compared with the control group,
MC3T3-E1 cells under a strain of 2500 pe exhibited significantly
different expression levels of 1992 genes, with 776 genes being
expressed at levels more than 2-fold higher and 1216 genes
expressed at 0.5-fold lower levels (Fig. 2A). The majority of these
genes were assigned to 24 functional groups (Fig. 2B). MC3T3-E1
cells treated with a strain of 5000 ue exhibited significantly
different expression levels for 1435 genes, with 737 genes having
higher expression levels and 698 genes having lower expression
levels compared those of the control group (Fig. 2A). The majority
of these genes were assigned to 24 functional groups (Fig. 2C).
Further statistical analyses revealed that the 2500 pe load affected
45 signaling pathways, including the MAPK signaling pathway as
well as ECM-receptor interactions, axon guidance and antigen
processing and presentation. Information of microarray analyses
the main signaling pathways in MC3T3-E1 cells with mechanical
strain is stated in Table 1.

The effects of mechanical strain on the MAPK signaling
pathway and associated gene expression

The expression of 41 genes involved in MAPK pathway was
altered in response to mechanical strain, with 16 genes higher and
25 genes lower expression levels (Fig. 3, Table 2). Bioinformatic
analysis revealed that the MAPK signaling pathway was
significantly involved in the response to the 2500 pe mechanical
strain (Fig. 3). Furthermore, the changes observed in the
expression levels of 5 genes involved in the MAPK signaling
pathway were confirmed using real-time PCR (Fig. 4), supporting
the observation that 2500 pe of mechanical strain affected the
MAPK signaling pathway.

Mechanical strain promotes MC3T3-E1 cell proliferation
through the ERK signaling pathway.

Given that ERK is an important type of MAPK, we examined
its role in MC3T3-E1 cell proliferation while under mechanical
strain. MC3T3-E1 cells were exposed to periodic mechanical
strains of 2500 and 5000 pe, respectively, once a day at 0.5 Hz,
and a periodicity of 1 h/day for 3 days. After the exposure of cells
to 2500 pe of mechanical strain, ERK was activated, as its degree
of phosphorylation sharply increased and the cell proliferation rate
was significantly increased (Fig. 5). In contrast, 5000 pe of strain
mactivated ERK, as the degree of ERK phosphorylation sharply
decreased and the cell proliferation rate was significantly reduced
(Fig. 5). In addition, specific chemical inhibitors of ERK1/2 were
used to determine whether the mechanical strain affected
MC3T3-E1 cell proliferation through the ERK signaling pathway.
The MEKI1/2 inhibitor PD98059 selectively prevents the
activation of MEKI1/2 by Raf and subsequently blocks the
ERK1/2 cascade. We pretreated MC3T3-E1 cells with PD98059
(20 uM) or DMSO (0.1%, solvent control) for 30 min before
applying mechanical strain. The cells were then subjected to
mechanical strains of 2500 and 5000 pe once a day at 0.5 Hz and
a periodicity of 1 h/day for 3 days. Compared to unstrained
(control) cells or cells that were under only mechanical strain,
phosphor-ERK was significantly decreased in pretreated cells and
significantly inhibited 2500 pe-induced effects on cell proliferation.
These results indicate that physiological mechanical strain
promotes the activation of MC3T3-E1 cell proliferation and that
mechanical strains above physiological strain decreased MC3T3-
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Figure 2. Microarray analysis of gene expression profile in MC3T3-E1 cells under mechanical strain. (A) Hierarchical clustering analysis
with the heat map under 2500 and 5000 pe at 0.5 Hz applied once a day for 1 h over 3 consecutive days in MC3T3-E1 cells. Each row represents a
gene; red: up-regulated genes, Green: down-regulated genes. (B) Clustering map in gene function of MC3T3-E1 cells when stimulated by mechanical
strain of 2500 pe at 0.5 Hz applied once a day for 1 h over 3 consecutive days. (C) Clustering map in gene function of MC3T3-E1 cells when stimulated
by mechanical strain of 5000 pe at 0.5 Hz applied once a day for 1 h over 3 consecutive days.

doi:10.1371/journal.pone.0035709.9002

El cell proliferation, with both occurring through the ERK
signaling pathway (Fig. 5).

Mechanical strain induces the expression of integrins (1
and B5

Previous studies have confirmed that integrins are mechanical
stimulus-specific receptors and different integrin subtypes have
different effects. After MC3T3-E1 cells were exposed to periodic
mechanical strain, microarray analysis revealed that the mRNA
expression levels of integrins Bl and B5 increased by 1.36- and
3.35- fold, respectively. After the exposure of cells to 2500 pe of
strain, real-time PCR results showed that the expression levels of
integrins Bl and B5 increased 1.39 and 1.73 -fold, respectively,
compared with those of the control group. Furthermore,
immunofluorescence analysis confirmed that the expression of
both integrins B1 and B5 exhibited the same changes. Altogether,
these results demonstrate that exposure to the 2500 pe of
mechanical strain causes the gene and protein expression of
integrins B1 and B5 to increase compared with that of the control
group (Fig. 6 A-B).

Integrins B1 and B5 are involved in ERK activation and
cell proliferation

To study the role of integrins in ERK activation and cell
proliferation, RNA interference was used to knockdown the
expression of Integrins Bl and B5. After siRNA knockdown of
Integrins B1 and 5, the mRNA and protein expression levels of
Integrins B1 and B5 significantly decreased compared with those
in cells under only 2500 pe of mechanical strain (Figure S3). When
cells were exposed to 2500 pe of mechanical strain, the effects of
the knockdown of integrins B1, B5 or both simultaneously on cell
proliferation and ERK activity were examined. The knockdown of
integrin B1 lowered the phosphorylation level of ERK and cell
proliferation rate. In contrast, the knockdown of integrin B5
significantly increased ERK phosphorylation and the cell
proliferation rate. In the cells in which both integrins f1 and B5
were knocked down, pERK levels and the cell proliferation rates
were significantly higher than those in cells with only integrin B1
knocked down and lower than those in cells with only integrin 5
knocked down (Figure 6 C, D, E, F). In unstrained cells, the effects
of knocking down integrins B1, 5 or both of them simultaneously
on ERK activation and cell proliferation were similar to those of
mechanically strained cells (Figure S4 and S5). However, the
phosphorylation levels of ERK were much lower than those of
strained cells. These results indicate that integrin f1 Integrin B5
are involved in MC3T3-E1 cell proliferation activity in response to
mechanical strain in a manner that is mediated by the ERK
signaling pathway, with the two integrins exhibiting opposite
effects (Fig. G, D, E, F).

Discussion

The purpose of this study was to investigate the mechanism of
mechanical strain regulating the proliferation of MC3T3-E1 cells.
Our results showed that 2500 pe of mechanical strain applied once
a day at 0.5 Hz and a periodicity of 1 h/day for 3 days
significantly promotes the proliferation of MC3T3-E1 cells. This

@ PLoS ONE | www.plosone.org

mechanical strain induces changes in multiple intracellular
signaling pathways. The MAPK pathway is an important
mechanical signal transduction pathway in which ERK plays a
major role. The ERK pathway mediates the mechanical strain-
induced proliferation of MC3T3-E1 cells. More importantly, the
mechanical receptors integrins f1 and B5 exhibit opposite effects
in the regulation of ERK activation and cell proliferation. These
results indicate that mechanical strain regulates osteoblast
proliferation via integrin B1/p5-mediated ERK activation.

The MAPK signaling pathway, which is one of the mechanical
signaling pathways identified by our microarray analysis, is a signal
transduction pathway closely related to mechanics and plays an
important role in regulating cell proliferation [35]. A mechanical
stimulus was first reported to activate the MAPK signaling
pathways in skeletal muscle [35]. Kusumi and colleagues [36]
applied 7%, 0.25 Hz cyclic tensile strain (CTS) applied to
osteoblasts for 4h a day over 3 consecutive days and
demonstrated that p38 MAPK and ERK1/2 were competitively
activated, suggesting that the p38 MAPK pathway can regulate
the ERK1/2 pathway in osteoblasts under CTS. In addition,
Hatton JP and colleagues found that short periods of mechanical
stress induced early gene expression and growth in MC3T3-El
osteoblasts, primarily through an ERKI1/2-mediated pathway
[37].

The ERK pathway plays a key role in osteoblast proliferation
but has little effect on osteoblast differentiation [34,38-40]. ERK
is mainly activated through Ras-Raf-MEK1/2-ERK via phos-
phorylation. Because only phosphorylated ERK has catalytic
activity, this study investigated the changes in ERK1/2 and its
associated activity in response to different mechanical strains by
determining the p-ERK/ERK ratio using western blot analysis.

This study shows that a 2500 pe of mechanical strain applied
once a day at 0.5 Hz and a periodicity of 1 h/day for 3 days can
increase ERK phosphorylation and cell proliferation in MC3T3-
E1 cells. PD98059, an antagonist of MEK1/2, which blocks ERK
activation during the application of 2500 pe of mechanical strain,
leads to a significant decrease in cell proliferation. This
observation indicates that mechanical strain can transform
extracellular mechanical signals into biological signals through
the ERK signaling pathway, affecting cell proliferation.

Integrins represent a major family of cell-surface receptors that
are transmembrane heterodimers comprised of noncovalently
bound o- and B-subunits [41]. Each subunit contains a large
extracellular domain, a transmembrane region and a small
intracellular region. The extracellular domain directly interacts
with ECM proteins, including fibronectin, laminin, collagen and
vitronectin. The intracytoplasmic area interacts with intracellular
signal transmission molecules and cytoskeletal proteins to regulate
cell functions, such as signal transduction, cytoskeletal remodeling,
cell motility, migration, apoptosis, cell proliferation and cell
adhesion [42,43]. As the main receptors that connect the
cytoskeleton to the extracellular matrix (ECM), integrins have an
intimate relationship with mechanical strain. Integrins provide a
preferred site for mechanical signal transfer across the cell surface
and transmit the signal across the plasma membrane and to the
cytoskeleton over a specific molecular pathway [44]. Integrins act
as mechanical transduction receptors and the stimulation of these
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Table 1. Microarry analyses the main signaling pathways in
MC3T3-E1 cells with mechanical strain.

KEGG Pathway Name Total P-value Q-value
MAPK signaling pathway 40 0.0 0.0
Regulation of actin 40 0.0 0.0
cytoskeleton

Focal adhesion 38 0.0 0.0
Ribosome 36 0.0 0.0
Tight junction 33 0.0 0.0

Cell cycle 32 0.0 0.0
Axon guidance 31 0.0 0.0
Insulin signaling pathway 30 0.0 0.0
Calcium signaling pathway 27 0.0 0.0

Whnt signaling pathway 22 4.0E-6 9.0E-6
Purine metabolism 22 4.0E-6 9.0E-6
Cytokine-cytokine receptor 22 0.001297 0.002261
interaction

Pyrimidine metabolism 21 0.0 0.0
Natural killer cell mediated 21 5.2E-5 1.12E-4
cytotoxicity

T cell receptor signaling 21 0.0 0.0
pathway

Gap junction 19 0.0 0.0
Glutathione metabolism 19 0.0 0.0
Leukocyte transendothelial migration 19 4.2E-5 9.2E-5
Cell adhesion molecules (CAMs) 19 0.0 0.0
Oxidative phosphorylation 18 3.88E-4 7.55E-4
VEGF signaling pathway 18 2.0E-6 5.0E-6
Olfactory transduction 17 0.0 0.0
Neuroactive ligand-receptor 17 0.300574 0.319936
interaction

B cell receptor signaling 16 3.0E-6 7.0E-6
pathway

mTOR signaling pathway 16 0.0 1.0E-6
Apoptosis 16 1.8E-5 4.1E-5
TGF-beta signaling pathway 15 1.38E-4 2.87E-4
Antigen processing and 15 0.0 0.0
presentation

DNA polymerase 15 0.0 0.0
Jak-STAT signaling pathway 14 0.00545 0.00866
Long-term depression 13 6.99E-4 0.001287
Metabolism of xenobiotics by 13 0.0 0.0
cytochrome P450

Cell Communication 13 0.066975 0.092911
Toll-like receptor signaling pathway 13 3.53E-4 6.98E-4
ECM-receptor interaction 12 0.00222 0.003727
Adherens junction 12 6.99E-4 0.001287
Phosphatidylinositol signaling 12 3.5E-5 7.9E-5
system

Type | diabetes mellitus 12 0.0 0.0
Tyrosine metabolism 1 0.003309 0.005458
Alanine and aspartate metabolism 1 0.0 0.0
Glycolysis/Gluconeogenesis 10 0.001357 0.002317
Urea cycle and metabolism of amino 9 9.0E-6 2.2E-5

groups
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Table 1. Cont.

KEGG Pathway Name Total P-value Q-value
Protein export 6 0.0 0.0
Retinol metabolism 5 0.0 0.0
Pentose and glucuronate 3 0.0 0.0

interconversions

doi:10.1371/journal.pone.0035709.t001

receptors has been shown to modulate cellular growth and gene
expression [45]. In addition, integrins act as mechanical strain
receptors in bone and transduce mechanical signals imposed on
the bone into responses from bone cells [46,47]. However, but the
precise molecular basis for this regulation remains unclear.

Integrin B1 has been reported to be expressed on the surface of
osteoblasts [48] and mechanical stimulation can cause redistribu-
tion [49] of integrin B1 on the cell surface. Integrin B1 antibodies
inhibit the activity of mechanosensitive ion channels, demonstrat-
ing that B1 integrin can mediate the impact of mechanical strain
on bone. Hu and colleagues [50] directly imposed an external
force on integrins with a three-dimensional magnetic distortion
device, providing a simple and effective method to study the
transmembrane transfer of external force. In their experiments,
physical distortion forces acting directly on Pl integrin in
endothelial cells resulted in effective transmembrane force
transmission, demonstrating that integrin B1 can transmit external
forces to the cytoskeleton. Using molecular dynamics simulations
of the FNIII p-ovB3 integrin complex, Vogel revealed that
simulated mechanical force or “manual” opening of the hinge
accelerated formation of the T-junction induced by ligand binding
and hinge opening. These results provided a common structural
model for the dynamic process by which integrins become
activated [51].

Carvalho and colleagues [49] confirmed that mechanical stress
upregulated the expression of Bl integrin in osteosarcoma cells.
Another investigation confirmed [52] that a 30 min steady fluid
shear stress of 20 dynes/cm? increased the expression of the
following early mechanoresponsive genes: integrin B1 in C57BL/
6] mouse osteoblasts, Wnt, estrogen receptor, insulin-like growth
factor-I, and bone morphogenetic protein. In addition, integrin B1
was required for the focal adhesion kinase (FAK) independent
activation of MAP kinases (ERK1/2, p38 and JNK) induced by
mechanical stress [53]. o3 and B; integrins mediated the
proliferation of human osteoblast-like MG63 cells induced by
oscillatory shear stress [54]. However, the effect of cyclic tensile
strain on MC3T3-E1 cell proliferation activity through the
integrin Bl-mediated ERK signaling pathway has rarely been
reported. Moreover, there are only a few studies on the effects of
integrin B5 on bone cells. Xianghong Luan and colleagues [55]
indicated that the posteruptive axial movement of teeth involves
the significant formation of a new apical root cementum and
alveolar bone in tandem with the upregulation of collagen I,
integrin B5, and SPARC (osteonectin) gene expression. However,
the effects of integrin B5 on osteoblast cells under the mechanical
strain have not been reported.

In this study, the expression at the mRNA and protein levels of
integrins B1 and B5 were observed to increase under mechanical
strain. After knockdown of integrin B1, ERK phosphorylation and
cell proliferation significantly decreased. ERK phosphorylation
and cell proliferation under a mechanical strain of 2500 pe were
lower in the absence of integrin B1 than in the presence of integrin
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strain. Mechanical strains of 2500 pe, once a day at 0.5 Hz, and a periodicity of 1 h/day for 3 days. Orange frame indicates changed genes. KEGG,
@ PLoS ONE | www.plosone.org

Kyoto Encyclopedia of Genes and Genomes.

Figure 3. The KEGG MAPK signaling pathway showing genes differentially expressed in MC3T3-E1 cells exposed to mechanical
doi:10.1371/journal.pone.0035709.g003
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doi:10.1371/journal.pone.0035709.g004

B1. In contrast, knockdown of integrin B5 resulted in a significant
increase in the levels of ERK phosphorylation and cell
proliferation. ERK phosphorylation and cell proliferation under
a mechanical strain of 2500 pue were higher in the absence of
integrin 5 than in the presence of integrin B5. These data
demonstrated that mechanical strain could affect the ERK
activity-mediated proliferation of MC3T3-El cells via integrins
B1 and B5, with these two integrins having opposite effects. In
addition, in the absence of both integrins, ERK phosphorylation
and cell proliferation were significantly higher than in the absence
of only integrin Bl and lower in the absence of only integrin B5.
These observations indicate that the absence of both integrins has
a superimposed effect, further illustrating the opposing roles that
integrins Bl and B5 play in the regulation of MC3T3-El cell
proliferation via the ERK signaling pathway.

In summary, our study demonstrates that mechanical strain can
regulate osteoblast proliferation through the integrin 1/85-
mediated ERK signaling pathway. In the signaling pathway of
mechanotransduction, the two integrins have opposite effects;
integrin Pl facilitate mechanotransduction and integrin 5
obstruct it. This study is the first showing how mechanical strain
promotes the proliferation of osteoblast cells via ERK mediation
through integrins Bl and B5.

Materials and Methods

Materials

TRIzol was purchased from Invitrogen (Invitrogen, USA). The
DNA microarray used in this study was produced by CapitalBio
Clorporation (Beijing, China). MTT was purchased from Solarbio.
SYBR Green Master Mix kits were purchased from Applied
Biosystems (Applied Biosystems, USA). Rabbit monoclonal
antibodies (mAb) against ERK1/2 (#4695) and phospho-
ERK1/2 (#4376) were purchased from Cell Signaling Technol-
ogy (CST), and mAb against integrin B1 (#1798-1) was obtained
from Epitomics. Integrin B5 antibody (AB1926) was purchased
from Millipore. Goat anti-rabbit FITC-conjugated IgG (H+L) (sc-
bsI*-0295G) was purchased from Bioss (Biosynthesis Biotechnolo-
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gy, BEIJING). Control small interfering RNA (siRNA), specific
siRNAs for integrins Bl and B5, Lipofectamine 2000 and
fluorescent oligomers were purchased from Invitrogen (Carlsbad,
CA, USA). PD98095 (sc-10006726) was purchased from Cayman
(Cayman Chemical, USA). All other chemicals of reagent grade
were obtained from Sigma unless otherwise noted.

Cell culture

The mouse osteoblastic cell line MC3T3-E1 was purchased
from Peking Union Medical College (China, Beijing). Cells were
cultivated in o-MEM containing 10% fetal calf serum (Gibco,
USA), 100 IU/mL penicillin and 100 pg/mL streptomycin at
37°C in an atmosphere with 5% CO; and 95% humidity, and the
medium was exchange every three days. At confluence, cells were
digested with 0.25% trypsin and seeded to mechanical load dishes
of a four-point bending device for experiments. The ERK1/2
inhibitor PD98059 (20 uM) and DMSO (0.1%) solvent control
were added to cell culture 2 hours prior to the application of
mechanical strain and remained in the culture media throughout
the experiment.

Mechanical tensile strain

To exert mechanical strain on cells inoculated in mechanical
load dishes, we used a previously described four-point bending
device [56-59] that was independently developed by the Chinese
Military Academy of Medical Sciences.

Cell proliferation

After trypsinized and seeded on mechanical load dishes at a
density of 2x10* cells/cm?, MC3T3-El cells were divided into
groups that were then subjected to different mechanical strains.
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium
bromide) solution (Promega) was used to assay for living cells
after strain was applied to MC3T3-E1 cells. In this assay, MTT is
reduced to formazan by intracellular NAD (P) H-oxidoreductase.
The formazan product can be detected using an enzyme-linked
immunosorbent assay reader at 490 nm. Thus, the absorbance
(OD value) at 490 nm was regarded as the relative number of
living cells and relative activity of cell proliferation [60].

Microarray data analysis

Total RNA isolation and assessment: Total cellular RNA was
extracted with the Trizol reagent according to the manufacturer’s
instructions. The RNA concentration and purity of the obtained
RNA were determined by OD260/280 nm absorption ratio. The
extent of degradation was evaluated by analying the 18S and 28S
ribosomal RNAs in formaldehyde cross-linked agarose gels. Only
non-degraded RNA samples were used in this study.

cRNA labeling and ¢cDNA synthesis: DNase-treated total RNA
(5 ng) was converted to fluorescent dye (Cy5- and Cy3-dCTP)-
labeled ¢cDNA using the CapitalBio cRNA Amplification and
Labeling Kit (CapitalBio), which employs a modified version of
Eberwine’s linear RNA amplification method and a subsequent
enzymatic reaction [61] Double-stranded ¢cDNA (dsDNA) was
then synthesized using DNA polymerase and RNase H. The
dsDNA products were purified using the PCR NucleoSpin Extract
II Kit (MN) and eluted with 30 pL of elution buffer. The eluted
double-stranded ¢cDNA products were vacuum evaporated to a
volume of 16 pL, which was used in 40 pL in vitro transcription
reactions at 37°C for 4—14 hr using a T7-Oligo (dT) Promoter
Primer in the first-strand ¢cDNA synthesis reaction. Amplified
cRNA was purified using the RNA Clean-up Kit (MN). The
Klenow enzyme labeling strategy was adopted after reverse
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transcription of the cRNA using ChcScript Il reverse transcriptase.
The labeled cDNA was purified with a PCR NucleoSpin Extract
II Kit (MN) and resuspended in elution buffer. Labeled controls
and test samples were quantitatively adjusted on the basis of the

@ PLoS ONE | www.plosone.org

Table 2. The changed genes of the MAPK signaling pathway under mechanical strain of 2500 pe, at 0.5 Hz, once a day for 1 h over

3 consecutive days in MC3T3-E1 cells.

Gene Ratio Ref Seq Gene description

Hspb1 5.6516 - heat shock protein 1

Rras 3.0868 NM_009101 “Harvey rat sarcoma oncogene, subgroup R

Cacnb3 3.0815 NM_007581 calcium channel, voltage-dependent, beta 3 subuni

Map3k7ip1 3.0340 NM_025609 mitogen-activated protein kinase kinase kinase 7
interacting protein 1

Rac3 2.9686 NM_133223 RAS-related C3 botulinum substrate 3

Nfkb2 2.8445 NM_019408 nuclear factor of kappa light polypeptide gene enhancer
in B-cells 2, p49/p100

Mapk3 2.563 NM_0119521346859 mitogen activated protein kinase 3

Pdgfa 2.4456 platelet derived growth factor, alpha

Akt2 2.3886 NM_007434 thymoma viral proto-oncogene 2

Map2k5 2.3626 NM_011840 mitogen activated protein kinase kinase 5

Finc 2.3287 XM_284175 filamin C, gamma (actin binding protein 280)

Mras 23192 NM_008624 muscle and microspikes RAS

Hspa2 23179 NM_008301 heat shock protein 2

Dusp1 2.0974 NM_013642 dual specificity phosphatase 1

Akt1 2.0353 NM_009652 thymoma viral proto-oncogene 1

NIk 0.4764 NM_008702 nemo like kinase

Cdc25b 0.4696 NM_023117 cell division cycle 25 homolog B (S. cerevisiae)

Mapkapk3 0.4678 - mitogen-activated protein kinase-activated protein
kinase 3

Kras 0.4665 NM_021284 v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog

Crk 0.4654 NM_133656 v-crk sarcoma virus CT10 oncogene homolog (avian)

Rasal 0.4495 NM_145452 RAS p21 protein activator 1

Rap1b 0.4458 NM_024457 RAS related protein 1b

Rras2 0.4392 NM_025846 related RAS viral (r-ras) oncogene homolog 2

Prkca 0.4350 NM_011101 “protein kinase C, alpha

Fgf7 0.4309 NM_008008 fibroblast growth factor 7

Cacnalb 0.4196 XM_486780

Na 0.4167 NM_015747 solute carrier family 20, member 1

Dusp3 0.4080 - peptidyl prolyl isomerase H

Ppp3cb 0.3522 NM_008914 protein phosphatase 3, catalytic subunit, beta isoform

Rasgrp1 0.3346

Nfatc2 0.3323 NM_011960 poly (ADP-ribose) glycohydrolase

Pak2 03316 p21 (CDKN1A)-activated kinase 2

Arrb2 0.3233 NM_026218

Cacnb2 03124 0.0

Chuk 0.3036 NM_007700 conserved helix-loop-helix ubiquitous kinase

Nras 0.2953 AC163297 neuroblastoma ras oncogene

Bdnf 0.2927 - similar to high mobility group protein (LOC382421), misc
RNA

Pdgfrb 0.2353 NM_008809 “platelet derived growth factor receptor, beta
polypeptide

Rps6ka6 0.2291 XM_488517

Taok1 0.1552

doi:10.1371/journal.pone.0035709.t002

efficiency of Cy53- or Cy3-dCTP incorporation and then dissolved
in 80 uL of hybridization solution containing 3 xSSC, 0.2% SDS,
5xDenhardt’s solution and 25% formamide. The DNA in the
hybridization solution was denatured at 95°C for 3 min prior to
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Figure 5. Mechanical strain promotes MC3T3-E1 cells proliferation through the ERK signaling pathway. (A-C) The protein expression of
ERK and ERK-phosphorylation in different treat groups (with or without 20 uM MEK1/2 inhibitors PD98059) was detected by Western blotting with
anti-ERK1/2 and anti-p-ERK1/2. GAPDH was used as an internal control. Data are represented as mean =+ SD of at least three biological replicates, *
P<0.05, ** P<0.01. (D) The proliferation of cells treated with or without PD98059 under mechanical strain was evaluated by MTT assay. Data are
represented as the mean =+ SD, of at least three biological replicates, * P<<0.05, ** P<<0.01.

doi:10.1371/journal.pone.0035709.9005

loading onto the microarray. Microarray expression profiling
using a 32 k Mouse Genome Array: The arrays were hybridized in
a CapitalBio BioMixer ™ II Hybridization Station overnight at a
rotation speed of 8 rpm and a temperature of 42°C. After washed
with two solutions (0.2% SDS, 2xSSC at 42°C for 5 min and
0.2xSSC for 5 min), the arrays were scanned with a confocal
LuxScanTM scanner and the resulting images were analyzed
using LuxScan™' 3.0 software (both from CapitalBio). For
individual channel data extraction, spots with intensities below
400 units after background subtraction in both channels (Cy3 and
Cyb) were removed. Space- and intensity-dependent normaliza-
tion based on the LOWESS program was then employed. To
identify genes with significantly different expression levels,
Significance Analysis of Microarrays (SAM, version 3.02) was
employed. The results were analyzed using multiple bioinformatic
methods, including cluster analysis, pathway analysis and GO
classification. To confirm the obtained results, 5 differentially
expressed genes were selected from the MAPK signaling pathway
for Quantitative real-time PCR analysis.

Quantitative real-time PCR

RNA extraction and quality assessment were performed as
described above. RNA samples were subjected to cDNA synthesis,
and gene expression analysis was completed using real-time PCR.
The total RNA was reverse transcribed in a 20 pL. reaction
mixture containing 50 ng of oligo-dT primer mix and 2 units of

@ PLoS ONE | www.plosone.org
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Superscript III reverse transcriptase according to the manufactur-
er’s instructions (Invitrogen). Real-time PCR analysis was
performed in an ABI Step-one RealTime PCR machine in a 48-
well format (Applied Biosystems, Foster City, CA, USA) using the
Fast SYBR-green Master Mix kit (Applied Biosystems, Foster City,
CA, USA). The cycling profile was 95°C for 20 s, 95°C for 3 s and
60°C for 30 s for a total of 40 cycles. The reactions were
normalized on the basis of the amplification of the selected gene
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
control reference. Using the relative quantitative method
(224N the expression levels of the PCR products of interest
relative to those in the control group were calculated. The details
of the primers are listd in Table S1 of the supporting information.

Western Immunoblot Assays

Total protein was extracted from the cells and then quantified
using the BCA method. For each group, a total of 40 ug of protein
was transferred to a NC membrane after electrophoretic
separation. The membrane was pre-hybridized in 5 g/L skim
milk for 1 h. The appropriate rabbit anti-mouse monoclonal
antibody (1:1000 dilution) was then added, and the membrane was
incubated overnight at 4°C. After washing in TBS, the HRP-
conjugated goat anti-IgG secondary antibody (1:1000 dilution) was
added, and the membrane was incubated at 37°C for 1 h. After
washing in TBS again, the proteins were visualized using an ECL
detection kit. GAPDH was used as an internal reference control.
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Figure 6. Integrin 1 and Integrin 5 have opposite effects on the phosphorylation of ERK and the proliferation in MC3T3-E1 cells.
(A) and (B) Mechanical strain induces Integrin $1 and Integrin 5 expression. The mRNA and protein expressions of Integrin B1 (A) and Integrin 5 (B)
were analysised by cDNA microarray, qPCR and immunofluorescence (IF) with anti-ltgb1 and anti-ltgb5. All data are represented as mean = SD of at
least three biological replicates. * P<<0.05, ** P<<0.01 versus Control. (C-E) The protein expressions of ERK and ERK-phosphorylations in different
treated groups (knockdown of Integrinf1, Integrinp5 or both simultaneously with siRNA transfection) under mechanical strain were detected by
Western blotting with anti-ERK1/2 and anti-p-ERK1/2. GAPDH was used as an internal control. All data represent the mean * SD of at least three
biological replicates, * P<0.05, ** P<<0.01 between the indicated groups. (F) The proliferation of cells treated with Integrin f1-siRNA, Integrin 5-
siRNA or both under mechanical strain was evaluated by MTT assay. All data represent the mean =+ SD of at least three biological replicates, * P<0.05,

** P<0.01 between the indicated groups.
doi:10.1371/journal.pone.0035709.9g006

Scion Image software was used to perform semi-quantitative
analysis.

Immunofluorescence analysis

After the mechanical stimulation, MC3T3-E1 cells were fixed in
4% paraformaldehyde for 30 min followed by washing in 0.01 M
PBS (pH 7.2) for 5 min. After incubation in 0.03% Triton for
20 min and washing 3 times with PBS, the cells were blocked in
PBST supplemented with 2% BSA. Next, the rabbit anti-mouse

@ PLoS ONE | www.plosone.org

1

integrins B1 and B5 monoclonal antibodies (1:200) were incubated
with the cells for 72 h at 4°C. The cells were washed 3 times with
PBS, and a FITC-conjugated goat anti-rabbit secondary antibody
(1:200) was incubated with the cells for 4 h at room temperature in
a dark room. The cells were washed an additional 3 times with
PBS. Expression of integrin f1 or B5 was determined using an
Infinite 200 (TECAN, Switzerland) fluorescence microplate
reader. Integrin Bl or B5 fluorescence intensity was measured
according to the excitation/emission at 485/520 nm and given as
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Table 3. Small RNA sequences.
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Description Cat No/lot Type Sequence Quantity

Itgb1-MSS205553 10620319/148893 D07 RNA UAGAAAUGUUGGAACACUUUCGUCC Stealth
10620319/148893 D08 RNA GGACGAAAGUGUUCCAACAUUUCUA Stealth

Itgb5-MSS205566 10620319/148893 E03 RNA UACAGCCGCAUGUGCAAUUGUAGGC Stealth
10620319/148893 E04 RNA GCCUACAAUUGCACAUGCGGCUGUA Stealth

doi:10.1371/journal.pone.0035709.t003

the mean of eight replicates. The fluorescence background was
determined using cells treated with FITC-labeled second antibody.

SiRNA Transfection

After digesting MC3T3-El cells in the logarithmic phase as
described above, the cells were inoculated in 24-well cell culture
plates containing serum- and antibiotic-free o-MEM at a density
of 2x10° cells per well. The cells were cultured until they reached
50% confluence and then transfected with a fluorescent oligomer,
Stealth siRNA and the Stealth siRNA negative control (Invitrogen)
using Lipofectamine 2000 according to the manufacturer’s
protocol. To determine the best transfection time, the efficiency
of the transfection was observed by confocal microscopy at 24, 48,
72 and 96 hours post-transfection. The specific siRNAs for
integrins Bl andP5 (Invitrogen) were transfected using the same
method, with siRNA-N again serving as a negative control. Table 3
lists the small RNA sequences. Mechanical strain or pharmaco-
logical treatment was applied 48 hours after transfection.

Statistical analysis

The microarray data were analyzed using LuxScanTM 3.0
software and standardized per spot and per chip by both
background subtraction based on negative controls and intensity-
dependent normalization (non-linear or LOWESS normalization).
The ratio of Cy3 to Cy) fluorescence was calculated to determine
gene expression differences. Cluster analysis was performed using
Genespring and Cluster3.0 analysis software. Information on
differentially expressed genes was obtained via the United States
National Medical Center for Biotechnology Information database
(http://www.ncbi.nlm.nih.gov). Signal transduction information
analysis was performed using Pathway Studio software. The
measurement data are indicated as the mean * SD. Using the
SPSS12.0 statistics package, the means in each group were
compared using ANOVA and SNK pairwise comparisons. A p
value of less than 0.05 was considered to be significant.

Supporting Information

Figure S1 Apoptosis percent and PI positive stained
percent of MC3T3-E1 cells. With Apoptosis Assay Kit
containing Annexin V labeled with fluorescein isothiocyanate
(FITC) and propidium iodide (PI), using fluorescence microscope
and flow cytometry, apoptosis percent and PI positive stained
percent of MC3T3-E1 cells subjected to different mechanical
strain for 3 days were assayed. The apoptosis percent and PI
positive stained percent of the cells exposed to 5000 pe were both
higher than other groups (0 pe and 2500 pe). The elevation of
apoptosis percent was not evident. All data represent the mean *
SD of at least three biological replicates; * P<<0.05, ** P<<0.01,
between the indicated groups.

(TTF)
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Figure $2 Lactate dehydrogenase (LDH) activity in
MC3T3-El cells, culture media. With LDH activity assay
Kit, using spectrophotometer, the LDH activity in the cells,
culture media was assayed. when MC3T3-E1 cells subjected to
different mechanical strain for 3 days, the relative LDH activity in
the culture media of the cells exposed to 5000 pe were both higher
than other groups (0 pe and 2500 pe). All data represent the mean
* SD of at least three biological replicates, * <<0.05, ** P<0.01,
between the indicated groups.

(TTF)

Figure S3 Silencing of Integrin 1 or Integrin f5 by
specific siRNA respectively. (A and B) The knockdown
efficiency of Integrin B1 (A) or Integrin B5 (B) mRNA was verified
by qPCR. (G and D) The knockdown efficency of Integrin B1 (C)
or Integrin B5 (D) protein was verified by immunofluorescence. All
data represent the mean * SD of at least three biological
replicates; * P<<0.05, ** P<0.01, between the indicated groups.
(TIF)

Figure S4 The protein expression of ERK and ERK-
phosphorylations in unstrained cells. The MC3T3-E1 cells,
protein levels of ERK and ERK-phosphorylations in different
groups {Knockdown of Integrinfl (Itghl), Integrinf5 (Itgh3) or
both simultaneously with siRNA transfection} were detected by
Western blotting with anti-ERK1/2 and anti-p-ERK1/2.
GAPDH was used as an internal control. All data represent the
mean = SD of at least three biological replicates; * P<0.05, **
P<0.01, between the indicated groups.

(TIF)

Figure S5 The proliferative activity of unstrained
MC3T3-El1 cells. The proliferative activity of the cells in
different groups {Knockdown of Integrinfl (Itghl), Integrinf5
(Itghd) or both simultaneously with siRNA transfection} were
detected by MTT assay. All data represent the mean = SD of at
least three biological replicates; * P<<0.05, ** P<(0.01, between the
indicated groups.

(TIF)

Table S1 Sequences of primers used for qRT-PCR.
(DOC)

Acknowledgments
We thank American Journal Experts and American scholars Xian-De Liu

for revising the manuscript.

Author Contributions

Conceived and designed the experiments: YY XZ. Performed the
experiments: Y. Gong Y. Guo Y. Zhang Y. Zhuang RL CG. Analyzed
the data: YY Y. Gong QL. Contributed reagents/materials/analysis tools:
YY Y. Guo XZ. Wrote the paper: YY XZ Y. Guo QL.

April 2012 | Volume 7 | Issue 4 | 35709



References

1.

26.

27.

28.

Hillam RA, Skerry TM (1995) Inhibition of bone resorption and stimulation of
formulation by mechanical loading of the modeling rat ulna in vivo. J Bone
Miner Res 10: 683-689.

Hughes-Fulford M (2004) Signal transduction and mechanical stress. Sci STKE
249: RE12.

DuquetteTL, Watson DJ (2010) Femoral neck stress fracture in a military
trainee. J Orthop Sports Phys Ther 40: 834.

Joshi A, Ke¢ BR, Shah BC, Chand P, Thapa BB, et al. (2009) Femoral neck stress
fractures in military personnel. JNMA J Nepal Med Assoc 48: 99-102.

Frost HM (1992) Perspectives: bone’s mechanical usage windows, Bone and
Mineral 19: 257-271.

Burr DB, Milgrom C, Fyhrie D, Fowood M, Nyska M, et al. (1996) In vivo
measurement of human tibial strains during vigorous activity. Bone 18:
405-410.

Silver FH, Bradica G (2002) Mechanobiology of cartilage: how do internal and
external stresses affect mechanochemical transduction and elastic energy
storage? Biomech Model Mechanobiol 1: 219-238.

Pavalko FM, Norvell SM, Burr DB, Turner CH, Duncan RL et al (2003) A
model for mechanotransduction in bone cells: the load-bearing mechanosomes.
J Cell Biochem 88: 104-112.

Batra NN, Li Y], Yellowley CE, You L, Malone AM, et al. (2005) Effects of
short-term recovery periods on fluid-induced signaling in osteoblastic cells.
J Biomech 38: 1909-1917.

Isaksson H, Wilson W, Donkelaar CC, Huiskes R, Ito K (2006) Comparison of
biophysical stimuli for mechano-regulation of tissue differentiation during
fracture healing. ] Biomech 39: 1507-1516.

Liedert A, Kaspar D, Blakytny R, Claes L, Ignatius A (2006) Signal transduction
pathways involved in mechanotransduction in bone cells. Biochem Biophys Res
Commun 349: 1-5.

. Viola V, Michael S (2006) Local force and geometry sensing regulate cell

functions. Molecular cell biology 7: 265-275.

Robling AG, Castillo AB, Turner CH (2006) Biomechanical and molecular
regulation of bone remodeling. Annu Rev Biomed Eng 8: 455-498.

Ehrlich PJ, Lanyon LE (2002) Mechanical strain and bone cell function: A
review. Osteoporosis Int 13: 688-700.

Celil AB, Campbell PG (2005) BMP-2 and insulin-like growth factor-I mediate
Osterix (Osx) expression in human mesenchymal stem cells via the MAPK and
protein kinase D signaling pathways. J Biol Chem 280: 31353-31359.

Zhao G, Monier-Faugere MC, Langub MC, Geng Z, Nakayama T, et al. (2000)
Targeted overexpression of insulin-like growth factor I to osteoblasts of
transgenic mice: increased trabecular bone volume without increased osteoblast
proliferation. Endocrinology 141: 2674-2682.

. Yoshida K, Oida H, Kobayashi T, Maruyama T, Tanaka M, et al. (2002)

Stimulation of bone formation and prevention of bone loss by prostaglandin E
EP4 receptor activation. Proc. Natl. Acad. Sci. U. S. A, 99: 4580-4585.
Kapur S, Baylink DJ, Lau KH (2003) Fluid flow shear stress stimulates human
osteoblast proliferation and differentiation through multiple interacting and
competing signal transduction pathways. Bone 32: 241-251.

Papachroni KK, Karatzas DN, Papavassiliou KA, Basdra EK, Papavassiliou AG
(2006) Mechanotransduction in osteoblast regulation and bone disease. Trends
Mol Med 15: 1471-1479.

Rubin J, Rubin C, Jacobs CR (2006) Molecular pathways mediating mechanical
signaling in bone. Gene 367: 1-16.

. Wozniak M, Fausto A, Carron CP, Meyer DM, Hruska KA (2000)

Mechanically strained cell of the osteoblast lineage organize their extracellular
matrix through unique sites of avB3-integrin expression. ] Bone Miner Res 15:
1731-1745.

Matziolis D, Tuischer J, Matziolis G, Kasper G, Duda G, et al. (2011)
Osteogenic predifferentiation of human bone marrow-derived stem cells by
short-term mechanical stimulation. Open Orthop J 5: 1-6.

Kasten A, Muller P, Bulnheim U, Groll J, Bruellhoff K, et al. (2010) Mechanical
integrin stress and magnetic forces induce biological responses in mesenchymal
stem cells which depend on environmental factors. J Cell Biochem 111:
1586-1597.

Sakata T, Wang Y, Halloran BP, Elalich HZ, Cao ], et al. (2004) Skeletal
unloading induces resistance to insulin-like growth factor-I (IGF-I) by inhibiting
activation of the IGF-I signaling pathways. ] Bone Miner Res 19: 436-446.
Dufour C, Holy X, Marie P] (2007) Skeletal unloading induces osteoblast
apoptosis and targets alphabbetal-PI3K-Bcl-2 signaling in rat bone. Exp Cell
Res 313: 394-403.

Bikle DD, Halloran BP (1999) The response of bone to unloading. J Bone Miner
Metab 17(4): 233-44.

Perrien DS, Achenbach SJ, Bledsoe SE, Walser B, Suva LJ, et al. (2006) Bone
turnover across the menopause transition: correlations with inhibins and follicle-
stimulating hormone. J Clin Endocrinol Metab 91: 1848-1854.

Martin TJ, Gaddy D (2006) Bone loss goes beyond estrogen. Nat Med 12:
612-613.

. Wang C, Zhang C, Han J, Wu H, Fan Y (2011) Simulated evolution of the

vertebral body based on basic multicellular unit activities. ] Bone Miner Metab

29(4): 466—476.

@ PLoS ONE | www.plosone.org

31.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.
44.

46.

47.

48.

49.

50.

51.

52.

Effect of Strain on Osteoblast Proliferation

Rubin J, Murphy T, Fan X, Goldschmidt M, Taylor W (2002) Mechanical
strain inhibits RANKL expression through activation of ERK1/2 in bone
marrow stromal cells. ] Bone Miner Res 17, 1452-1460.

Xiao G, Jiang D, Thomas P, Benson MD, Guan K, et al. (2000) MAPK
pathways activate and phosphorylate the osteoblast-specific transcription factor,
Cbfal. J Biol Chem 275: 4453-4459.

Sowa H, Kaji H, Yamaguchi T, Sugimoto T, Chihara K (2002) Activations of
ERK1/2 and JNK by transforming growth factor beta negatively regulate
Smad3-induced alkaline phosphatase activity and mineralization in mouse
osteoblastic cells. J Biol Chem 277: 36024-36031.

Ziros PG, Gil AP, Georgakopoulos T, Habeos I, Kletsas D, et al. (2002) The
bone-specific transcriptional regulator Cbfal is a target of mechanical signals in
osteoblastic cells. J Biol Chem 277: 23934-23941.

Katz S, Boland R, Santillan G (2006) Modulation of ERK 1/2 and p38 MAPK
signaling pathways by ATP in osteoblasts: Involvement of mechanical stress-
activated calcium influx, PKC and Src activation. Int J Biochem Cell Biol 38:
2082-2091.

Goodyear L], Chang PY, Sherwood DJ, Dufresne SD, Moller DE (1996) Effects
of exercise and insulin on mitogen-activated protein kinase signaling pathways in
rat skeletal muscle. Am J Physiol Endocrinol Metab 271: E403-408.

Kusumi A, Kusumi T, Miura J, Tateishi T (2009) Passage-affected competitive
regulation of osteoprotegerin synthesis and the receptor activator of nuclear
factor-kappaB ligand mRNA expression in normal human osteoblasts stimulated
by the application of cyclic tensile strain. J Bone Miner Metab 27: 653-662.
Hatton JP, Pooran M, Li CF, Luzzio C, Hughes Fulford M (2003) A short pulse
of mechanical force induces gene expression and growth in MC3T3-El
osteoblasts via an ERK 1/2 pathway. J Bone Miner Res 18: 58-66.

Takahiro K, Tetsu T, Toshiyuki T, Wataru A, Tatsuji N (2007) Mechanical
Stress-Mediated Runx2 Activation is Dependent on Ras/ERK1/2 MAPK
Signaling in Osteoblasts. Journal of Cellular Biochemistry 101: 1266-1277.
Fan X, Rahnert JA, Murphy TC, NanesMS, Greenfield EM, Rubin J (2006)
Response to mechanical strain in an immortalized pre-osteoblast cell is
dependent on ERK1/2. J Cell Physiol 207: 454-460.

Liedert A, Kaspar D, Blakytny R, Claes L, Ignatius A (2006a) Signal
transduction pathways involved in mechanotransduction in bone cells. Biochem
Biophys Res Commun 349: 1-5.

Ingber DE (2003) Tensegrity I, Cell structure and hierarchical systems biology.
J Cell Sci 116: 1157-1173.

Edwin AC, Joan SB (1995) Integrins and signal transduction pathways: the road
taken. Science 268: 233-239.

Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science 285: 1028-1033.
Yutao X, Geru W, Xiaojun B, Tao G, Aiqun M (2006) Mechanical stretch-
induced hypertrophy of neonatal rat ventricular myocytes is mediated by Pl1-
integrin- microtubule signaling pathways. Eur J Heart Fail 8: 16-22.
Brancaccio M, Fratta L, Notte A, Hirsch E, Poulet R, et al. (2003) a muscle-
specific integrin betal-interacting protein, is required to prevent cardiac failure
in response to chronic pressure overload. Nat Med 9: 68-75.

Pommerenke H, Schmidt C, Diirr F, Nebe B, Liithen F, et al. (2002) The mode
of mechanical integrin stressing controls intracellular signaling in osteoblasts.
J Bone Miner Res 17: 603-611.

Shyy JY, Chien S (2002) Role of integrins in endothelial mechanosensing of
shear stress. Circulation Research 91: 769-775.

Gohel AR, Hand AR, Gronowicz GA (1995) Immunogold localization of beta 1-
integrin in bone: effect of glucocorticoids and insulin-like growth factor I on
integrins and osteocyte formation. J Histochem Cytochem 43: 1085-1096.
Carvalho RS, Scott JE, Yen EH (1995) The effects of mechanical stimulation on
the distribution of beta I-integrin and expression of beta 1-integrin mRNA in
TE-85 human osteosarcoma cells. Arch Oral Biol 40: 257-264.

Hu S, Eberhard L, Chen J, Love JC, Butler JP, et al. (2004) Mechanical
anisotropy of adherent cells probed by a three-dimensional magnetic twisting
device. Am J Physiol Cell Physiol 287: 1184-1191.

Puklin-Faucher E, Vogel V (2009) Integrin activation dynamics between the
RGD-binding site and the headpiece hinge. ] Biol Chem 284(52): 36557-68.
Lau KH, Kapur S, Kesavan C, Baylink DJ (2006) Up-regulation of the Wnt,
Estrogen Receptor, Insulin-like Growth Factor-I, and Bone Morphogenetic
Protein Pathways in C57BL/6] Osteoblasts as Opposed to C3H/He]
Osteoblasts in Part Contributes to the Differential Anabolic Response to Fluid
Shear. J Biol Chem 281: 9576-9588.

Lal H, Verma SK, Smith M, Guleria RS, Lu G, et al. (2007) Stretch-induced
MAP kinase activation in cardiacmyocytes: Differential regulation through B1-
integrin and focal adhesion kinase. ] Mol Cell Cardiol 43: 137-147.

Lee DY, Li YS, Chang SF, Zhou J, Ho HM, et al. (2010) Oscillatory Flow-
induced Proliferation of Osteoblast-like Cells Is Mediated by o3 and P,
Integrins through Synergistic Interactions of Focal Adhesion Kinase and Shc
with Phosphatidylinositol 3-Kinase and the Akt/mTOR/p70S6K Pathway.
J Biol Chem 285: 30-42.

Luan X, Ito Y, Holliday S, Walker C, Daniel J, et al. (2007) Extracellular
Matrix-mediated Tissue Remodeling Following Axial Movement of Teeth.
J Histochem Cytochem 55: 127-140.

April 2012 | Volume 7 | Issue 4 | 35709



5

5

6.

7.

8.

Wang L, Zhang X, Guo Y, Chen X, Li R, et al. (2010) Involvement of BMPs/
Smad Signaling Pathway inMechanical Response in Osteoblasts. Cell Physiol
Biochem 26: 1093-1102.

LiuJ, Liu T, Zheng Y, Zhao Z, Liu Y, et al. (2006) Early responses of osteoblast-
like cells to different mechanical signals through various signaling pathways.
Biochem Biophys Res Commun 348: 1167-1173.

Owan I, Burr DB, Turner CH, Qiu J, Tu Y, et al. (1997) Mechanotransduction
in bone: osteoblasts are more responsive to fluid forces than mechanical strain.

Am J Physiol 273: C810-815.

@ PLoS ONE | www.plosone.org

14

59.

60.

61.

Effect of Strain on Osteoblast Proliferation

Wiesmann A, Buhring HJ, Mentrup C, Wiesmann HP (2006) Decreased CD90
expression in human mesenchymal stem cells by applying mechanical
stimulation. Head Face Med 2: 8.

Berridge MV, Tan AS, Herst PM (2005) Tetrazolium dyes as tools in cell
biology: New insights into their cellular reduction. Biotechnology Annual
Review 11: 127-152.

Patterson TA, Lobenhofer EK, Fulmer-Smentek SB, Collins PJ, Chu TM, et al.
(2006) Performance comparison of one-color and two-color platforms within the
MicroArray Quality Control (MAQC) project. Nat Biotechnol 24: 1140-1150.

April 2012 | Volume 7 | Issue 4 | 35709



