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Matrix metalloproteinase-13 (MMP-13, or collagenase 3) has
been shown to degrade intact collagen and to participate in sit-
uations where rapid and effective remodeling of collagenous
ECM is required. Mechanical strain induction of MMP-13 is an
example of how osteoblasts respond to high mechanical forces
and participate in the bone-remodeling mechanism. Using
MC3T3-E1 osteoblast-like cells, we dissected the signalingmol-
ecules involved in MMP-13 induction by mechanical strain.
Reverse transcription-PCR and zymogram analysis showed that
platelet-derived growth factor receptor (PDGFR) inhibitor,
AG1296, inhibited the mechanical strain-induced MMP-13
gene and activity. However, the induction was not affected by
anti-PDGF-AA serum. Immunoblot analysis revealed time-de-
pendent phosphorylation of PDGFR-� up to 2.7-fold increases
within 3 min under strain. Transfection with shPDGFR-� (at 4
and8�g/ml) abolishedPDGFR-� and reducedMMP-13expres-
sion. Moreover, time-dependent recruitments of phospho-
inositide 3-kinase (PI3K) by PDGFR-� were detected by immu-
noprecipitation with anti-PDGFR-� serum followed by
immunoblot with anti-PI3K serum. AG1296 inhibited PDGFR-
�/PI3K aggregation and Akt phosphorylation. Interestingly,
protein kinase C-� (PKC-�) inhibitor, rottlerin, inhibited not
only PDGFR-�/PI3K aggregation but PDGFR-� phosphoryla-
tion. The sequential activations were further confirmed by
mutants �PKC-�, �Akt, and �ERK1. Consistently, the primary
mouse osteoblast cells used the same identified signaling mol-
ecules to express MMP-13 under mechanical strain. These
results demonstrate that, in osteoblast-like cells, the MMP-13
induction by mechanical strain requires the transactivation of
PDGFR-� by PKC-� and the cross-talk between PDGFR-�/
PI3K/Akt and MEK/ERK pathways.

Mechanical strain to bone is considered to be important for
the maintenance of bone integrity and architecture. The proc-
ess of bone (re)modeling under mechanical loading may repair

fatigue damage and improve bone strength (1–3). Such (re)-
modeling requires bone resorption and deposition by the con-
certed efforts of osteoblasts and osteoclasts. Several studies
have demonstrated that, in the absence of the systemic and
local factors, mechanical loading on osteoblasts in vitro is able
to increase prostaglandin release (4), stimulate cell division (5),
alter collagen synthesis (6), and promote collagenase activity
(7). Other induced proteins such as insulin-like growth factors I
and II, transforming growth factor-�, osteocalcin, osteopontin,
nitric-oxide synthase, and cyclooxygease-2 have also been
reported (8).
Previously, we reported that mechanical strain induces col-

lagenase 3 (MMP-13)2 expression by MC3T3-E1 osteoblast-
like cells (9). TheMMP-13mRNA induction is transient, stable,
and does not require de novo protein synthesis, suggesting that
an immediate action be taken by strained osteoblasts to par-
ticipate in the resorption phase of matrix (re)modeling.
MMP-13 is a neutral proteinase capable of degrading native
fibrillar collagens in the extracellular space (10, 11). It may
be involved in situations where rapid and effective remodel-
ing of collagenous extracellular matrix is required. Hence,
MMP-13 can be detected in primary fetal ossification during
bone morphogenesis, and in remodeling of the mature skel-
etal tissue (12, 13).
Mechanical strain induction of MMP-13 may be mediated

through a process of mechanotransduction, converting physi-
cal forces into biochemical signals and integrating these signals
into cellular responses. In our stretch chamber system, we
showed that the mechanotransduction utilizes the MEK/ERK
signaling pathway to implementMMP-13 expression (9). How-
ever, the transduction mechanism involved remains unclear
and awaits further investigation. Three lines of studies have
prompted us to investigate the receptor of platelet-derived
growth factor receptor (PDGFR) as a potential mechanorecep-
tor in the MMP-13 induction. PDGF-BB induces MMP-13
expression in osteoblasts (14, 15), whereas in vascular smooth
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muscle cells the mechanical strain increases PDGF-B and
PDGFR-� expression (16) and activates PDGFR-� (17).

The PDGFRs, including PDGFR-� and -�, are membrane
glycoproteins of �170 and 180 kDa, respectively. Their struc-
tures are similar to those of the colony-stimulating factor-1
receptor and the stem cell factor receptor. The extracellular
parts of PDGFR consist of five immunoglobulin-like domains,
among which three outer-most domains are for ligand binding,
and domain 4, for direct receptor-receptor interactions. The
intracellular parts contain a tyrosine kinase domain, with char-
acteristic inserted sequences without homology to kinases (18).
The PDGFR-� binds all combinations of PDGF-A/-B forms,
whereas PDGFR-� binds only PDGF-BB. The binding of the
ligand induces dimerization of the PDGFR, leading to the acti-
vation via autophosphorylation of tyrosine residues in the
PDGFR kinase domain. Inside the kinase domains, autophos-
phorylation increases the kinase activity, whereas, outside of it,
autophosphorylation creates docking sites for the recruitment
of cytoplasmicmolecules containing SH domains as in enzyme,
PI3K, or in adaptor protein, Grb2.
To dissect the sequential signaling involved in the MMP-13

induction bymechanical strain, we appliedmechanical stretch-
ing to MC3T3-E1 osteoblast-like cells grown on a collagen-
coated flexible membrane in the presence of inhibitors and
dominant mutants of interest. We found that in osteoblast-like
cells, the mechanical strain induced MMP-13 expression
requires transactivation of PDGFR-� by PKC-�.

EXPERIMENTAL PROCEDURES

Materials—MurineMC3T3-E1 cell line was used as a homo-
geneous source of non-transformed osteoblast-like cells. Pri-
mary osteoblast cells were obtained from calvaria of neonatal
mice (ICR-CD1) through standard protocol of collagenase
digestion (19).
Fetal bovine serum, TRIzol, and minimal essential medium-�

(�-MEM) were purchased from Invitrogen. The anti-MMP-13
monoclonal antibodywaspurchased fromNeoMarkers (Fremont,
CA); anti-PDGF-AA serum, from R&D (Minneapolis, MN), and
glyceraldehyde3-phosphatedehydrogenase (GAPDH)antiserum,
from Biogenesis (Boumemouth, UK). The antibodies against
PDGFR-�, PDGFR-�, and PI3K were from Santa Cruz Biotech-
nology (Santa Cruz, CA), whereas antibodies against phospho-
PDGFR-�, phospho-PDGRF-�, and phospho-p42/p44 MAPK
were from Cell Signaling (Beverly, MA). The reagents AG1296,
AG1478, genistein, herbimycinA, rottlerin, GF109203X,Gö6976,
and LY294002were fromBiomol (PlymouthMeeting, PA). Bicin-
choninic acid (BCA) protein assay kit was from Pierce. Enhanced
chemiluminescence (ECL) immunoblotting detection system and
Hyperfilms were from Amersham Biosciences. Type I collagen,
enzymes, and other chemicals were from Sigma. Dominant
negative mutants of ERK1 (ERK1 K52R), Akt, and PKC-�
were generously provided by Drs. M. H. Cobb (Dept. of Phar-
macology, University of Texas Southwestern Medical Cen-
ter, Houston, TX), R. D. Ye (Dept. of Pharmacology, Univer-
sity of Chicago, Chicago, IL), and P. Parker (Cancer Research
Center, London, UK), respectively.
In Vitro Equibiaxial Stretch Device—The equibiaxial stretch

chamber (9), modified from the work of Lee et al. (20) was used

to deliver uniform, isotropic, and static tensile strain to osteo-
blast-like cells in the absence of shear as previously described.
The chambers were H2O2 gas-sterilized before use. Similar to
the study of gene expression by applying a cyclic 8% stretch at a
frequency of 0.5 Hz to human chondrosarcoma (21), in the
present experiments, we used 8% stretch for the optimal ex-
pression of MAPKs as a reference. Nevertheless, to exclude the
release of intracellular MMP-13 as a result of cell injury, media
conditioned by control or tested cells was assayed for lactate
dehydrogenase (22, 23). There was no significant difference in
release of lactate dehydrogenase in the medium, and no slip-
page of the strained cells from the collagen-coated membrane
with a prolonged period of time (9).
The MC3T3-E1 osteoblast-like cells were grown in flasks to

sub-confluence in �-MEM containing 10% fetal bovine serum
before plating to stretch chamber. The elastic sheets of the
chamber were coated with a solution of 0.01% type I collagen
overnight to promote cell attachment. Then, the MC3T3-E1
cells were transferred and plated at a density of 1 � 105 cells/
cm2 to the collagen-coated sheet and grown to confluence.
After conditioning in serum-free �-MEM medium overnight,
quiescent adherent cells were stretched under testing condi-
tion. For experimental purposes, the selective inhibitors (all at
10 �M concentration) were added 1 h before testing. Control
cellswere treated in an identical fashion as test cells, yetwithout
being stretched. Test and control experiments were carried out
simultaneously with the same pool of cells in each experiment
to match temperature, CO2 content, and pH of the medium for
the test and control cells.
Zymogram Analysis—Briefly, aliquots of the control and test

media were electrophoresed on a 10% SDS-polyacrylamide gel
containing 1.25% gelatin. Afterward, the gel was washed with
2.5%TritonX-100 to remove SDS, rinsedwith 50mMTris-HCl,
pH7.5, and then incubated overnight at room temperaturewith
the developing buffer (50 mM Tris-HCl, pH 7.5, 5 mM CaCl2, 1
�M ZnCl2, 0.02% thimerosal, 1% Triton X-100). The zymo-
graphic activities were revealed by staining with 1% Coomassie
Blue and later, destaining of the gel andwere quantified by laser
densitometry of the corresponding bands in the linear response
of the gelatin zymogram.
RNA Isolation, Reverse Transcription, and PCR—The adher-

ent cells were harvested after being stretched for the time indi-
cated. Total RNA was isolated using TRIzol reagent according
to the manufacturer’s instructions and quantified by optical
density. 1 �g of total RNA was added to a reverse transcriptase
(RT) reaction in RTbuffer containing 20mMTris-HCl (pH 8.4),
50mMKCl, and 2.5mMMgCl2, 10mMdNTPs, 0.1 M dithiothre-
itol, 0.5 mg of oligo(dT) primer, 200 units of SuperScript II RT,
and RNase H. 5 �l of cDNA from the RT was added directly to
a 50-�l PCR containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl,
25 mMMgCl2, 10 mM dNTP, 2.5 units of TaqDNA polymerase.
The amplification conditions for MMP-13 were as follows:
94 °C/1min, 62 °C/1min, and 72 °C/2min,whichwas amplified
for 30 cycles. Oligonucleotide primers were designed to span at
least one intron to detect any contaminating genomic DNA
carried over from the RNA isolation step. The �-actin primer
sequences have been described previously (Ambion), and
MMP-13 primer sequences were derived from the mouse
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MMP-13 sequence (24) as follows: MMP-13, sense primer
5�-GGT CCC AAA CGA ACT TAA CTT ACA-3� and anti-
sense primer 5�-CCT TGA ACG TCA TCA TCA GGA AGC-
3�, a total of 445 bp. Conditions were established so that PCR
was stopped in the linear range, and the reaction products could
be accurately quantified and compared. PCR products were
electrophoresed on 1.5% agarose gels. Ethidium bromide stain-
ing of the bands corresponding to MMP-13 was photographed
and digitized. Density analysis was performed using the UN-
SCAN-IT gel program (Silk Scientific, Inc. Orem, UT). The
levels of MMP-13 mRNA were normalized to those of �-actin
RNA to correct for differences in loading and/or transferring.
Preparation of Cell Extracts and Immunoblot Analysis of Sig-

naling Molecules—Unless mentioned otherwise, protein con-
centrations were determined (25) with bovine serum albumin
as the standard.MC3T3-E1s in control or in test (by 8% stretch)
groupswere incubated for various times before subjected to cell
lysis as described previously (9). At the termination of mechan-
ical stimulation, cells were rapidly washed with ice-cold phos-
phate-buffered saline twice, and lysed on ice in 0.2 ml of lysis
buffer (containing 25mMTris-HCl, pH 7.4, 25mMNaCl, 25mM

NaF, 25 mM Na4P2O7, 1 mM Na2VO4, 2.5 mM EGTA, 2.5 mM

EDTA, and 0.05% Triton X-100, 0.5% Nonidet P-40, 0.5% SDS,
0.5% deoxycholate, and protease inhibitors such as 5 �g/ml
leupeptin, 5 �g/ml aprotinin, and 1 mM phenylmethylsulfonyl
fluoride). The lysates were centrifuged at 45,000 � g for 1 h at
4 °C to yield the cell extract. Equal amounts of samples were
electrophoresed on a 10% polyacrylamide gel and were then
blotted to nitrocellulose membrane. Subsequently, the mem-
brane was incubated at room temperature with 5% bovine
serum albumin in TTBS (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 0.05% Tween 20) for 1 h. The total protein profiles and
the phosphorylated forms of the kinases were identified by
immunoblot analysis with anti-serum raised against the sig-
naling molecules or their phosphorylated forms. Briefly,
membranes were incubated with a 1:1000 diluted solution of
specific anti-PDGF-�, anti-phospho-PDGFR-�, anti-phospho-
Akt, anti-phospho-p42/p44MAPK, anti-PI3K, or anti-GAPDH
antibodies, and then with the second antibody (anti-rabbit
horseradish peroxidase antibody in 1% bovine serum albumin/
TTBS; 1:1500 dilution). Immunoreactive bands were visualized
by using an enhanced chemiluminescent (ECL) system.
Coimmunoprecipitation Assay—Cell lysates containing 1mg

of protein were incubated with 2 �g of anti-PDGFR-� antibody
at 4 °C for 1 h, and then 10 �l of 50% protein A-agarose beads
was added andmixed for 16 h at 4 °C. The immunoprecipitates
by anti-PDGFR-� serumwere collected andwashed three times
with lysis buffer without Triton X-100, dissolved in 5� Lae-
mmli buffer, and then subjected to electrophoresis on 10%SDS-
PAGE. Immunoblot analysis was performed using anti-PI3K
and anti-PDGFR-� serum.
Plasmid Construction—The vector pTOPO-U6 II was con-

structed by inserting the short hairpin RNA expression cassette
containing the mouse U6 promoter and the termination signal
of RNA polymerase III into the pCRII-TOPO vector (Invitro-
gen), the procedure of which was similar to that of the
pTOPO-U6 construction (26).Minormodificationsweremade
to build the AvrII and BbsI sites outside of the inserted,

designed 22-oligomer short hairpin RNA sequences (Fig. 3A).
For the plasmid PDGFR-�_778, and PDGFR-�_2572, the com-
plementary oligonucleotides PDGFR-�_778 sense (5�-CTAG-
ACGTTCAAGACCAGCGAGTTTACAAGCTTCTAAACT-
CGCTGGTCTTGAACGT-3) and PDGFR-�_778 antisense
(5�-AAAAACGTTCAAGACCAGCGAGTTTAGAAGCTT-
GTAAACTCGCTGGTCTTGAACGT-3�), and PDGFR-
�_2572 sense (5�-CTAGGGCATGGACTTCTTAGCCTCT-
ACAAGCTTCTAGAGGCTAAGAAGTCCATGCC-3�) and
PDGFR-�_2572 antisense (5�-AAAAGGCATGGACTTCTT-
AGCCTCTAGAAGCTTGTAGAGGCTAAGAAGTCCAT-
GCC-3�) were annealed, respectively, as described by Tseng
et al. (26). For small interfering RNA of firefly luciferase, the
complementary oligonucleotides FflS and FflAS were con-
structed and reported previously (27).
Plasmids and Transfection—The plasmids encoding �ERK1

K52R, �MEK K97R, and �PKC-� (dominant negative mutants
of ERK1 and MEK1/2) were prepared by using Qiagen plasmid
DNA preparation kits. For transfection, the amount of plasmid
(1�g) was kept constant for each experiment. TheDNAPLUS-
Lipofectamine reagent complex was prepared according to the
instructions of the manufacturer (Invitrogen). The adherent
MC3T3-E1 cells grown to 70% confluence were washed once
with phosphate-buffered saline and then with serum-free
�-MEMmediumand then transfected and incubatedwith plas-
mid in serum-free �-MEM (0.8 ml) and DNA PLUS-Lipo-
fectamine reagent (0.2 ml) at 37 °C for 5 h and later with
�-MEM (1 ml) containing 10% fetal bovine serum overnight.
After 24 h of transfection, cells were washed twice with phos-
phate-buffered saline and maintained in �-MEM containing
10% fetal bovine serum for an additional 24 h. Before applying
an 8% stretch, cells were washed once with phosphate-buffered
saline and incubated with serum-free �-MEM for 24 h.
Statistic Analysis—Data were presented as mean � S.D. Sta-

tistical comparisons of control group with treated groups were
carried out using the paired sample t test with p values cor-
rected by the Bonferronimethod. Comparisons among three or
more groups were made by one-way analysis of variance fol-
lowed by Dunnett’s post hoc analysis. An effect was considered
significant when p � 0.05.

RESULTS

Activation of the PDGFR-� Leads to the MMP-13 Induction
by Mechanical Strain—In this study, we investigated whether
the signaling molecules at the level of plasma membrane-asso-
ciated receptor tyrosine kinases may be involved in MMP-13
expression bymechanical strain. The inhibitors used as diag-
nostic tools included genistein and herbimycin A for block-
ing the protein-tyrosine kinases in general, and specifically,
AG1296 andAG1478 for blocking the receptor tyrosine kinases
such as PDGFR and EGFR, respectively. The zymogram re-
vealed that the mechanical strain-induced MMP-13 activities
were partly blocked by pretreatment with AG1296 (Fig. 1A).
However, AG1478 failed to inhibit the activities. Moreover, the
RT-PCR analysis reflected the above finding of the AG1296 by
matching the reduction of MMP-13 gene with that of activity
under mechanical insults (Fig. 1B). Taken together, these data
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suggested that the PDGFR participates in the mechanical
strain-induced MMP-13 expression.
Because PDGF-A mRNA expression was reported to be

induced by mechanical strain within 2 h in MC3T3-E1s (28),
one may question whether MMP-13 expression was a second-
ary effect as a result of PDGF-AA production induced by
mechanical insult to cells. Here, pretreatment with anti-
PDGF-AA serumdid not interfere withMMP-13 activities, and
protein expression induced by mechanical strain (Fig. 1C). The
accountability of the anti-PDGF-AA serum to neutralize
PDGF-AA was assured by the following experiment. MC3T3-
E1s were pretreated with PDGF-AA (10 ng/ml) to induce
MMP-13 expression in the presence or absence of anti-
PDGF-AA serum (Fig. 1D). The results showed that MMP-13
expressions increased by prolonged incubation with PDGF
alone. However, the increased amount of MMP-13 by
PDGF-AA returned to basal level in the presence of anti-
PDGF-AA serum.Taken together, these data suggested that the
mechanical induction of MMP-13 be independent of
PDGF-AA effect.
Receptor Phosphorylation under Mechanical Strain

Condition—The PDGFR consists of PDGFR-� and PDGFR-�
forms. We examined which of the PDGFRs might be in-
volved in the mechanical strain-induced MMP-13 expres-
sion by immunoblot analysis with anti-PDGFR-� or with
anti-PDGFR-� serum to determine the amount of the pro-
teins present, then with anti-phospho-PDGFR-� and -�
serum to detect the state of activation, or lastly with anti-
GAPDH serum as an internal control (Fig. 2). We noted that
only trace amounts of the PDGFR-� were present within
cells. Overwhelmingly, the PDGFR-� form appeared to be
dominant in quantity over PDGFR-� form (Fig. 2A, rows 2
and 4).When challenged bymechanical strain, the PDGFR-�
form became phosphorylated and activated. The receptor
activation of the phosphorylated PDGFR-� was a fast proc-
ess. It peaked at 3 min with 2.7-fold increases and then
declined gradually at 30 min (Fig. 2B). Within such a short
time, obviously, the total amounts of both PDGFR-� and
GAPDHdidnotchange.Ontheotherhand,neitherPDGFR-�nor
EGFR (data not shown) appeared to be activated throughout the
course of challenge. Thus, these results indicated that, under a
static stretch condition, the PDGFR-� phosphorylation occurred
in a time-dependent manner.
PDGFR-� Participates in Mechanical Strain-induced

MMP-13 Expression—To confirm the participation of the
PDGFR-� in the MMP-13 induction by mechanical strain, we
designed a short hairpin RNA of PDGFR-� (shPDGFR-�) (Fig.

FIGURE 1. Effects of the inhibitors on the MMP-13 induction by mechani-
cal strain in the osteoblast-like cells. The adherent cells were grown on a
collagen-coated flexible sheet, conditioned overnight, pre-treated with
inhibitors or anti-PDGF-AA serum (1 �g) 1 h before testing and then stretched
at 8% for 30 min. The inhibitors were genistein (10 �M), herbimycin A (10 �M),
AG1478 (10 �M, for blocking EGFR), and AG1296 (10 �M, for blocking PDGFR).
The MMP-13 activities were revealed indirectly by zymogram (A), whereas

MMP-13 proteins were analyzed by immunoblot (C and D). Inhibitor AG1478
or AG1296 alone did not alter the basal MMP-13 activities. The agent
PDGF-AA (10 �M) and its counterpart anti-PDGF-AA serum were included for
detecting MMP-13 expression (D). Total RNAs from control and strained cells
were analyzed by RT-PCR using mRNAs of the MMP-13 and actin as templates
(B). The amplified bands were revealed by ethidium bromide staining and
quantified by the UN-SCAN-IT gel program as described under “Experimental
Procedures.” Representative mRNA levels of MMP-13 (B) and �-actin (as an
internal control) are shown. In general, the minimum activity from the control
group during the time course experiments is designated as 1. Significant
difference was leveled as *, p � 0.05 or #, p � 0.01 in comparison with the
unstrained cells. This was a result of three sets of independent experiments.
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3A) to knock down the PDGFR-� in vivo and then traced the
consequences after mechanical insults. Cells were transfected
with shPDGFR-�, vector alone (pTOPO-U6II), or small inter-
fering RNA targeting firefly luciferase (Ffl) (27), incubated for
additional 24 h, and afterward, serum-free conditioned over-
night before testing for 30 min.
The MMP-13 activities were enhanced by mechanical strain

in control cells and in cells transfected with either vector or Ffl.
Such enhancements were diminished in cells transfected with
the shPDGFR-� at doses of 4 and 8 �g/ml (Fig. 3, B and C).
Immunoblot analysis with anti-PDGFR-� or anti-MMP-13
serum revealed that the shPDGFR-� knocked down the
PDGFR-� protein expression and correspondingly, attenuated
the mechanical strain-induced MMP-13 expression (Fig. 3C,
lanes 7–10). Contrarily, vector or Ffl alone did not alter the
amount of PDGFR-� expression (Fig. 3C, lanes 3–6). To sum
up, the results confirmed that PDGFR-�, at the level of plasma
membrane-associated receptor tyrosine kinase, participated in
themechanical strain inducedMMP-13 expression. In linewith
this, the role of the PDGFR-� was further identified by the
subsequent investigations in signaling relay leading toMMP-13
expression.
The Downstream Effectors of PDGFR-�: PI3K-Akt and ERK—

Upon activation by stimuli, the PDGFR-� recruits the cytoplas-
micmolecule such as PI3K that contains conserved SHdomain.
The PI3K, an enzyme, was identified in our stretch system via
immunoprecipitation from tested MC3T3-E1s with anti-
PDGFR-� serum followed by immunoblot analysis with anti-

FIGURE 2. Time-dependent PDGF receptor (PDGFR) autophosphorylation
under mechanical strain. The adherent cells were conditioned overnight,
and then stretched at 8% for the time indicated. Immunoblot analyses were
performed using antibody reactive with PDGFR-� and -�, phosphorylated
PDGFR-� (p-PDGFR-�) and -�, or GAPDH (as a control). The phosphorylated
profiles of the PDGFR-� and -� were aligned (A, a representative of three
independent experiments) and the time-dependent receptor phosphoryla-
tions (p-PDGFR-�) were traced up to 30 min and analyzed (B). Bands were
visualized by an ECL method and quantified by a densitometer. Data were
summarized, plotted, and normalized independently for comparison as -fold
of increases for the p-PDGFR-� (A and B) or p-PDGFR-� (A). *, p � 0.05; #, p �
0.01, as compared with the unstrained cells. This was a result of three sets of
independent experiments.

FIGURE 3. MMP-13 expression required the presence of PDGFR-�. Sche-
matic representation of PDGFR-� short hairpin RNA expression plasmid and
the putative structure of the dsRNA formed by sh-PDGFR-�_778 were shown
(A). The plasmids for vector control (pTOPO-U6II), small interfering RNA for
firefly luciferase (Ffl) and shPDGFR-� were transiently transfected into
MC3T3-E1 osteoblast-like cells. Cells were incubated for 24 h, and then serum-
free conditioned overnight before testing for 30 min. The culture medium
and cell lysates were collected for the immunoblot analysis of MMP-13 and
PDGFR-�, respectively (C). The MMP-13 activities were revealed by zymogram
(B). The vector control or Ffl alone did not affect MMP-13 and PDGFR-�
(B and C). However, two doses of the shPDGFR-� at 4 and 8 �g/ml (B and C)
blocked PDGFR-� and attenuated MMP-13 and its activities. #, p � 0.01, as
compared with the strained cells. This was a result of four sets of inde-
pendent experiments.
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PI3K serum. Even though the amounts of PDGFR-� remained
constant with or without strain, the recruitment of PI3K by
PDGFR-� started within 1 min of testing and reached 3-fold
increases or higher from3 to 5min (Fig. 4A). Such recruitments
were blocked by pretreatment with AG1296 (Fig. 4B, lane 6),
indicating an association of PI3Kwith PDGFR-�. Pretreatment
with AG1478, LY294002, or IgG (Fig. 4B, lane 11) did not affect
the association. The blockade by rottlerin (Fig. 4B, lanes 9–10)
is separately described in the next section.
To confirm the finding that the PDGFR-�/PI3K pathwaywas

involved in MMP-13 induction, sequential activation of the
PDGFR-� andPI3K complexwas analyzed by immunoblotwith
anti-PDGFR-� and anti-phospho-PDGFR-� serum (Fig. 5A). In
this experiment, pretreatment with AG1296 inhibited the
mechanical strain-stimulated phosphorylation of PDGFR-�,
whereas LY294002 did not (Fig. 5A, lane 6), confirming that
PI3K was downstream of PDGFR-�. On the other hand, both
inhibitors blocked the MMP-13 gene expression induced by
mechanical strain (Fig. 5B). The effects of PKC inhibitors,

including GF109203X, Gö6976, and
rottlerin, on PDGFR-� phosphoryl-
ation and MMP-13 gene expression
(Fig. 5,A andB) are described below.
To sum up, we concluded that
mechanical strain-induced MMP-13
expressionwasmediated via PDGFR-
�/PI3K signaling.

To trace signaling relay down-
stream of PI3K, the PDGFR/PI3K/
Akt (29) and p42/p44 MAPK path-
ways were studied. The phos-
phorylation and activation of Akt
transiently occurred within 1 min
and peaked within 5min after strain
application (Fig. 6A), corresponding
to the optimal time frame of the
PDGFR-�/PI3K recruitment. The
mechanical strain-stimulated phos-
phorylations of Akt or p42/p44
MAPK were blocked by pretreat-
ment with AG1296 or LY294002
(Fig. 6, B and C), suggesting that
PDGFR-�/PI3K is upstream of the
Akt and p42/p44 MAPK in this sig-
naling transduction pathway.
The Upstream Modulator of

PDGFR-�: PKC-�—To investigate
whether and which isoform of the
PKCs may participate in the
PDGFR-�/PI3K pathway, the PKC
inhibitors, including the broad
spectrum GF109203X, the calcium-
dependent Gö6976, and a selective
calcium-independent rottlerin (for
PKC-�), were used for these pur-
poses. Mechanical strain-induced
MMP-13 gene expression was
attenuated by pretreatment with

GF109203X and rottlerin (Fig. 5B, lanes 5 and 7), but not by
Gö6976 (Fig. 5B, lane 6), suggesting the involvement of the
calcium-independent PKC-� (a novel PKC) in MMP-13
induction.
Mechanical strain-stimulated phosphorylation of Akt (Fig.

6B, lane 10) and p42/p44 MAPK (Fig. 6C, lane 10) was attenu-
ated by pretreatment with rottlerin. Moreover, the interaction
between PDGFR-� and PI3K was revealed by the results of the
rottlerin inhibition on the PDGFR-� phosphorylation (Fig. 5A,
lane 10) and on the PDGFR-�/PI3K association (Fig. 4B, lane
10) by mechanical strain. Thus, these results suggested a PKC-
�-dependent PDGFR-� transactivation mechanism in the
mechanical strain-induced MMP-13 expression.
Delineation of the Signaling Cascade Leading to Mechanical

Strain-inducedMMP-13 Expression by Transfection with Dom-
inant Negative Mutants of PKC-�, Akt, and ERK1—To ensure
the involvement of PKC-�, Akt, and p42/p44 MAPK in
mechanical strain-induced MMP-13 expression, dominant
negative mutants encoded these signaling components were

FIGURE 4. Recruitment of PI3K by PDGFR-�. To study the time course-dependent recruitment of the PI3K by
PDGFR-�, we applied the mechanical strain to the cells for the time indicated (A). Afterward, cell lysates were
subjected to immunoprecipitation with anti-PDGFR-� antibody followed by immunoblot with anti-PI3K anti-
body as described under “Experimental Procedures.” Even though equal amounts of PDGFR-� were present in
each sample (A, upper panel), the amount of PI3K increased with time, reaching maximum at 5 min. (A, lower
panel), indicating the time-dependent recruitment of the PI3K by PDGFR-�. The recruitment was examined in
the presence of inhibitors: AG1478, AG1296, LY294002, and rottlerin (B). The amounts of the PDGFR-�
remained constant (B, upper panel), whereas the amounts of PI3K reduced significantly by AG 1296 and rottlerin
(B, lower panel). #, p � 0.01, as compared with the control. This was a result of four sets of independent
experiments.
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used. Mutants �PKC-�, �Akt, and �ERK1 inhibited the ex-
pression of the MMP-13 activities and protein in strained
MC3T3-E1 osteoblast-like cells (Fig. 7, A and B), in agreement
with the findings of using selective pharmacological inhibi-
tors. Moreover, �PKC-� inhibited the phosphorylation of
PDGFR-�, Akt, and p42/p44 MAPK (Fig. 7, C–E); whereas
neither �Akt nor �ERK1 succeeded in blocking PDGFR-�
phosphorylation (Fig. 7C), affirming the leading role of the
PKC-� in the PDGFR-�/PI3K/Akt pathway.
Interestingly, �ERK1 did not inhibit Akt phosphorylation

(Fig. 7D). Similarly, �Akt did not inhibit the p42/p44 MAPK

phosphorylation (Fig. 7E). Hence, no interaction occurred
between p42/p44 MAPK and Akt pathways. Consequently,
these data may suggest that cross-talk be present between
PDGFR-�/PI3K andp42/p44MAPKpathways inmediating the
MMP-13 induction by mechanical strain.
Mechanical Strain-induced MMP-13 Expression in a Pri-

mary Mouse Osteoblast Cell Model—To examine whether a
similar pathway regulates MMP-13 expression in normal
osteoblastic cells, we obtained osteoblasts from calvaria of neo-
natal mice through standard protocol of collagenase digestion
(19). The resultantMMP-13 expressions with and without spe-
cific inhibitors were revealed and analyzed by means of zymo-
gram, Western blot, and RT-PCR (Fig. 8A). The inhibitors
include rottlerin, AG1296, LY294002, and U0126 (for MEK1/
2). The data showed that all the inhibitors blocked theMMP-13
expression induced by mechanical strain in primary mouse
osteoblast cells. To sum up, similar to theMC3T3-E1 cells, at a
high impact, the normal osteoblasts respond to the mechanical
strain by synthesis and secretion of the MMP-13 and partici-
pate in bone healing process.

DISCUSSION

In this study we analyzed the mechanisms by which the
mechanical force is translated into biochemical signals and ver-
ified the signalingmolecules including PKC-�, PDGFR-�, PI3K,
Akt, and ERK1/2 to be responsible for the MMP-13 gene
expression. In particular, transfection with shPDGFR-� com-
pletely knocked down the PDGFR-� molecule and inhibited
MMP-13 zymographic activity and gene induction by mechan-
ical strain. In response tomechanical stimuli, the time-depend-
ent activation of the PDGFR-� and the time-dependent recruit-
ment of the PI3K by PDGFR-� outlined the PDGFR-�/PI3K
lineage. Lastly, the signaling relay was verified through sequen-
tial phosphorylations.
During our study, we first investigated and considered

PDGFR-� to be a candidate receptor forMMP-13 induction by
mechanical strain. However, upon continuing to search for the
downstream effectors, we found that the known PKC-� turned
out to be the PDGFR-� upstream regulator. Accordingly, the
transactivation of PDGFR-� by PKC-� was proposed and dis-
cussed first, whereas the PDGFR-�/PI3K/Akt pathway was dis-
cussed later.
PKC activations have been shown to participate in growth

factor-dependent cellular responses. For example, the PKC-�
activation is found to be a principle rate-limiting event in the
basic fibroblast growth factor-dependent stimulation of
MMP-13 in human articular chondrocytes (30), whereas the
stimulation of the PDGFR-� signaling pathway activates PKC-�
in the PDGFR-�-mediated-monocytic differentiation (31). Fur-
thermore, the stretch-induced expression of vascular endothe-
lial growth factor appeared to be mediated by the PI3K/PKC-�
pathway (32). In osteoblasts, PKCactivationwas reported in the
PDGF-BB-inducedMMP-13 expression (14). Nevertheless, the
specific isoform of the PKCs in this reaction remains unknown.
In our stretch system, we identified PKC-� to be involved in
mechanical strain-induced MMP-13 expression. Rather inter-
estingly, instead of being activated by a PDGFR-�-dependent
mechanism, PKC-� activated PDGFR-�. This was supported by

FIGURE 5. Involvement of the signaling molecules up- or down-stream of
PDGFR-� in MMP-13 induction by mechanical strain. The adherent
MC3T3-E1 cells were prepared for testing at 8% stretch for 3 or 30 min to
examine PDGFR-� phosphorylation and MMP-13 gene expression. Immunoblot
analysis was performed using anti-p-PDGFR-�, anti-PDGFR-�, or anti-GAPDH (as
a control) antibody (A). Total RNAs from control and strained cells were amplified
by RT-PCR using mRNAs of the MMP-13, and�-actin as templates. Representative
mRNA levels of MMP-13 and �-actin genes (as an internal control) were shown
(B). The inhibitors included in the assay were AG1296 (for PDGFR-�), LY294002
(for PI3K), GF109203X (for total PKC), Gö6976 (for calcium-dependent PKC), and
rottlerin (for selective calcium-independent PKC-�). Data are summarized and
expressed as mean � S.E. of at least three independent experiments (bar graph).
*, p � 0.05; #, p � 0.01, as compared with the stretch alone.
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the following findings: first, pretreatment with rottlerin inhib-
ited the assembly of the PDGFR-��PI3K complex and the Akt
phosphorylation and second, pretreatment with rottlerin and
with dominant negative PKC-� mutant (�PKC-�) inhibited the
PDGFR-� phosphorylation. On the other hand, the results of
inhibition by rottlerin or �PKC-� on the mechanical strain-
induced p42/p44 MAPK phosphorylation suggested a mecha-
nism of the molecular cross-talk between MAPK and PKC-�
(30). In fact, we also found that cross-talk occurred between
PDGFR-�/PI3K and p42/p44 MAPK pathways.
The reports that PDGF-BB induces MMP-13 expression in

osteoblasts (14, 15) prompted us to examine the involvement of
PDGFR in themechanical strain-inducedMMP-13 expression.
There are two classes of PDGF receptors reported to recognize
different isoforms of PDGF (33). The � receptor binds only the
BB dimer, whereas the �/� receptor binds AA, BB, and AB
dimers. In other words, the PDGFR-BB induces all three
dimeric combinations of �- and �-receptors. Other reports
point out that, in vascular smooth muscle cells, the mechanical
strain not only increases PDGF-B and PDGFR-� expression
(16) but also activates PDGFR-� (17). In light of these findings,
we found that only PDGFR-� participated in the MMP-13
expression induced by mechanical strain in these cells.
Perhaps, one may speculate that mechanical strain changes

cellular morphology leading to altered receptor conformation
and thus, induces autophosphorylation of the surface mem-
brane receptor and subsequent signal transduction. However,
in the identical stretch chamber system, we did not detect any
activation of the membrane-associated receptors of PDGFR-�
and EGFR examined. On the other hand, we may propose that,
being induced by the strain-altered conformational change at
the cell membrane, PKC-� transactivates PDGFR-�. Then, the
receptor dimerizes and induces a conformational change
affecting the ATP binding domain, which can be blocked by
AG1296 at the ATP-binding site (34). One plausible mecha-
nism involved in PKC-� may be illustrated by the G-protein-
coupled receptor-induced EGFR transactivation (35), a ligand-
independent process with several cytoplasmic players acting as
mediators of this inter-receptor cross-talk. Whether cross-talk
exists between PDGFR-� andG-protein-coupled receptor after
strain-altered conformational change in our stretch chamber
system remains to be defined.
Outside the PDGFR kinase domain (as in kinase insert region

or in the C-terminal domain) lie the tyrosine-phosphorylated
residues creating the docking sites for signal transduction mol-
ecules containing SH2 domains. These molecules may belong
to enzymes such as PI3K and phospholipase C� (36), or mole-
cules, devoid of enzymatic activity, functioning as an adaptor
such as Grb2 in vascular smoothmuscle cells linking the recep-
tor with downstream catalytic molecules (17). Despite our
efforts to immunoprecipitate the complexes by using anti-
PDGFR-� or anti-Grb2 serum as a primary antiserum,we failed

FIGURE 6. The Akt and p42/p44 activations by mechanical strain. The time-
dependent phosphorylation of Akt was traced (A). Cells were treated under
the same condition in the presence of inhibitors added 1 h before receiving
3-min strain. The Akt and p42/p44 phosphorylation were investigated (B and

C) by immunoblot analysis with anti-phospho-Akt, anti-phospho-p42/p44
MAPK, or anti-GAPDH (as a control) antibody. Inhibitors (at 10 �M concentration)
were the AG1478, AG1296, LY294002 (LY), GF109203X (GF), and rottlerin (Rott).
The phosphorylated profiles of the Akt and p42/p44 MAPK were the representa-
tives of four independent experiments. #, p � 0.01, as compared with the basal
level (A) and stretch (B and C) alone.
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FIGURE 7. The sequential activation of the signaling molecules in MMP-13 induction by mechanical strain. Dominant negative mutants of the signaling
molecules such as �PKC-�, �Akt, and �ERK1 were included to determine the sequential activation. First, the effects of the specific mutants on the strain-
induced MMP-13 activities (A) and expressions (B) were examined. The activities and the proteins of the MMP-13 were significantly reduced by the mutants.
Next, the effects of the mutants on the phosphorylations of the signaling molecules, including PDGFR-� (C), Akt (D), and p42/p44 MAPK (E) were examined.
Among the mutants tested, only �PKC-� inhibited the PDGFR-� phosphorylation (C). The Akt phosphorylations were inhibited by �PKC-� and �Akt (D). The
phosphorylations of the p42/p44 MAPK were blocked by �PKC-� and �ERK1. However, �Akt did not interfere with p42/p44 MAPK phosphorylation (E). #, p �
0.01, as compared with the control alone. This was a result of three sets of independent experiments.
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to detect the presence of both PDGFR-� and Grb2 within the
precipitated complex (data not shown). Nevertheless, when
turning toward the enzymatic candidate such as PI3K, we
established the PDGFR-�/PI3K connection by a coimmuno-
precipitation method. The aggregation was further confirmed
by the subsequent experiments of using inhibitors to interrupt
the complex formation.

The mechanism of the PDGFR-�/PI3K signaling for
MMP-13 induction bymechanical strain could be outlined (Fig.
8B). The transactivation of PDGFR-� by PKC-� induces dimer-
ization of the PDGFR, leading to their activation via autophos-
phorylation of tyrosine residues in the PDGFR kinase domain.
The autophosphorylation creates docking sites for the recruit-
ment of PI3K. Blocking the kinase activity of PKC-� would not
create docking sites out of the inactive PDGFR-�. Accordingly,
no subsequent recruitment of PI3K would occur. Because
PDGFR-� binds to p85 regulatory subunit of PI3K, whereas the
inhibitor LY294002 inhibits catalytic subunit of PI3K, it is log-
ical that, in the presence of LY294002, PDGFR-� still binds
PI3K (37). Moreover, experiments with LY294002 (inhibitor
specific for PI3K) suggested that p42/p44 MAPK phospho-
rylation was downstream to PI3K activation, instead of Akt
activation. Transfection with dominant negative mutant Akt
had no significant effects on p42/p44 MAPK phosphoryla-
tion, indicating no interaction between Akt and p42/p44
MAPK. Thus, we concluded that cross-talk occurred
between pathways of p42/p44 MAPK and of PDGFR-�/PI3K
(instead of PDGFR-�/PI3K/Akt).
The PDGFR-� has been demonstrated to play an essential,

cell-autonomous role in the development of cranial and cardiac
neural crest cells (38, 39). Moreover, PDGFR-� has been
reported to maintain at a relatively constant level throughout
stages of osteoprogenitor and pre-osteoblast (40). It was, how-
ever, up-regulated late in the differentiation stage and
decreased in relative concert with osteoblast-associated mark-
ers such as bone sialoprotein and osteocalcin in the more
mature cells. Because PDGFR-�, present in large quantities
over longer duration, binds all combinations of PDGF-A/-B
forms, onemay infer that PDGFR-� meet broader demands for
a widespread biological function throughout osteoblast devel-
opment. Hence, it appears to be natural for the “strain” signal to
adopt PDGFR-� in mediating MMP-13 expression.

Bone remodeling to repair the micro-crack, micro-damage,
or fatigue damage resulting from the habitual or functional
demand has been extensively discussed and reported (1, 3, 6,
41–43). Nevertheless, the bony repair designed by the inten-
tional “stress fracture healing” receives less attention even
though suchprotocols have been implemented for some time in
our patient care. The therapeutic means of delivering intermit-
tent heavy mechanical loading includes distraction osteogene-
sis in patients with Pierre Robin syndrome, rapid maxillary
expansion, and orthodontic toothmovement (44) with or with-
out dento-alveolar corticotomy. Even a static application of the
high mechanical strain can be illustrated by the surgical bilat-
eral sagittal split osteotomy in patients with mandibular disad-
vantages (45). All of these operational procedures with high
impact loadings demand the immediate response of bone
healing/remodeling.
At a high impact, how do osteoblasts adapt and respond at

the molecular level? Our working model of transient
MMP-13 expression by applying 8% stretch to osteoblasts
might explore primitively the underlyingmechanism of bone
repair. These strategies include the adoptions of the follow-
ing: 1) theMMP-13 molecule, extracellularly, to be responsible
for the degradation of the native collagen in bone remodeling

FIGURE 8. Effects of inhibitors on MMP-13 expression induced by
mechanical strain in primary mouse osteoblasts (A) and schematic
summary of the signal transduction mechanism involved in the
MMP-13 induction by mechanical strain (B). Osteoblasts were obtained
from calvaria of neonatal mice through standard protocol of collagenase
digestion (19). The resultant MMP-13 expressions with and without spe-
cific inhibitors were revealed by means of zymogram, Western blot, and
RT-PCR. The inhibitors include rottlerin, AG1296, LY294002, and U0126
(for MEK1/2), all of which interfere the signaling transduction mechanism
leading to the MMP-13 induction by mechanical strain (A). When mechan-
ical stimuli are triggered, certain strained mechano-sensors at the surface
of the cell membrane receive the message and initiate a signal transduc-
tion mechanism dictating MMP-13 biosynthesis. The signal cascade
begins with the PKC-� molecule by transactivating PDGFR-� and then, the
activated PDGFR-� takes over the subsequent signal relay to the MMP-13
expression. The well received PDGFR-�-PI3K-Akt and the known MEK-ERK
signaling pathways jointly mediating the MMP-13 gene expression are
depicted. The processing of the MMP-13 is independent of the de novo
protein synthesis. Accordingly, the MMP-13 synthesis and secretion to the
extracellular matrix can be transient and immediate in response to the
mechanical stimuli (B).
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(10), and intracellulary, acting as an immediate early response
gene (9), similar to the c-fos gene induction by mechanical
stretch in cardiac muscle cells (22); 2) the PDGFR-� molecules,
to be abundant and active throughout developments of osteo-
blasts (40); 3) the PDGFR transactivationmodel by PKC-�, sim-
ilar to the PDGFR transactivation in vascular smooth muscle
cells, yet via the G-protein-coupling receptor-mediated mech-
anism (46); and 4) the PI3K molecule, expressed as a critical
control point for the PDGFR/PI3K/Akt signaling in determin-
ing the differences of EGF and PDGF in stimulating human
mesenchymal stem cells differentiation (47). By integrating
these existingmodules to operate the synthesis and secretion of
MMP-13, osteoblasts respond promptly to meet the therapeu-
tic demands for repair in bone remodeling.
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