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Interstitial flow in and around bone tissue is oscillatory in
nature and affects the mechanical microenvironment for bone
cell growth and formation. We investigated the role of oscilla-
tory shear stress (OSS) inmodulating theproliferationof human
osteoblast-like MG63 cells and its underlying mechanisms.
Application of OSS (0.5 � 4 dynes/cm2) to MG63 cells induced
sustained activation of phosphatidylinositol 3-kinase (PI3K)/
Akt/mTOR/p70S6K (p70S6 kinase) signaling cascades and
hence cell proliferation, which was accompanied by increased
expression of cyclins A and D1, cyclin-dependent protein
kinases-2, -4, and -6, and bone formation-related genes (c-fos,
Egr-1, and Cox-2) and decreased expression of p21CIP1 and
p27KIP1.OSS-inducedactivationofPI3K/Akt/mTOR/p70S6Kand
cell proliferation were inhibited by specific antibodies or small
interferenceRNAs of�v�3 and�1 integrins and by dominant-neg-
ative mutants of Shc (Shc-SH2) and focal adhesion kinase (FAK)
(FAK(F397Y)). Co-immunoprecipitation assay showed that OSS
induces sustained increases in association of Shc and FAK with
�v�3 and�1 integrins andPI3K subunit p85,whichwere abolished
by transfecting the cells with FAK(F397Y) or Shc-SH2. OSS also
induced sustained activation of ERK, which was inhibited by the
specific PI3K inhibitor LY294002 and was required for OSS-in-
duced activation of mTOR/p70S6K and proliferation in MG63
cells. Our findings provide insights into themechanisms by which
OSS inducesosteoblast-like cell proliferation throughactivationof
�v�3 and�1 integrins and synergistic interactions of FAK and Shc
withPI3K, leading to themodulationofdownstreamERKandAkt/
mTOR/p70S6K pathways.

Mechanical loading is critical for the formation of new bone
(1–3). During dynamic and periodic loading of intact bone, the
reciprocating flow of interstitial fluid through the canaliculi
generates oscillatory shear stress (OSS),3 which is detected by
osteocytes in the canaliculi and osteoblasts lining the endosteal
and periosteal surfaces of bone (4, 5). Stimulation of osteocytes
by fluid shear stress induces their release of osteoblastic factors,
which are transferred via gap junctions of the osteocyte-inter-
connecting network to induce osteoblast recruitment and
hence bone growth (4, 6). There is increasing evidence that fluid
shear stress regulates signaling, gene expression, and differen-
tiation in osteocytes and osteoblasts (4–9). Recent studies
using flow channels have demonstrated that application of
steady fluid shear stress to osteoblasts induces cell proliferation
(10, 11) and the expression of many genes, including c-fos (8,
12), Egr-1 (early growth response-1) (8, 13), and Cox-2
(cyclooxygenase-2) (8, 12), all of which have been shown to play
a role in bone formation in vivo (14–17).
The signaling molecules that have been shown to regulate

mechanically induced proliferation in osteoblasts include NO
(10, 18–20), prostaglandin E2, prostacyclin (10, 18–20), and
ERK (10, 11, 18). Kapur et al. (11) demonstrated that ERK1/2
are required for mitogenic response of human osteoblasts to
steady fluid shear stress. There is evidence that the mTOR/
p70S6K (p70S6 kinase) pathway, which is downstream from
phosphatidylinositol 3-kinase (PI3K)/Akt (21), is required for
osteoblast proliferation and differentiation (22). However,
whether the PI3K/Akt/mTOR/p70S6K pathway is involved in
mechanotransduction in osteoblasts and the consequent mod-
ulation of their function in response to fluid shear stress
remains unclear. Integrins, as the main molecules that connect
the cytoskeletonwith the extracellularmatrix, have been shown
to play important roles in transmitting mechanical stimuli into
chemical signals in a wide variety of cells seeded on the extra-
cellular matrix (23). In several systems including endothelial
cells, integrin activation leads to increases in association with
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focal adhesion kinase (FAK), which is a nonreceptor protein-
tyrosine kinase containing a tyrosine 397 residue (YpAEI
motif), and Shc, which is an adaptor protein containing a C-ter-
minal Src homology 2 (SH2) domain, and subsequently the acti-
vation of several intracellular signaling cascades, including ERK
(24). In osteoblasts, FAK has been shown to play important
roles in OSS-induced ERK activation, leading to up-regulation
of the bone formation-related genes c-fos, Cox-2, and
osteopontin (9). Although FAK and Shc have been shown to be
critical for integrin-mediated signaling activation,whether they
play synergistic roles in modulating the integrin activation of
downstream signaling cascades remains unclear. In addition,
whether integrins modulate the activation of PI3K/Akt/
mTOR/p70S6K through FAK and Shc in osteoblasts in
response to shear stress also remains to be determined.
The aim of the present study was to investigate the role and

its underlyingmolecularmechanisms ofOSS inmodulating the
proliferation of human osteoblast-like MG63 cells, which are
originally derived from an osteogenic sarcoma of a 14-year-old
male and exhibit many osteoblast traits characterized for bone-
forming cells (25).Our findings have provided amolecular basis
for the mechanisms by which OSS induces proliferation of
osteoblast-like cells through integrin-mediated synergistic
association of FAK and Shc with PI3K and their modulation of
the downstream ERK and Akt/mTOR/p70S6K pathways.

EXPERIMENTAL PROCEDURES

Materials—Mouse monoclonal antibodies against human
�v�3 and �1 integrins (MAB1976 and MAB2253, respectively)
were purchased from Chemicon (Temecula, CA). Mouse
monoclonal antibody against FAKandphospho-FAKwere pur-
chased from BD Biosciences (Bedford, MA). Wortmannin,
LY294002, rapamycin, mouse monoclonal antibodies against
cyclins A and D1, cyclin-dependent protein kinases (Cdk)-4
and -6, and p21CIP1, and rabbit polyclonal antibodies against
phospho-Akt (Ser-473), Akt, phospho-mTOR (Ser-2448),
mTOR, phospho-p70S6K (Thr-389), p70S6K, and p27KIP1were
purchased from Cell Signaling Technology (Beverly, MA). The
monoclonal antibodies against �3 and �1 integrins, Cdk-2,
ERK2 (sc-1647), and phospho-ERK1/2 (sc-7383) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Rab-
bit polyclonal antibodies against Shc and p85, a PI3K regulatory
subunit, were obtained from Upstate Biotechnology Inc. (Lake
Placid, NY). The control small interfering RNA (siRNA) and
specific siRNAs of �1 and �3 integrins were purchased from
Invitrogen. The dominant-negative mutants of FAK (i.e.
FAK(F397Y)) and Shc (i.e. Shc-SH2) and the wild type FAK
(FAK-wt) were previously described (26, 27). The wild type Shc
(Shc-wt) was a gift fromDr. Yasuo Fukami (ResearchCenter for
Environmental Genomics, Kobe University, Japan). Bromode-
oxyuridine (BrdUrd) was purchased from BD Pharmingen (La
Jolla, CA). PD98059 was purchased from Calbiochem (La Jolla,
CA). All other chemicals of reagent grade were obtained from
Sigma, unless otherwise noted.
Cell Culture—The human osteoblast-like MG63 cells were

obtained from American Type Culture Collection (Manassas,
VA) and cultured in a medium consisting of Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 10% fetal

bovine serum (Invitrogen). After reaching confluence (1–2 �
105 cells/cm2), the cells were trypsinized and seeded onto glass
slides (75 � 38 mm; Corning, Corning, NY) that had been pre-
coated with fibronectin (30 �g/ml) for 24 h prior to the flow
experiment.
Oscillatory Flow Apparatus—The cultured MG63 cells were

subjected to oscillatory fluid flow in a parallel plate flow cham-
ber, as previously described (28, 29). In brief, the flow channel in
the chamber was created by a silicon gasket with dimensions of
2.5 cm inwidth (w), 5.0 cm in length, and 0.025 cm in height (h).
The cell-seeded glass slide and the gasket were fastened
between a polycarbonate base plate and a stainless plate. The
chamber was connected to a perfusion loop system, kept in a
constantly temperature-controlled enclosure, and maintained
at pH 7.4 by continuous gassing with a humidified mixture of
5% CO2 in air. The osmolality of the perfusate was adjusted to
285–295 mOsm/kg H2O during the perfusion. The flow of the
perfusate in the flow channel is laminar with a parabolic veloc-
ity profile. The fluid shear stress (�) generated on the cells
seeded on the glass slide can be estimated as � � 6 Q�/wh2,
where Q is the flow rate, and � is the dynamic viscosity of the
perfusate. The oscillatory flow is composed of a low level of
mean flow (shear stress � 0.5 dynes/cm2) supplied by a hydro-
static flow system to provide the basal nutrient and oxygen
delivery and the superimposition of a sinusoidal oscillation
using a piston pump with a frequency of 1 Hz and a peak-to-
peak amplitude of �4 dynes/cm2. These parameters of the
oscillatory flowwere chosen on the basis of themeasurement of
fluid flow through the bone canaliculi (30). In some experi-
ments, MG63 cells were incubated with a specific inhibitor for
signaling molecules for 1 h before and during exposure to flow.
The inhibitors used include wortmannin (100 nM) and
LY294002 (10 �M) for PI3K, rapamycin (10 nM) for mTOR, and
PD98059 (30 �M) for MEK1 (which is an upstream signaling
molecule of ERK). For integrin blocking assays, MG63 cells
were pretreated with an antibody (10 �g/ml) against �v�3 or �1
integrin before seeding onto the glass slides and during OSS
application.
Western Blot Analysis—MG63 cells were lysed with a buffer

containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, and a protease inhibitor mixture (phenylmethylsulfonyl
fluoride, aprotinin, and sodium orthovanadate). The total cell
lysate (100 �g of protein) was separated by SDS-PAGE (12%
running, 4% stacking) and analyzed by using the designated
antibodies and theWestern-Light chemiluminescent detection
system (Applied Biosystems, Foster City, CA).
Immunoprecipitation—MG63 cells were lysed with a buffer

containing 25 mMHEPES, pH 7.4, 1% Triton X-100, 1% deoxy-
cholate, 0.1% SDS, 0.125 M NaCl, 5 mM EDTA, 50 mM NaF, 1
mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml
leupeptin, and 2 mM �-glycerophosphate. The same amount of
protein from each sample was incubated with an antibody
against �v�3 or �1 integrin or p85 for 2 h at 4 °C, followed by
incubation with protein A/G plus agarose for 1 h. The agarose-
bound immunoprecipitates were collected by centrifugation
and incubated with a boiling sample buffer containing 62 mM

Tris-HCl, pH 6.7, 1.25% (w/v) SDS, 10% (v/v) glycerol, 3.75%
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(v/v) mercaptoethanol, and 0.05% (w/v) bromphenol blue and
then subjected to SDS-PAGE and Western blotting.
DNA Plasmids, siRNA, and Transfection—DNA plasmids (4

�g/ml) were transfected into MG63 cells at 60% confluence by
using Lipofectamine (Invitrogen). The pSV-�-galactosidase
plasmid was co-transfected to normalize the transfection effi-
ciency. The cells were kept as static controls or subjected to
oscillatory flow 48 h after transfection. For siRNA transfection,
MG63 cells at 70–80% confluence were transfected with the
designated siRNA at various concentrations (10–40 nM) for
48 h using the RNAiMAX transfection kit (Invitrogen) before
shear stress experiments.
BrdUrd IncorporationAssay—BrdUrd, an analog of theDNA

precursor thymidine, can be incorporated into newly synthe-
sized DNA by cells entering and progressing through the syn-
thetic phase (S phase; DNA synthesis) of the cell cycle (31).
Thus, BrdUrd incorporation assay can be used to assess cells
undergoing active DNA synthesis during cell proliferation. In
brief, MG63 cells were treated with BrdUrd (10 �M) 1 h before
the end of flow. The cells were rinsed and fixed for 30 min at
room temperature with acetic alcohol (90% ethanol, 5% acetic
acid, 5% distilled H2O) and then washed in phosphate-buffered
saline and incubated in 1.5 N HCl at 37 °C for 15 min, followed
by extensive washing in phosphate-buffered saline. The sam-
ples were stained with mouse anti-BrdUrd antibody (Sigma),
fluorescein-conjugated anti-mouse antibody (Molecular
Probes) as a secondary antibody, goat serum (Sigma) as a block-
ing medium, and propidium iodide stain as a counterstain for
the nucleus. The stained samples were examined using an
inverted microscope (Axiovert 200M; Zeiss) with a 20� objec-
tive (NA� 0.4, Plan-Neofluar). The cells were rinsed, mounted
over glycerol/phosphate-buffered saline (1:1), and photo-
graphed. Six separate regions of each samplewere counted for a
total of�100 cells. Proliferation is assessed from the percentage
of nuclei that show BrdUrd incorporation.
RNA Isolation and Reverse Transcription-PCR—The total

RNAwas isolated by the guanidium isothiocyanate/phenochlo-
roform method and converted to cDNA as described (8). The
cDNA was diluted 1:20 before the performance of PCR using 1
�l of cDNA in 20 mM Tris-HCl, pH 8.4, 3 mM MgCl2, 0.2 mM

dNTP mix, 0.5 �M sense and antisense primers of c-fos, Egr-1,
or Cox-2 (8), and Taq polymerase (2 units/�l; Takara Shuzo,
Shiga, Japan). Amplification of the cDNA was performed in
parallel samples using human glyceraldehyde-3-phosphate
dehydrogenase primers. The samples were amplified using
primers with denaturation at 94 °C for 1min, annealing at 60 °C
for 1 min, and extension at 72 °C for 2 min, using a GeneAmp
System 9700 (PE Biosystems, Foster City, CA). Amplification
was linear with respect to the cDNA concentration by optimiz-
ing the primer concentration, amplification cycles, and MgCl2
concentration for each PCR. The amplified cDNAs were ana-
lyzed by 1% agarose gel electrophoresis and ethidium bromide
staining. The band intensities were quantified directly from the
stained agarose gels using video imaging and a densitometry
software system (GDS-8000 ImagingWorkstation; UVP,
Upland, CA).
Statistical Analysis—The results are expressed as the

means � S.E. Statistical analysis was performed by using an

independent Student t test for two groups of data and analysis
of variance followed by Scheffe’s test for multiple comparisons.
A p value less than 0.05 was considered significant.

RESULTS

OSS Induces MG63 Cell Proliferation via the Activation of
PI3K/Akt/mTOR/p70S6K Pathway—MG63 cells were kept as
controls or subjected to OSS (0.5 � 4 dynes/cm2) for 5 min, 15
min, 30min, 1 h, 4 h, and 24h, and their phosphorylation ofAkt,
mTOR, and p70S6K was examined by usingWestern blot anal-
ysis. MG63 cells incubated under static conditions did not alter
their basal levels of Akt, mTOR, and p70S6K phosphorylation
for the 24-h period tested (Fig. 1A). OSS applied to MG63 cells
induced rapid increases (significant within 5 min) in the phos-
phorylation of these molecules, which were sustained over the
24-h period tested. Pretreating MG63 cells with the specific
PI3K inhibitors wortmannin (100 nM) and LY294002 (10 �M)
abolished the OSS-induced Akt, mTOR, and p70S6K phos-
phorylation (Fig. 1B). However, pretreating MG63 cells with
the specific mTOR inhibitor rapamycin (10 nM) only inhibited
OSS-induced phosphorylation of mTOR and p70S6K, but not
Akt, which is upstream from mTOR (Fig. 1C).
We performed a BrdUrd incorporation assay to investigate

the effect of OSS on themodulation ofMG63 cell proliferation.
Exposure of MG63 cells to OSS for 24 h resulted in an increase
in the percentage of cells in the S phase compared with the
static control cells (Table 1). For static control cells, pretreating
MG63 cells with LY294002 (10 �M) and rapamycin (10 nM) did
not alter the percentage of cells in the S phase compared with
the untreated cells. For cells exposed to OSS for 24 h, pretreat-
ment with LY294002 or rapamycin (compared with untreated
cells) resulted in a significantly lower percentage of cells in the
S phase (Table 1; the remaining data inTable 1will be discussed
below). Taken together, these results indicate that OSS induces
MG63 cell proliferation through the activation of the PI3K/
Akt/mTOR/p70S6K pathway.
OSS Induces Sustained Increases in the Association of �v�3

and �1 Integrins with Shc and FAK and Its Phosphorylation in
MG63 Cells—The integrin/Shc association has been used as a
readout of integrin activation (32, 33).We investigatedwhether
OSS can induce activation of �v�3 and �1 integrins, in terms of
their increased association with Shc. MG63 cells were kept as
controls or exposed to OSS for 5 min, 15 min, 30 min, 1 h, 4 h,
and 24 h, and their extracts were immunoprecipitated with an
antibody against �v�3 or �1 integrin, followed by Western blot
analysis with an antibody against Shc. Application of OSS to
MG63 cells induced a rapid increase (significant within 5 min)
in the association of �v�3 (Fig. 2A) and �1 (Fig. 2B) integrins
with Shc, as demonstrated by their co-immunoprecipitation, in
comparison with the static controls. These increases in associ-
ation of �v�3 and �1 integrins with Shc were sustained over the
24-h period tested. Incubation of MG63 cells under static con-
ditions over the 24-h period tested did not alter the basal levels
of�v�3-Shc and�1-Shc association in these cells (supplemental
Fig. S1, A and B).
Previous studies have shown that activation of integrins

induces the accumulation of FAK in focal adhesion sites and its
activation and increased association with integrins (34). We
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investigated whether OSS induces increases in association of
�v�3 and�1 integrinswith FAKand its activation. The results of
co-immunoprecipitation assay showed that OSS induces
increases in the association of FAK with �v�3 (Fig. 3A) and �1
(Fig. 3B) integrins inMG63 cells as early as 5min after exposure
to flow, as comparedwith the static controls. These increases in
association of FAK with �v�3 and �1 integrins were sustained

over the 24-h period tested, although the FAK/�1 association
declined after 24 h of flow, but it was still significantly higher
than the static control level (Fig. 3B). Exposure ofMG63 cells to
OSS also induced rapid and sustained increases (significant
within 5 min and maintained at 24 h) in FAK phosphorylation
(Fig. 3C). Incubation ofMG63 cells under static conditions over
the 24-h period tested did not alter the basal levels of associa-
tion of�v�3 and�1 integrins with FAK (supplemental Fig. S1,A
and B) and its phosphorylation (Fig. 3C) in these cells.
OSS Activation of Akt/mTOR/p70S6K Pathway Is Mediated

by �v�3 and �1 Integrins through FAK and Shc—MG63 cells
were preincubated with an antibody against �v�3 or �1 integrin
for 1 h and then exposed to OSS for 1 h. Preincubation with
either anti-�v�3 or anti-�1 antibody totally abolished the OSS-
induced phosphorylation of FAK, Akt, mTOR, and p70S6K in
MG63 cells, as compared with the cells preincubated with con-
trol IgG (Fig. 4A). The involvement of �v�3 and �1 integrins in
OSS activation of FAK/Akt/mTOR/p70S6K signaling cascades
was further confirmed by the attenuations of shear-induced
phosphorylation of these signaling molecules by transfecting
MG63 cells with �3- and �1-specific siRNAs (40 nM for each)
(Fig. 4B), which caused reductions in �3 and �1 protein expres-
sion by �60 and 90%, respectively (compared with control
siRNA) (35).

FIGURE 1. OSS induces activation of the PI3K/AKT/mTOR/p70S6K pathway in MG63 cells. A, MG63 cells were kept under static conditions as controls or
subjected to OSS for 5 min (5�), 15 min (15�), 30 min (30�), 1 h, 4 h, and 24 h. The phosphorylation of AKT, mTOR, and p70S6K was determined by Western blot
analysis. The data are presented as the amounts (band densities normalized to the total protein levels) of phosphorylated Akt, mTOR, and p70S6K proteins
relative to those in static control cells and are shown as the means � S.E. from three independent experiments. *, p � 0.05 versus static control cells at
corresponding time points. B and C, MG63 cells were pretreated with vehicle control DMSO or a specific inhibitor for PI3K (wortmannin, 100 nM; and LY294002,
10 �M) (B) or mTOR (rapamycin, 10 nM) (C) for 1 h before and during exposure to OSS. The cells were kept under static conditions (lanes C) or subjected to OSS
for 1 h (lanes S), and the phosphorylation of AKT, mTOR, and p70S6K was determined by Western blot analysis. The results are representative of three
independent experiments with similar results.

TABLE 1
Oscillatory shear stress induces MG63 cell proliferation via the
PI3K/Akt/ERK/mTOR/p70S6K pathway
MG63 cells were pretreated with vehicle control DMSO or specific inhibitor for
PI3K (LY294002, 10 �M), mTOR (rapamycin, 10 nM), or MEK1 (an upstream sig-
naling molecule of ERK) (PD98059, 30 �M) for 1 h and then were kept under static
conditions or exposed to oscillatory flow for 24 h in the presence of reagent. The
cells were fixed and stained with an anti-BrdUrd antibody with propidium iodide
stain as a counterstain for the nucleus, as described under “Experimental Proce-
dures.” The data are the means � S.E. from three independent experiments.

Percentage of BrdUrd-positive cells
Static Oscillatory shear stress

DMSO 32.5 � 1.4 52.2 � 4.4b
LY294002 35.2 � 2.9 37.8 � 1.9a
DMSO 33.9 � 1.8 60.6 � 0.6b
Rapamycin 37.1 � 1.2 39.3 � 2.6a
DMSO 30.5 � 1.4 57.2 � 2.6b
PD98059 24.4 � 1.1a 31.4 � 1.5a

a p � 0.05 vs. cells treated with vehicle control.
b p � 0.05 vs. static control cells.
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We further investigated whether FAK and Shc are upstream
of the shear-induced Akt/mTOR/p70S6K signaling events.
MG63 cells were transfected with a dominant-negative mutant
of FAK (i.e. FAK(F397Y)) or Shc (i.e. Shc-SH2), or a wild type
FAK (FAK-wt) or Shc (Shc-wt) and then were either kept as
static controls or subjected to OSS for 1 h. Transfections with
FAK(F397Y) (Fig. 4C), Shc-SH2 (Fig. 4D), and FAK-wt or
Shc-wt (Fig. 4E) (compared with control pcDNA3) slightly
increased the basal levels of phosphorylation of mTOR and
p70S6K in static control cells. Following the exposure to OSS,
the cells transfectedwith FAK(F397Y) and Shc-SH2 (compared
with control pcDNA3) showed lower levels of Akt, mTOR, and
p70S6K phosphorylation in comparison with the static control
cells (Fig. 4, C and D). In contrast, MG63 cells transfected with
FAK-wt or Shc-wt had higher levels of Akt,mTOR, and p70S6K
phosphorylation in response to OSS when compared with con-
trol pcDNA3 (Fig. 4E) and also with FAK(F397Y) and Shc-SH2
transfections (Fig. 4, C and D).
FAK Is Required for OSS Activation of �v�3 and �1 Integrins

inMG63Cells—MG63 cells were transfectedwith FAK(F397Y)
and then exposed toOSS for 1 h, and the association of�v�3 and
�1 integrins with Shc were examined by immunoprecipitating
the cell extracts with an antibody against �v�3 or �1 integrin,
followed byWestern blot analysis with an antibody against Shc.
Transfecting MG63 cells with FAK(F397Y) (compared with
control pcDNA3) resulted in inhibitions of the OSS-induced
activation of �v�3 (Fig. 5A) and �1 (Fig. 5B) integrins, as indi-
cated by the decreased levels of shear-induced association of
Shc with these integrins. Transfection of MG63 cells with Shc-

SH2 (compared with control pcDNA3) totally abolished the
OSS-induced increases in �v�3/Shc and �1/Shc association.
These results suggest that FAK and Shc are required for the
OSS-induced activation of�v�3 and�1 integrins inMG63 cells.
FAK and Shc Play Synergistic Roles to Form Heteromeric

Complexes with PI3K inMG63 Cells in Response to OSS—PI3K
is a heterodimer phospholipid kinase consisting of a 110-kDa
catalytic subunit (p110) and a 85-kDa regulatory subunit (p85),
which has been shown to associate with activated tyrosine
kinases, including integrin-associated FAK and Shc (36, 37).
We investigated whether FAK and Shc play synergistic roles in
cooperation with PI3K to form FAK�Shc�PI3K complexes in
MG63 cells in response to OSS. The results of co-immunopre-
cipitation assays showed that the association of p85 with Shc
and phospho-FAK in MG63 cells increased rapidly within 5
min after exposure to flow (Fig. 6A). These increases in associ-
ation of p85 with phosphorylated FAK and Shc were sustained
24 h after the onset of flow. Only the low molecular weight
isoform of Shc (i.e. p46), but not the other two isoforms (i.e. p52
and p66), could associate with p85 inMG63 cells in response to
OSS. Incubation of MG63 cell under static conditions did not
alter the basal levels of thesemolecule association over the 24-h
period tested (supplemental Fig. S1C). Transfection of MG63
cells with the dominant-negative mutant of either FAK
(FAK(F397Y)) (Fig. 6B) or Shc (Shc-SH2) (Fig. 6C) (compared
with control pcDNA3) abolished the OSS-induced association
of p85 with both phosphorylated FAK and Shc. These results
suggest that FAK and Shc play synergistic roles in the OSS-
induced formation of complexes inMG63 cells. Thus, FAK and

FIGURE 2. OSS induces sustained increases in the association of �v�3 and �1 integrins with Shc in MG63 cells. MG63 cells were kept under static
conditions as controls (lanes C) or subjected to OSS for 5 min (5�), 15 min (15�), 30 min (30�), 1 h, 4 h, and 24 h. The association of �v�3 (A) and �1 (B) integrins with
Shc was determined by using co-immunoprecipitation assay. Three bands of integrin/Shc association result from three isoforms of Shc, i.e. p46, p52, and p66.
The amounts of integrin�Shc complexes in sheared cells are presented as band densities (normalized to �3 (A) or �1 (B) integrin) relative to those in control cells.
The results are the means � S.E. from three independent experiments. *, p � 0.05 versus static control cells at corresponding time points. IP, immunoprecipi-
tation; IB, immunoblot.
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Shc may be cooperative in forming heteromeric complexes
with PI3K in mediating the PI3K-eliciting signaling cascades in
MG63 cells in response to OSS.
OSS-induced MG63 Cell Proliferation Is Mediated by �v�3

and �1 Integrins through FAK and Shc—BrdUrd incorporation
assays showed that for the cells transfected with control siRNA
or pcDNA3 empty vector, OSS induced increases in the per-
centage of cells in the S phase as compared with static controls
(Table 2). For the cells exposed to OSS for 24 h, transfections
with specific siRNA of either �1 or �3 integrin or dominant-
negativemutant of FAKor Shc caused decreases in the percent-
age of cells in the S phase in comparisonwith transfections with
control siRNAor pcDNA3, respectively (Table 2). These results
are in concert with the findings above that OSS-inducedMG63
cell proliferation is mediated by �v�3 and �1 integrins through
FAK and Shc.
OSS Induces Changes inCell Cycle Regulatory Protein Expres-

sion and c-fos, Egr-1, and Cox-2 Gene Expression inMG63 Cells
through the mTOR/p70S6K Pathway—We further investigated
whether OSS-induced MG63 cell proliferation is accompanied
by corresponding changes in cell cycle regulatory protein and

bone formation-related gene expression. As shown in Fig. 7A,
incubation of MG63 cells under static conditions for 12 or 24 h
resulted in slight increases in the expression of cyclins A and
D1, Cdk-2, -4, and -6, p21CIP1, and p27KIP1 in these cells. Expo-
sure of MG63 cells to OSS resulted in increased expression of
cyclins A and D1 and Cdk-2, -4, and -6, and decreased expres-
sion of p21CIP1 and p27KIP1 as compared with the static control
cells at the corresponding time points. These OSS-induced
changes in cell cycle regulatory protein expression were inhib-
ited by pretreating MG63 cells with rapamycin (10 nM) (Fig.
7B), indicating that the mTOR/p70S6K pathway is required for
OSS modulation of cell cycle regulatory protein expression.
As shown in Fig. 7C, OSS caused rapid induction (significant

within 5 min) of expression of c-fos, Egr-1, and Cox-2 mRNAs.
At 24 h of flow application, these increased levels of mRNAs
were sustained for Egr-1 andCox-2 but declined for c-fos to the
basal level. Pretreatments of MG63 cells with rapamycin (10
nM) inhibited these OSS inductions of c-fos, Egr-1, and Cox-2,
suggesting the importance of mTOR/p70S6K in modulating
bone formation-related gene expression in osteoblast-like cells
in response to OSS (Fig. 7D).

FIGURE 3. OSS induces sustained increases in the association of FAK with �v�3 and �1 integrins and its phosphorylation in MG63 cells. MG63 cells were
kept under static conditions as controls (lanes C) or subjected to OSS for the indicated times. The association of FAK with �v�3 (A) and �1 (B) integrins and the
phosphorylation of FAK (C) was determined by using co-immunoprecipitation assays (A and B) and Western blot analysis (C). The amounts of integrin�FAK
complexes (A and B) and phosphorylated FAK protein (C) in sheared cells are presented as band densities (normalized to �3 (A) or �1 (B) integrin, or the total
protein levels of FAK (C)) relative to those in static control cells at corresponding time points. The results are the means � S.E. from three independent
experiments. *, p � 0.05 versus static control cells. IP, immunoprecipitation; IB, immunoblot.
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OSS Activates ERK1/2, Which Are Involved in OSS-in-
duced Activation of mTOR/p70S6K and Proliferation in
MG63 Cells—Application of OSS to MG63 cells induced sus-
tained increases in ERK1/2 phosphorylation in these cells (Fig.
8A). Pretreating MG63 cells with PD98059 (30 �M), a specific
inhibitor of MEK1 that is upstream of ERK1/2, inhibited the
OSS-induced phosphorylation of ERK1/2,mTOR, and p70S6K,
but not Akt (Fig. 8B). In contrast, pretreating MG63 cells with
the specific PI3K inhibitor LY294002 (10 �M) inhibited the
OSS-induced Akt and ERK1/2 phosphorylation (Fig. 8C).
These results suggest that PI3K is required for the activation of
both Akt and ERK in MG63 cells in response to OSS. BrdUrd
incorporation assays showed that the OSS-induced increase in
the percentage of cells in the S phase was inhibited by pretreat-
ing the cells with PD98059, as compared with the untreated
cells. For static control cells, pretreatment with PD98059 also
caused a decrease in the percentage of cells in the S phase com-
pared with the untreated cells, suggesting that ERK is involved
in the modulation of MG63 cell proliferation under static con-
ditions as well as in response to OSS.

DISCUSSION

In the present study, we have characterized a novel mecha-
nism (summarized in Fig. 9) by which OSS induces osteoblast-

like MG63 cell proliferation through the integrin-mediated
synergistic association of FAK and Shc with PI3K and the acti-
vation of downstream ERK and Akt/mTOR/p70S6K pathways.
Several lines of evidence support this conclusion. First, OSS
induced sustained phosphorylation of Akt, mTOR, and
p70S6K, as well as ERK1/2, in MG63 cells; the OSS-induced
phosphorylation of all these signaling molecules was inhibited
by the specific PI3K inhibitor LY294002, and the phosphoryla-
tion of mTOR and p70S6K was inhibited by the specific mTOR
inhibitor rapamycin and theMEK1 inhibitor PD98059. Second,
OSS induced sustained increases in the association of �v�3 and
�1 integrinswith Shc and FAKand the phosphorylation of FAK;
blockage of these integrins with their specific antibodies or
their siRNAs inhibited the OSS-induced phosphorylation of
FAK, Akt, mTOR, and p70S6K. Third, OSS induced increases
in association of FAK and Shc with p85, which were inhibited
by transfectingMG63 cells with a dominant-negativemutant of
either FAK or Shc, indicating that FAK and Shc play synergistic
roles in the formation of FAK�Shc�p85 complexes in response to
OSS. Finally, OSS induced MG63 cell proliferation, which was
accompanied by the increased expression of cyclins A and D1,
Cdk-2, -4, and -6, and bone formation-related genes Egr-1,
c-fos, and Cox-2 and the decreased expression of p21CIP1 and
p27KIP1. These OSS-induced responses of signaling molecules
and genes were inhibited by pretreating the cells with rapamy-
cin. In addition, the OSS-induced MG63 cell proliferation was
inhibited by pretreatments with LY294002 or rapamycin and
transfectionswith specific siRNAsof�3 or�1 integrin, aswell as
dominant-negative mutants of FAK or Shc.
The PI3K/Akt/mTOR/p70S6K pathway has been shown to

play important roles in the modulation of osteoblast functions
in response to chemical stimuli, including bone morphogenic
protein-7 and insulin-like growth factor-1 (21, 22, 39–41).
However, the role of this signaling pathway in modulating
osteoblast signaling, gene expression, and functions in response
tomechanical stimuli remains unclear. Our present study dem-
onstrated for the first time that OSS induces sustained phos-
phorylation of Akt, mTOR, and p70S6K in osteoblast-like
MG63 cells, with Akt being upstream from mTOR/p70S6K.
Pretreatment of MG63 cells with the specific PI3K inhibitor
LY294002 and the mTOR inhibitor rapamycin inhibited the
shear-induced increase in the percentage of cells in the S phase,
indicating the importance of the Akt/mTOR/p70S6K pathway
in modulating the proliferation of osteoblast-like cells in
response to OSS.
Integrins have been implicated as mechanosensors in many

types of cells, including osteocytes and osteoblasts, seeded on
extracellular matrix (5, 6, 8, 42, 43). Mechanical stretch pre-
vents osteocytes against apoptosis, which involves integrins,

FIGURE 4. OSS-induced activation of the Akt/mTOR/p70S6K pathway is mediated by �v�3 and �1 integrins through FAK and Shc. MG63 cells were
pretreated with specific antibodies (10 �g/ml) against �v�3 (anti-�v�3) or �1 (anti-�1) for 1 h (A) or transfected with specific siRNA (40 nM for each) of �3 (si�3)
or �1 (si�1) integrin (B), dominant-negative mutant FAK(F397Y) (C), Shc-SH2 (D), or FAK-wt or Shc-wt (E) (4 �g for each) for 48 h. As controls, the cells were
pretreated with nonspecific control IgG (A) or transfected with control siRNA (siCL) (B) or empty vector pcDNA3 (C–E). The cells were kept under static conditions
(lanes C) or subjected to OSS (lanes S) for 1 h, and the phosphorylation of FAK, AKT, mTOR, and p70S6K was determined by Western blot analysis. The data are
presented as the amounts (band densities normalized to the total protein levels) of phosphorylated FAK, Akt, mTOR, or p70S6K proteins relative to those in
static control cells pretreated with control IgG (A) or transfected with siCL (B) or pcDNA3 empty vector (C–E) and are shown as the means � S.E. from three
independent experiments. *, p � 0.05 versus static control cells. #, p � 0.05 versus sheared cells pretreated with control IgG (A) or transfected with siCL (B) or
pcDNA3 (C–E).

FIGURE 5. FAK is required for OSS-induced activation of �v�3 and �1 inte-
grins in MG63 cells. MG63 cells were transfected with FAK(F397Y), Shc-SH2,
or pcDNA3 (4 �g for each) for 48 h and then kept under static conditions
(lanes C) or subjected to OSS (lanes S) for 1 h. The extracts of these cells were
immunoprecipitated with an antibody against �v�3 (A) or �1 (B) integrin, fol-
lowed by Western blot analysis with an antibody against Shc. The results are
representative of duplicate experiments with similar results. IP, immunopre-
cipitation; IB, immunoblot.
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cytoskeletal molecules, and catalytic kinases such as Src (43).
Recent studies demonstrated that �v�3 and �1 integrins are
required for osteoblast survival and proliferation (44, 45), and
these integrins have been shown to be activated by steady fluid
shear stress in different cell types, including osteoblast-like
MC3T3-E1 and MG63 cells (8, 12). Because integrin receptors
do not possess catalytic activity, the signaling induced by inte-
grin activation must be transmitted into cells through the acti-
vation of integrin-associated proteins such as FAK and Shc (24,
46, 47). The tyrosine 397 residue in FAK has been shown to
serve as a binding site (YpAEI motif) for the SH2 domain of
several signaling and adaptor molecules such as Shc, whose
association with integrins has been recognized as a readout of
integrin activation (24, 46, 47). Our results using co-immuno-
precipitation assays demonstrated that OSS induces sustained

activation of �v�3 and �1 integrins
in osteoblast-like MG63 cells, as
indicated by their sustained associ-
ation with FAK and Shc. An inter-
esting finding of the current study is
that transfection of MG63 cells
with a dominant-negative mutant
FAK(F397Y) reduced the OSS-in-
duced activation of �v�3 and �1
integrins, using their association
with Shc as readouts (Fig. 5). In
addition, transfectionwith Shc-SH2
can totally abolish the OSS-induced
increases in �v�3/Shc and �1/Shc
association. Thus, it is probable that
Shc may interact with �v�3 and �1
integrins in response to OSS with
two possible routes; one is via the
direct association of its SH2 domain
with the integrins, and the other is
via an indirect association through
the tyrosine 397 residue of FAK (Fig.
9). The tyrosine 397 residue of FAK
and the SH2 domain of Shc are crit-

ical for the integrin-mediated signaling in MG63 cells in
response to OSS, inasmuch as dominant-negative mutants
FAK(F397Y) and Shc-SH2 inhibited the activation of Akt/
mTOR/p70S6K and the increase in cell proliferation induced
byOSS. Our results suggest that FAK and Shc play critical roles
in transducing integrin-mediated signaling in osteoblasts and
their functional modulation in response to mechanical forces.
The p85 adaptor protein of PI3K has been shown to employ

the inter-SH2 region to bind the p110 catalytic subunit and also
using the SH3 and SH2 domains, phosphotyrosine residues,
and proline-rich motifs to interact with activated tyrosine
kinases (e.g. BCR/Abl and NPM/ALK) and adaptor proteins
(e.g. Shc, c-Cbl, Crk, and Gab2); the adaptor proteins enhance
the association of PI3K with activated tyrosine kinases (36,
48–50). Wymann and Pirola (50) showed that in BCR/Abl
transformed cells, the SH3domain of p85 can associatewith the
N-terminal proline-rich region of Shc, which supports the asso-
ciation of p85 with tyrosine-phosphorylated Shc via the C-ter-
minal SH2 domain of p85. Akagi et al. (37) showed that the
N-terminal SH2 domain of p85 can associate with tyrosine 397-
phosphorylated FAK in Crk-transformed fibroblasts. These
results suggest that PI3K can interact with activated FAK and
Shc via different regulatory domains. However, whether FAK
and Shc play synergistic roles in the interaction with PI3K had
not been established. In the present study, we found that trans-
fection of cells with a dominant-negative mutant of either FAK
(i.e. FAK(F397Y)) or Shc (i.e. Shc-SH2) totally abolished the
association of p85 with both FAK and Shc, suggesting that FAK
and Shc may play synergistic roles in cooperation with PI3K to
form the FAK�Shc�PI3K heteromeric complexes in response to
OSS. These results also indicate that the tyrosine 397 residue of
FAK and the SH2 domain of Shc are critical for this OSS-in-
duced formation of FAK�Shc�PI3K heteromeric complexes in
osteoblast-like cells.

FIGURE 6. FAK and Shc are cooperative in forming heteromeric complexes with PI3K in MG63 cells in
response to OSS. A, MG63 cells were kept under static conditions as controls (lane C) or subjected to OSS for
the indicated times. B and C, MG63 cells were transfected with FAK(F397Y) (B) or Shc-SH2 (C), or pcDNA3 empty
vector (4 �g for each) for 48 h and then were kept as controls (lanes C) or subjected to OSS (lanes S) for 1 h. The
association of p85 with Shc and phosphorylated FAK was determined by using co-immunoprecipitation assay.
The results showed that only the low molecular weight isoform of Shc (i.e. p46), but not the other two isoforms
(i.e. p52 and p66), can associate with p85 in MG63 cells in response to OSS. The blots are representative of three
independent experiments with similar results. IP, immunoprecipitation; IB, immunoblot.

TABLE 2
Oscillatory shear-induced MG63 cell proliferation is mediated by
integrins through FAK and Shc
MG63 cells were transfected with control siRNA (siCL) or specific siRNA of �1
(si�1) or �3 (si�3) integrin for 48 h and then were kept under static conditions or
exposed to oscillatory shear stress for 24 h. In other experiments, the cells were
transfected with pcDNA3 or a dominant-negative mutant of FAK (FAK�F397Y�) or
Shc (Shc-SH2). The cells were fixed and stained with an anti-BrdUrd antibody,
with propidium iodide stain as a counterstain for the nucleus, as described under
“Experimental Procedures.” The data are the means � S.E. from three indepen-
dent experiments.

Percentage of BrdUrd-positive cells
Static Oscillatory shear stress

siCL 19.4 � 1.4 33.5 � 2.1a
si� 1 17.5 � 1.1 20.6 � 0.8b
si� 3 16.4 � 0.8 21.2 � 2.0b
pcDNA3 13.4 � 1.0 22.2 � 2.0a
FAK(F397Y) 11.7 � 2.0 12.9 � 1.5b
Shc-SH2 13.7 � 1.1 11.8 � 0.4b

a p � 0.05 vs. static control cells receiving the same treatment.
b p � 0.05 vs. sheared cells transfected with control siRNA or pcDNA3.
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FIGURE 7. OSS induced changes in cell cycle regulatory protein expression and c-fos, Egr-1, and Cox-2 gene expression through the mTOR/p70S6K
pathway. A, MG63 cells were kept under static conditions as controls or subjected to OSS for 12 h and 24 h. The expression of cell cycle regulatory proteins was
determined by Western blot analysis. B, MG63 cells were pretreated with vehicle control DMSO or rapamycin (Rapa, 10 nM) for 1 h and then kept under static
conditions as controls (lanes C) or subjected to OSS (lanes S) for 24 h. The expression of cell cycle regulatory proteins was determined by Western blot analysis.
C, MG63 cells were kept as controls or subjected to OSS for the indicated times, and their mRNA expression of c-fos, Egr-1, and Cox-2 was examined by using
reverse transcription-PCR analysis. D, MG63 cells were pretreated with vehicle control (DMSO) or rapamycin (10 nM) for 1 h before and during exposure to OSS
for 15 min, and the mRNA expression of c-fos, Egr-1, and Cox-2 was examined by using reverse transcription-PCR analysis. The data are shown as the means �
S.E. from three independent experiments. *, p � 0.05 versus static control cells at corresponding time points. #, p � 0.05 versus sheared cells pretreated with
vehicle control DMSO.
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ERK has been shown to be required for the steady fluid flow-
induced mitogenic response in osteoblastic cells (10, 11). Our
results on the OSS activation of ERK1/2 and the PD98059 inhi-
bition of OSS-induced increases in the percentage of MG63
cells in the S phase suggest that ERK is involved in OSS-in-
duced proliferation in osteoblast-like cells. In the present
study, pretreatment of MG63 cells with the specific PI3K
inhibitor LY294002 inhibits OSS-induced Akt and ERK1/2
activation, whereas the specific MEK1 inhibitor PD98059
did not exert an inhibitory effect on OSS-induced Akt acti-
vation. These results suggest that ERK and Akt may repre-
sent parallel signaling pathways downstream from PI3K.
This is consistent with the result by Gayer et al. (51), who
showed that mechanical strain induces PI3K activation,
which results in independent activation of ERK and Akt,
thereby exerting mitogenic effects on intestinal epithelial
cells. Our results showed that pretreatment of MG63 cells
with PD98059 and LY294002 results in inhibitions in OSS-
induced mTOR and p70S6K activation, suggesting that the
Akt and ERK signaling pathways may converge to the
mTOR/p70S6K pathway in MG63 cells in response to OSS.

The mechanisms underlying MG63 cell proliferation under
static conditions and in response toOSSmaybe different. In the
present study, we found that treatment of MG63 cells with
PD98058 under static conditions results in significant inhibi-
tions in the percentage of cells in the S phase comparedwith the
untreated cells. In contrast, LY294002 did not show this inhib-
itory effect under static conditions. Thus, it is probable that
ERK, rather than Akt, plays a major role in the modulation of
MG63 cell proliferation under static conditions.
The proliferation of eukaryotic cells depends on their pro-

gression through the cell cycle, which is controlled by its regu-
latory proteins, including Cdks and their regulatory subunits
cyclins, as well as inhibitors such as p21CIP1 and p27KIP1 (52–
55). In cell cycle progression, increasing accumulations of
cyclin D�Cdk4/6 and cyclin A�Cdk2 complexes regulate the
transition through theG1 and S phases. In the present study, we
found that application of OSS to MG63 cells induces increased
expression of cyclins A and D1 and Cdk-2, -4, and -6 and
decreased expression of p21CIP1 and p27KIP1, confirming that
OSS may serve as a positive regulator for cell cycle progression
and proliferation in osteoblast-like cells. These OSS-induced

FIGURE 8. ERK is required for OSS activation of mTOR/p70S6K in MG63 cells. A, MG63 cells were kept under static conditions as controls or subjected to OSS
for the indicated times, and their phosphorylation of ERK1/2 was determined by Western blot analysis. The data are presented as the amounts (band densities
normalized to the total protein levels) of phosphorylated ERK1/2 proteins relative to those in static control cells and are shown as the means � S.E. from three
independent experiments. *, p � 0.05 versus static control cells at corresponding time points. B and C, MG63 cells were pretreated with vehicle control DMSO
or a specific inhibitor for MEK (PD98059, 30 �M) (B) or PI3K (LY294002, 10 �M) (C) for 1 h before and during exposure to OSS. The cells were kept under static
conditions as controls (lanes C) or subjected to OSS (lanes S) for 1 h, and the phosphorylation of Akt, ERK1/2, mTOR, or p70S6K was determined by Western blot
analysis. The results are representative of three independent experiments with similar results.
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changes in cell cycle regulatory protein expression in MG63
cells were inhibited by pretreating the cells with rapamycin,
confirming the importance of mTOR/p70S6K in modulating
OSS-induced cell cycle progression and proliferation in osteo-
blast-like cells.
Although most of the previous studies on flow-induced

mechanotransduction in bone cells used steady fluid flow as an
experimentalmodel (8, 10–12), our present work studied oscil-
latory flow, which can mimic more closely the physical micro-
environment of bone cells in vivo. Both the steady flow used in
our previous study (8) and the oscillatory flow used in the pres-
ent study caused the induction of bone formation-related genes
c-fos, Egr-1, and Cox-2 in MG63 cells, but there were signifi-
cant differences in the magnitudes and durations in the induc-
tion of these genes by the two flowpatterns. For example, steady
shear induced a sustained increase (24 h) in c-fos expression in
MG63 cells (8), whereas oscillatory shear only induced a tran-
sient induction (1 h) of this gene (Fig. 7C). Because it has been
shown that c-fos plays important roles in mitogenic responses
of osteoblastic cells (38, 56, 57) and is involved in bone forma-
tion or remodeling induced by mechanical loading (15), our
new finding of the differential responses to oscillatory versus

steady shearing may have significant implications in mechano-
transduction in osteoblast-like cells.
In summary, the present study demonstrated for the first

time that OSS induces proliferation in osteoblast-like cells
through the PI3K/Akt/mTOR/p70S6K pathway. These OSS-
induced signaling and cell proliferation are mediated by �v�3
and �1 integrins through their association with FAK and Shc,
which play synergistic roles to cooperate with PI3K subunit p85
to form FAK�Shc�p85 complexes. The identification of this
mechanotransduction mechanism in osteoblast-like cells in
response to OSS not only provides new insights into the mech-
anism of mechanical loading-induced bone formation but also
aids in future development of bone tissue engineering and ther-
apeutic strategies to increase bone formation.
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FIGURE 9. Schematic representation of the signaling pathways regulat-
ing osteoblast-like cells proliferation in response to OSS. OSS induces
proliferation in osteoblast-like cells through activation of the PI3K/Akt/
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