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Soluble factors such as polypeptide growth factors,
mitogenic lipids, inflammatory cytokines, and hor-
mones are known regulators of cell proliferation. How-
ever, the effect of mechanical stimuli on cell prolifera-
tion is less well understood. Here we examined the effect
of low intensity pulsed ultrasound (US), which is used to
promote wound healing, on the proliferation of primary
human foreskin fibroblasts and the underlying signal-
ing mechanisms. We show that a single 6–11-min US
stimulation increases bromodeoxyuridine incorpora-
tion. In addition, an increase in the total cell number is
observed after sequential US stimulation. US induced
stress fiber and focal adhesion formation via activation
of Rho. We further observed that US selectively induced
activation of extracellular signal-regulated kinase
(ERK) 1/2. Inhibition of Rho-associated coiled-coil-con-
taining protein kinase (ROCK) prevented US-induced
ERK1/2 activation, demonstrating that the Rho/ROCK
pathway is an upstream regulator of ERK activation in
response to US. Consequently, activation of ROCK and
MEK-1 was required for US-induced DNA synthesis. Fi-
nally, an integrin �1 blocking antibody as well as a RGD
peptide prevented US-induced DNA synthesis. In addi-
tion, US slightly increased phosphorylation of Src at
Tyr416, and Src activity was found to be required for
ERK1/2 activation in response to US. In conclusion, our
data demonstrate for the first time that US promotes cell
proliferation via activation of integrin receptors and a
Rho/ROCK/Src/ERK signaling pathway.

Signal transduction mechanisms of receptor tyrosine kinase
or heptahelical receptors have been studied extensively over
the last years. However, the effect of acoustic pulsed energy on
cell growth and the signal transduction mechanisms induced
by this type of mechanical stimulation are not well understood.
Previous studies have shown that mechanical stress such as
stretch and shear stress can induce DNA synthesis in certain
cell types and that extracellular signal-regulated kinase
(ERK)1 1/2 can be activated by mechanical stress (1–4).

Low intensity pulsed ultrasound (US) is a special type of
acoustic pulsed energy that is increasingly used as a supple-
mentary therapy to promote bone and wound healing (5). US,
transmitting as an acoustic pressure wave and applying me-
chanical stress indirectly to the tissues, has been reported to
promote osteogenesis and protein synthesis, calcium uptake,
and DNA synthesis in different cells (6–9). US-induced DNA
synthesis seems cell type-dependent; US promotes DNA syn-
thesis in human osteoblasts, gingival fibroblasts, and perios-
teal cells (6, 8, 10), but not in chondrocytes (11, 12). However,
the molecular mechanisms by which US induces DNA synthe-
sis or even cell proliferation are largely unknown.

There is growing evidence that integrins are promising can-
didates for sensing extracellular matrix-derived mechanical
stimuli and converting them into biochemical signals (13, 14).
Integrin-associated signaling pathways include an increase in
tyrosine phosphorylation of several signaling proteins, activa-
tion of serine/threonine kinases, and alterations in cellular
phospholipid and calcium levels (15, 16). These events are
associated with the formation of focal adhesions, which contain
structural proteins such as talin and vinculin, the signaling
molecules focal adhesion kinase and Src, and the adaptor pro-
teins paxillin, p130CAS, and Shc. Focal adhesions act as a
bridge to link integrin cytoplasmic domain to the cytoskeleton
and activate integrin-associated signaling pathways, such as
the mitogen-activated protein kinase (MAPK) pathway (17)
and the Rho pathway (18, 19). Rho and its downstream target
Rho kinase/Rho-associated coiled-coil-containing protein ki-
nase (ROCK) (20) are involved in the reorganization of cy-
toskeletal components (21, 22) as well as cell cycle progression
(1, 23, 24). Integrin-dependent adhesion can also trigger li-
gand-independent epidermal growth factor receptor (EGFR)
activation to transduce downstream signaling (25).

In the present study, we examined the effect of US on cell
proliferation and the signaling mechanism mediating this ef-
fect in primary human foreskin fibroblasts. We report that US
activates ERK1/2 by a ROCK-dependent mechanism. Both
ERK1/2 and ROCK are required for US-induced cell prolifera-
tion. Furthermore, integrins were found to be responsible for
US-induced cell proliferation. We suggest that integrins act as
mechanotransducers to transmit acoustic pulsed energy into
intracellular biochemical signals inducing cell proliferation.

EXPERIMENTAL PROCEDURES

Materials—The materials were purchased from the following sourc-
es: anti-phospho-p44/42 (Thr202/Tyr204) antibody (E10), anti-p42 MAPK
antibody (3A7), anti-phospho-EGFR (Tyr1068) antibody, anti-EGFR
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polyclonal antibody and the MEK1 inhibitor PD98059 from Cell Sig-
naling Technology (Beverly, MA); 5-bromo-2�-deoxyuridine (BrdU), ly-
sophosphatic acid, and myelin-binding protein peptide (APRTPGGRR)
from Sigma; Rho activation assay kit, anti-phospho-Src (Tyr416) anti-
body (9A6), anti-Src antibody (GD11), p42 MAPK polyclonal antibody,
and anti-paxillin antibody (5H11) from Upstate Biotechnology, Inc.
(Lake Placid, NY); anti-BrdU antibody (Bu20a) and horseradish perox-
ide-conjugated secondary antibodies from DAKO (Hamburg, Germany);
the Src family inhibitor PP1 and the EGFR tyrosine kinase inhibitor
AG1478 from Calbiochem-Novachem (La Jolla, CA); anti-integrin �1

antibody (P4C10) from Chemicon International (Temecula, CA); H-Arg-
Gly-Asp-OH peptide (RGD) from Bachem AG (Bubendorf, Switzerland);
the ROCK inhibitor Y27632 from Tocris Cookson (Ellisville, MO); Cy-
toTox 96® nonradioactive cytotoxicity assay kit from Promega (Madi-
son, WI); Alexa-phalloidin from Molecular Probes (Eugene, OR); biotin-
tyramid signal amplification (TSA) reagent from PerkinElmer Life
Sciences; Texas Red streptavidin from Jackson ImmunoResearch Lab-
oratories (West Grove, PA); and polyvinylidene difluoride membrane
from Roche Applied Science.

Cell Isolation and Culture—Primary skin fibroblasts were isolated by
the outgrowth method using foreskin tissues. Full-thickness foreskin
tissues were placed directly in Dulbecco’s modified Eagle’s medium/
Ham’s F-12 (1:1) supplemented with 20% fetal calf serum (FCS), 2 mM

L-glutamine and then cut into small pieces of 0.5–1 mm3 using a scalpel
under sterile conditions. The small tissue pieces were seeded in 6-well
plates (5–10 pieces/well) and cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 supplemented with 10% FCS, 2 mM L-glutamine,
100 IU/ml penicillin, 100 �g/ml streptomycin, and 125 ng/ml ampho-
tericin B at 37 °C in a 5% CO2 humidified atmosphere. The medium was
changed after 12 and 24 h; the small tissue pieces were then transferred
to new culture plates. During the next 3–5 days, the cells grew out from
the tissue pieces and gradually formed a confluent layer. After reaching
confluence, the cells were subcultured by trypsinization using a 0.25%
trypsin solution containing 0.01% EDTA in phosphate-buffered saline
(PBS). The medium was changed the day after seeding and each second
or third day thereafter. The experiments were performed using cell
populations between passages 2 and 10.

Stimulation with US—To stimulate the cultured cells with US, a
modified SAFHS® apparatus (Model 2A, Exogen Inc., Piscataway, NJ)
was used, which produces a 1.5-MHz ultrasound wave, 200-�s pulse
modulated at 1 kHz, with an output intensity of 30 mW/cm2. To enable
cultured cells to be treated by ultrasound, six ultrasound transducers
are fitted on a plastic frame and connected to the control panel of the
signal generator via six independent cables. Therefore, the cells were
seeded in 6-well plates for all the experiments. The operation of the
transducers was checked before each experiment. The plates were
placed on ultrasound transducers using a coupling gel. The untreated
plates were always put in a separate incubator for control purposes.

BrdU Incorporation Assay—BrdU incorporation was visualized by
immunostaining as described (26). Briefly, the cells were cultured in
6-well plates and serum-starved for 24–36 h. 6 h after stimulation with
US, 50 �M BrdU in Dulbecco’s modified Eagle’s medium was added to
the cultures. After additional incubation for 18 h, the cells were washed
with PBS and then fixed with ice-cold ethanol/acetic acid (95/5, v/v) at
4 °C. Thereafter 0.05 M HCl was added to the fixed cells (4 °C for 20
min). After washing in PBS with 0.05% Tween 20 (PBST), DNA was
cleaved by incubation for 45 min at 80 °C with formamide/trisodium
citrate (88 mg of trisodium citrate in 38 ml of formamide). Nonspecific
binding was blocked by incubation with serum (diluted 1:1 with PBS).
Mouse anti-BrdU diluted 1:200 in Tris-buffered saline containing bo-
vine serum albumin (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.5% albumin
bovine fraction V) was added and incubated with gentle agitation for 1 h
at room temperature. Rabbit anti-mouse horseradish peroxidase (1:100
in Tris-buffered saline containing bovine serum albumin) was added
and incubated for 2 h. Finally, after washing, the cells were stained
using diaminobenzimidine tetrahydrochloride dihydrate as substrate
and 0.3% hydrogen peroxide with nickel- and cobalt-chloride as inten-
sifier. Total cell number and BrdU-positive nuclei were counted. BrdU
incorporation presented as the percentage of positive nuclei to total cell
number.

Total Cell Number Assay—The total cell number for each sample was
estimated by quantitation of lactate dehydrogenase after cell lysis using
the CytoTox 96® nonradioactive cytotoxicity assay kit according to the
manufacturer instructions.

Western Blotting—Skin fibroblasts were lysed at 4 °C in 250 �l of
solution containing 10 mM Tris-HCl, pH 7.6, 5 mM EDTA, 50 mM NaCl,
30 mM sodium pyrophosphate, 50 mM NaF, 0.2 mM Na3VO4, 1% Triton
X-100, 10 �g/ml leupeptin, 10 �g/ml aprotinin, and 1 mM phenylmeth-

ylsulfonyl fluoride (lysis buffer). The lysates were clarified by centrifu-
gation at 13,000 rpm for 10 min at 4 °C. The lysate (30–40 �g) was
mixed with 2� Laemmli reducing sample buffer and heated at 95 °C for
5 min. The proteins were separated by SDS-PAGE on 10% gel and then
transferred to polyvinylidene difluoride membrane. Nonspecific binding
was blocked with 5% bovine serum albumin in PBST for 2 h at room
temperature. The blots were incubated with phospho-p42/44 MAPK
(Thr202/Tyr204) monoclonal antibody, phospho-EGFR (Tyr1068) mono-
clonal antibody, or phospho-Src (Tyr416) monoclonal antibody overnight
at 4 °C. After further incubation with horseradish peroxidase-conju-
gated secondary antibody for 1 h, the bound antibodies were detected
with an enhanced chemiluminescence detection kit. The blots were then
stripped and reprobed with P42 MAPK monoclonal antibody, EGFR
polyclonal antibody, and Src polyclonal antibody for total ERK1/2,
EGFR, and Src, respectively.

Immune Complex Kinase Assay for p42/44 MAPK—Quiescent and
confluent skin fibroblasts were lysed as described above. Immunoprecipi-
tation was performed using a polyclonal anti-p42 MAPK antibody. The
samples were incubated on a rotator for 2 h at 4 °C. Protein A-Sepharose
beads (50 �l, 1:1 slurry) were added for the second hour. Immune com-
plexes were collected by centrifugation and washed twice in lysis buffer
and twice in kinase buffer (15 mM Tris-HCl, pH 7.4, 15 mM MgCl2). The
kinase reaction was performed by resuspending the pellet in 25 �l of
kinase assay mixture containing kinase buffer, 100 �M ATP, 100 �Ci/ml
[�-32P]ATP, and 0.5 mg/ml myelin-binding protein peptide (APRTPG-
GRR) for the p42 MAPK assays. Incubations were performed for 10 min
(linear assay conditions) at 30 °C and terminated by spotting 20 �l of the
supernatant onto P81 chromatography paper (Whatman). The filters
were washed four times for 5 min in 0.5% orthophosphoric acid, immersed
in acetone, and dried before Cerenkov counting. The specific activity of
[�-32P]ATP used was 900–1200 cpm/pmol.

Rho Activation Assay—The activation of Rho was determined by affin-
ity precipitation using a Rho activation assay kit. The skin fibroblasts
were lysed with Mg2� lysis/wash buffer containing 25 mM HEPES, pH
7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl2, 1 mM EDTA, 10%
glycerol, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 25 mM sodium fluo-
ride, 1 mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride. The cell
lysates were clarified by centrifugation at 14,000 rpm for 15 min at
4 °C. Aliquots of the cell lysates (1 mg of protein in 1 ml) were mixed
with 30 �l of the rhotekin RBD-agarose slurry, and the mixture was
rotated for 45 min at 4 °C. The beads were washed three times with 1
ml of Mg2� lysis/wash buffer. The beads were dried with a Hamilton
syringe and resuspended in 40 �l of 2� Laemmli reducing sample
buffer, and the suspension was heated for 5 min at 95 °C. The proteins
were separated on 12.5% SDS-polyacrylamide gel electrophoresis and
detected by Western blotting using 3 �g/ml of monoclonal anti-Rho.
Loading controls were taken from each lysate sample prior to affinity
precipitation.

Immunofluorescence—Serum-starved cells were preincubated with
the ROCK inhibitor Y27632 (20 �M) or the MEK1 inhibitor PD98059 (20
�M) for 1 h and stimulated by US for 11 min. The cultures were stopped
at 45 min after US and fixed with 4% paraformaldehyde in PBS for 20
min at room temperature. Nonspecific binding was blocked with FCS in
PBS (1:1) for 30 min. After permeabilization with 0.2% Triton X-100 in
PBS for 10 min, the cells were then incubated with monoclonal anti-
paxillin (5H11) (1:100, 1 h), horseradish peroxidase-anti-mouse IgG
(1:100, 1 h), biotin-tyramid signal amplification reagent (1:500, 15 min),
and streptavidin-Texas Red (1:200, 30 min). Thereafter, F-actin was
labeled with Alexa-phalloidin 488 (2.5 unit/ml) for 30 min. The nuclei
were stained with Hoechst 33258. Tris-buffered saline containing bo-
vine serum albumin buffer was used for dilution. The cells were thor-
oughly washed after each step in PBST buffer three times each for 5
min. Digital fluorescence images were obtained with an Olympus
microscope.

Statistical Analysis—The data were presented as the means � S.E.
Statistical significance was evaluated using one-way analysis of vari-
ance for comparison between the control and test groups. The values
were considered to be statistically different when p � 0.05.

RESULTS

US Induces DNA Synthesis and Cell Proliferation in Human
Skin Fibroblasts—Fibroblasts are the major cell type in con-
nective tissue and are critical for tissue restoration and remod-
eling after injury. Therefore, we used primary skin fibroblasts
as a model to understand the mechanism of US to promote
tissue repair. To examine the effect of US on DNA synthesis,
the cells were cultured in the absence or presence of 5% FCS
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and stimulated with US for 6 min or 11 min, and BrdU incor-
poration was determined after 24 h of incubation. As shown in
Fig. 1A, treatment with US for 6 or 11 min significantly in-
creased the BrdU labeling index both in the absence and the
presence of 5% FCS. Next, we examined the effect of US on
actual cell proliferation by quantifying the total cell number
using the CytoTox 96® assay. In accordance with US-induced
DNA synthesis, seven sequential US stimulations (once per
day for 6 or 11 min over 7 days) significantly increased the total
cell number in the absence of FCS by 2- and 2.8-fold, respec-
tively, compared with control (Fig. 1B, left columns). Even in
the presence of 5% FCS, US induced 1.48-fold (6 min) and
1.7-fold (11 min) increases of cell number (Fig. 1B, right col-
umns). Both the BrdU incorporation assay and total cell num-
ber analysis showed that the effect of 11 min of US stimulation
on cell proliferation was more pronounced than 6 min of stim-
ulation. Therefore, 11 min of US stimulation was used in all of
the subsequent experiments.

US Induces Rho-mediated Stress Fiber and Focal Adhesion
Formation—Mechanical stimulation may induce formation of
actin stress fibers and focal adhesions (27). Therefore, we ex-
amined whether US has any effect on the organization of the
actin cytoskeleton, in particular, on stress fiber and focal ad-
hesion formation. Actin was diffusely distributed throughout

the cytoplasm and formed a thin cortical ring in control skin
fibroblasts. Paxillin was also distributed throughout the cyto-
plasm (Fig. 2A, panels a, e, and i). 30 and 60 min after US, we
observed an intense formation of actin stress fibers, and pax-
illin immunofluorescence was strikingly redistributed by US to
focal adhesions with similar kinetics (Fig. 2A, panels b, f, and j
and data not shown).

The small G-protein Rho and its downstream target Rho
kinase/ROCK modulate the organization of actin stress fibers
and the formation of focal adhesions as well as the redistribu-
tion of cytoskeletal components (21, 22). To examine the role of
Rho/ROCK in US-induced stress fiber and focal adhesion for-
mation in primary skin fibroblasts, the cells were treated with
20 �M of the selective ROCK inhibitor Y27632 (28) for 60 min
and subsequently analyzed by indirect immunofluorescence.
Y27632 completely prevented both US-induced stress fiber for-
mation and focal adhesion assembly (Fig. 2A, panels d, h, and
i), indicating that Rho/ROCK plays a pivotal role in US-stim-
ulated stress fiber and focal adhesion formation. Using a rho-
tekin RBD affinity precipitation assay (29), we demonstrate
that US induces a strong activation of RhoA, which was com-
parable with that induced by the bioactive lipid lysophosphatic
acid, a potent activator of RhoA (30).

The Rho/ROCK Pathway Is Involved in US-induced DNA
Synthesis—The Rho/ROCK signaling pathway has also been
implicated in the G1-S phase progression of the cell cycle (1, 23,
24). Therefore, we next investigated whether activation of the
Rho pathway could be involved in US-stimulated DNA synthe-
sis. As shown in Fig. 2B, BrdU incorporation in response to US
was substantially inhibited in the presence of Y27632. Thus,
activation of Rho/ROCK is required for DNA synthesis induced
by US stimulation.

US-induced ERK1/2 Activation Mediates DNA Synthesis—
The ERK cascade is a potent mediator of cell cycle progression
in response to a variety of stimuli. Indeed, ERK1/2 phospho-
rylation slightly increased directly at the end of US stimula-
tion, peaked between 10 and 20 min (2.26 � 0.41-fold of control)
after US stimulation, and gradually decreased to base-line
levels within 60 min (Fig. 3A). There was no change in the total
ERK1/2 protein content (Fig. 3A). In addition to Western blot-
ting analysis of ERK1/2 phosphorylation, we performed ERK in
vitro kinase assays in primary skin fibroblasts. As shown in
Fig. 3B, the kinetics of ERK1/2 activation in response to US
was similar to that of ERK phosphorylation, showing a peak
activity 20 min after US (1.70 � 0.23-fold of control).

MEK-1 is an upstream regulator of the ERK cascade. Incu-
bation of cells with a selective MEK-1 inhibitor abolished US-
induced ERK1/2 phosphorylation (Fig. 3C) and decreased the
percentage of BrdU-labeled nuclei in response to US from 19.8
to 8.7% (Fig. 3D). This demonstrates that the activation of the
ERK cascade is crucial for US-induced DNA synthesis.

ROCK Is an Upstream Mediator of US-induced ERK Acti-
vation—Next we examined whether Rho/ROCK and the ERK
cascade were independent regulators of US-induced DNA
synthesis or parts of a linear signaling cascade. The MEK-1
inhibitor was not able to block US-induced F-actin polymer-
ization and paxillin focal adhesion formation (Fig. 4A, panels
c, d, g, h, k, and l), suggesting that ERK1/2 activation is not
required for US-induced stress fiber and focal adhesion for-
mation. However, treatment of cells with the ROCK inhibitor
prevented phosphorylation of ERK1/2 in response to US (Fig.
4B), whereas activation of the ERK cascade by transforming
growth factor � was not affected by Y27632 in skin fibroblasts
(data not shown). Thus, Rho/ROCK is a specific upstream
regulator of ERK1/2 activation upon exposure of cells to
acoustic pulsed energy.

FIG. 1. US induces increase in cell proliferation of human skin
fibroblasts. A, skin fibroblasts were serum-starved for 24 h and left
them without US stimulation (black bars) or stimulated with US for 6
min (shaded bars) or 11 min (white bars) in the absence or presence of
5% FCS. BrdU (50 �M) was added to the cultures 6 h after US. The
cultures were stopped after an additional incubation for 18 h. The
quantitation of BrdU incorporation into newly synthesized DNA of
proliferating cells was performed by immunostaining against BrdU,
and the BrdU labeled nuclei were visualized by 3,3�-diaminobenzidine
tetrahydrochloride dihydrate. The data shown are expressed as the
percentages of BrdU-positive nuclei in three independent microscopic
fields per condition and are the means � S.E. *, p � 0.05 compared with
without US-stimulated control cells; #, p � 0.05 compared with cells
stimulated by US for 6 min. B, subconfluent skin fibroblasts were
serum-starved overnight and cultured in medium without or with 5%
FCS. The cells were untreated or exposed to 6 or 11 min US, once a day
for 7 days. The cultures were stopped 24 h after the last US application
(day 8), and the total cell lysates were collected with 0.9% Triton X-100.
Quantitative measurement of lactate dehydrogenase in cell lysates was
performed with the CytoTox 96 assay. The data shown are the fold
increases above control (w/o FCS and US) in three independent wells
and are the means � S.E. *, p � 0.05 compared with control cells; #, p �
0.05 compared with cells stimulated by US for 6 min.

Mechanisms of US-induced Proliferation 54465



Effect of Integrin �1 Blocking Antibody and RGD Peptide on
US-induced DNA Synthesis—It has been suggested that inte-
grins serve as mechanotransducers (13, 14). The classical li-
gand for integrins on fibroblasts is fibronectin, which contains
the integrin-recognition sequence RGD (31). Specific integrin

blocking antibodies or RGD peptides have been widely used to
verify involvement of integrins in mechanotransduction (32–
35). To determine whether integrins could mediate the signal-
ing events in response to acoustic pulsed energy, skin fibro-
blasts were treated with an integrin �1 blocking antibody

FIG. 2. US induces polymerization of F-actin and recruitment
of paxillin to focal adhesions via activation of Rho kinase,
which is required for US-induced BrdU incorporation. A, quies-
cent fibroblasts grown on glass coverslips were stimulated with US for
11 min in the absence (panels a, b, e, f, i, and j) or presence of 20 �M

Y27632 (panels c, d, g, h, k, and l). The cultures were then stopped 45
min after stimulation and fixed with 4% paraformaldehyde in PBS.
F-actin filaments were visualized by Alexa-phalloidin (panels a–d,
green); paxillin was determined by indirect immunofluoresence and
visualized with Texas Red conjugate (panels e–h, red); the nuclei were
visualized with Hoechst 33258. Panels i–l are merged pictures of F-
actin, paxillin, and nucleus. B, quiescent cultures of skin fibroblasts
were stimulated with US for 11 min (lysed 20 min after stimulation) or
incubated with 5 �M of lysophosphatic acid (LPA) for 2 min or without
treatment (contr). Rho GTP was detected by using rhotekin RBD affin-
ity precipitation (pull-down assay), as shown in the upper blot, and
RhoA in total cell lysate as loading control was shown in the lower blot.
C, quiescent cultures of skin fibroblasts were stimulated with US for 11
min in the absence or presence of 20 �M Y27632 (Y). BrdU (50 �M) was
added 6 h after US followed by an additional incubation for 18 h. The
quantitation of BrdU incorporation was performed as previously de-
scribed. The data represent the means � S.E. percentage of BrdU-
positive nuclei in three independent wells/condition. *, p � 0.05 com-
pared with control cells; #, p � 0.05 compared with Y27632 plus US or
with Y27632 but without US.

FIG. 3. US induces activation of ERK1/2, which is required for
US-induced BrdU incorporation. Quiescent skin fibroblasts were
stimulated with US for 11 min and lysed at indicated times after
stimulation. Phosphorylation of ERK1/2 was analyzed by Western blot-
ting with antibody to threonine and tyrosine dual phosphorylated
ERK1/2. Equal protein loading was confirmed by reprobing the stripped
blots with antibody to ERK1/2 (A, upper two panels, and C). Quantita-
tion of phosphorylation was performed by scanning densitometry from
three separate experiments, presented as the fold increase in phospho-
rylation of ERK1/2 above control unstimulated level (A, lower panel).
Immune complex kinase assay to examine ERK1/2 activity induced by
US was performed as described under “Experimental Procedures.” The
results are the means of triplicates and expressed as fold increase above
control (w/o US) (B). *, p � 0.05 compared with control cells. ERK1/2
phosphorylation and BrdU incorporation in the absence or presence of
20 �M PD98059 are shown as C and D, respectively. The quantitation of
BrdU incorporation was performed as previously described. The data
represent the means � S.E. percentage of BrdU-positive nuclei in three
independent wells/condition (D). *, p � 0.05 compared with control
cells; #, p � 0.05 compared with PD98059 plus US or with PD98059 but
without US.
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(P4C10) as well as a RGD peptide. Both treatments reduced
US-induced BrdU incorporation to base-line levels (Fig. 5). In
striking contrast, pretreatment of the cells with an unspecific
mouse IgG as a control had no inhibitory effect on US-induced
BrdU incorporation (Fig. 5). Thus, integrins are mediators of
acoustic pulsed energy-induced BrdU incorporation in primary
skin fibroblasts.

US-induced ERK Activation Is Independent of EGFR Tyro-
sine Kinase Activity in Primary Skin Fibroblasts—The data

above demonstrate that integrins mediate US-induced DNA
synthesis in skin fibroblasts by an ERK-dependent mechanism.
It has been demonstrated that integrin-dependent adhesion
can trigger ligand-independent EGFR activation to transduce
downstream signaling (25). Therefore we examined whether
US-induced ERK activation required EGFR activity. As shown
in Fig. 6A, the selective EGFR tyrosine kinase inhibitor
AG1478 did not prevent ERK1/2 phosphorylation in response
to acoustic pulsed energy. However, the inhibitor abolished
ERK1/2 phosphorylation and EGFR phosphorylation in re-
sponse to transforming growth factor �, a ligand of the EGFR.
In accordance with these data, we could not detect an increase
in tyrosine phosphorylation of the EGFR in response to US
(Fig. 6B). Thus, intracellular signaling induced by acoustic
pulsed energy is independent of EGFR signaling and does not
induce EGFR transactivation.

Src Is an Upstream Regulator of US-induced ERK Activa-
tion, Whereas PI 3-Kinase/Akt Pathway Is Not Involved in
US-triggered Signaling—The tyrosine kinase Src has also been
implicated in the activation of the ERK cascade by integrins
(36). Indeed, US induced a slight increase in phosphorylation of
Src at Tyr416 in the activation loop with similar kinetics as
ERK1/2 phosphorylation (Fig. 7A). The selective Src inhibitor
PP1 blocked US-induced Src activation. In addition, PP1 also
inhibited ERK1/2 phosphorylation, indicating that Src is an
upstream regulator of US-induced ERK activation in primary
human skin fibroblasts (Fig. 7B). �1 integrins have also been
demonstrated to activate the PI 3-kinase/AKT signaling path-
way, which is implicated in the regulation of apoptosis and cell
cycle progression (37). However, we detected neither an inhi-
bition of US-induced DNA synthesis by the selective PI 3-ki-
nase inhibitor LY294002 nor an increase in phosphorylation of
the PI 3-kinase downstream target Akt in response to US
stimulation (data not shown). Thus, the PI 3-kinase/Akt path-
way is not involved in the signaling cascade induced by acoustic
pulsed energy in primary skin fibroblasts.

DISCUSSION

Tissue repair is a complex process involving different cell
types and biochemical reactions. It is usually divided into three
overlapping phases, the inflammatory phase, the proliferative
phase, and the remodeling phase (38). Acoustic pulsed energy

FIG. 4. Y27632 inhibits US-induced ERK1/2 phosphorylation.
A, quiescent fibroblasts grown on glass coverslips were stimulated with
US for 11 min in the absence (panels a, b, e, f, i, and j) or presence of 20
�M PD98059 (panels c, d, g, h, k, and l). The cultures were then stopped
45 min after stimulation and fixed with 4% paraformaldehyde in PBS.
F-actin filaments were visualized by Alexa-phalloidin (panels a–d,
green); paxillin was determined by indirect immunofluoresence and
visualized with Texas Red conjugate (panels e–h, red); nuclei were
visualized with Hoechst 33258. Panels i, j, k, and l are merged pictures
of F-actin, paxillin, and nucleus. B, quiescent skin fibroblasts were
incubated with 20 �M Y27632 (Y) or 20 �M PD98059 (PD) for 1 h
followed by 11 min of US stimulation. The cells were lysed 20 min after
US stimulation. Phosphorylation of ERK1/2 was analyzed by Western
blotting as described previously (A, upper two panels). Quantitation of
phosphorylation was performed by scanning densitometry from three
separate experiments, presented as the fold increase in phosphorylation
of ERK1/2 above control unstimulated level (A, lower panel). *, p � 0.05
compared with control cells.

FIG. 5. Integrin �1 blocking antibody and RGD peptide atten-
uate US-induced BrdU incorporation. Quiescent subconfluent skin
fibroblasts were preincubated with 10 �g/ml integrin �1 blocking anti-
body (P4C10), 100 �g/ml RGD peptide (H-Arg-Gly-Asp-OH), or 10 �g/ml
mouse IgG (IgG) for 3 h. The cells were then stimulated with US for 11
min, and BrdU incorporation was determined as previously described.
The data represent the means � S.E. percentage of BrdU-positive
nuclei in three independent wells per condition. *, p � 0.05 compared
with control cells; &, p � 0.05 compared with integrin �1 blocking
antibody or RGD peptide; #, p � 0.05 compared with cells with mouse
IgG but without US.
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is increasingly used as a supplementary therapy to promote
bone and wound healing (5), but the underlying molecular
mechanisms are poorly understood. Fibroblasts are the major
cell type in connective tissue and are critical for tissue resto-
ration and remodeling after injury. Therefore, primary skin
fibroblasts are a useful model to understand the mechanism of
US to promote tissue repair. In the present report, we show

that a single low intensity pulsed US treatment is able to
promote DNA synthesis in quiescent primary skin fibroblasts.
Daily repeated US stimulation, which resembles the clinical
schedule, substantially increases cell numbers. These experi-
ments demonstrate that a physical stimulus, acoustic pulsed
energy, can promote cell proliferation, which is a prerequisite
of wound healing.

Mechanical stimuli can affect both the actin cytoskeleton and
cell cycle progression (39). The Rho family of small GTPases
and downstream targets such as ROCK regulate cytoskeletal
organization (40), in particular the formation of stress fiber and
focal adhesion complexes (19, 41). Our data show that US
activates RhoA, induces the formation of F-actin stress fibers,
and recruits paxillin to focal adhesions by a ROCK-dependent
pathway. In addition, the activation of Rho/ROCK is required
for US-induced BrdU incorporation.

Direct mechanical stimulation such as stretching of cells can
activate the ERK cascade in different cell systems (2, 4, 13, 32,
33, 41), leading to cell proliferation (42). Acoustic pulsed energy
can be regarded as a form of nonphysiological mechanical en-
ergy applying mechanical stress indirectly to the cultured cells.
US induced an approximately 2-fold transient increase in
ERK1/2 activation in primary human foreskin fibroblasts,
which is comparable with direct mechanical stimulation (2, 32,
33). Furthermore activation of ERK1/2 by US was required to
trigger DNA synthesis in primary human skin fibroblasts.

It has been suggested that Rho could be involved in integrin-
induced activation of ERK2 in fibroblasts (43). Our data further
establish that RhoA/ROCK acts as an upstream regulator of the
ERK cascade to induce cell proliferation in response to US stim-
ulation in primary human skin fibroblasts. Integrins act as
mechanotransducers in response to shear stress (32), mechanical
stretch (33), and cycled magnetic fields (4). Our results show that
�1 integrins mediate US-induced BrdU incorporation, indicating
that integrin receptors on skin fibroblasts serve as mechano-
transducers for acoustic pulsed energy. It has become apparent
that the EGFR participates in signaling networks activated by
multiple extracellular stimuli such as adhesion, lymphokines, or
stress signals in the absence of EGFR ligands (44). Direct me-
chanical stimulation of cells by cyclic stretching induces ERK1/2
activation via transactivation of the EGFR (45, 46). Our data
show that acoustic pulsed energy, which employs integrins as
mechanotransducer in skin fibroblasts, activates ERK pathway
without participation of EGFR activity. The tyrosine kinase Src
and PI 3-kinase/Akt have been shown to play a role in integrin-
stimulated signaling (36, 37). Our data demonstrate that acous-
tic pulsed energy triggers Src activation, which in turn regulates
the activation of the ERK signaling pathway in primary skin
fibroblasts. In contrast, PI 3-kinase/Akt is not involved in US-
induced intracellular signaling.

In conclusion, this report establishes that acoustic pulsed
energy induces proliferation of primary skin fibroblasts and
provides a molecular basis for the clinical observation that
ultrasound treatment of wounds can promote tissue repair.
In addition, we delineate the complex network of signaling
pathways that is triggered by acoustic pulsed energy in pri-
mary fibroblasts, demonstrating that US-induced prolifera-
tion involves the activation of �1 integrins and RhoA/ROCK-
and Src-ERK signaling cascade. However, integrin activation
and cell proliferation in response to acoustic pulsed energy
does not involve transactivation of the EGFR, demonstrating
that this type of mechanical stimulus triggers a specific sig-
naling platform.
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FIG. 6. Acoustic pulsed US does not transactivate EGFR. Qui-
escent confluent skin fibroblasts were preincubated with 0.2 �M of
AG1478 for 1 h and treated with US for 11 min or 50 ng/ml of trans-
forming growth factor � for 10 min. The total cell lysates were obtained
at 11 min after US stimulation. Phosphorylation of EGFR and ERK1/2
was analyzed by Western blotting by using anti-phospho-ERK1/2 and
anti-phospho-EGFR (Tyr1068) antibodies. Equal protein loading was
confirmed by reprobing the stripped blots with antibody to ERK1/2 and
EGFR. The blots are representative of three independent experiments.

FIG. 7. Src acts as an upstream regulator of US-induced
ERK1/2 activation. A, quiescent confluent skin fibroblasts were stim-
ulated with US for 11 min and lysed at indicated times after stimula-
tion. B, cells were preincubated with a Src family inhibitor PP1 (5 �M)
for 1 h and stimulated with US for 11 min, and total cellular lysate was
obtained 20 min after US stimulation. Phosphorylation of ERK1/2 and
Src (Tyr416) were examined by Western blotting using phospho-specific
antibodies. Total ERK and Src were reprobed after stripping as loading
control. The blots are representative of three independent experiments.

Mechanisms of US-induced Proliferation54468



REFERENCES

1. Numaguchi, K., Eguchi, S., Yamakawa, T., Motley, E. D., and Inagami, T.
(1999) Circ. Res. 85, 5–11

2. Hashimoto, D., Maruoka, S., Gon, Y., Matsumoto, K., Kobayashi, T., Komuro,
I., and Horie, T. (2001) Allergol. Intern. 50, 63–72

3. Kumar, A., Chaudhry, H., Reid, M. B., and Boriek, A. M. (2002) J. Cell Biol. 29,
46493–46503

4. Schmidt, C., Pommerenke, H., Durr, F., Nebe, B., and Rychly, J. (1998) J. Biol.
Chem. 273, 5081–5085

5. Rubin, C., Bolander, M., Ryaby, J. P., and Hadjiargyrou, M. (2001) J. Bone
Joint Surg. Am. 83A, 259–270

6. Chen, Y. J., Wang, C. J., Yang, K. D., Chang, P. R., Huang, H. C., Huang, Y. T.,
Sun, Y. C., and Wang, F. S. (2003) FEBS Lett. 554, 154–158

7. Naruse, K., Miyauchi, A., Itoman, M., and Mikuni-Takagaki, Y. (2003) J. Bone
Miner. Res. 18, 360–369

8. Reher, P., Doan, N., Bradnock, B., Meghji, S., and Harris, M. (1998) Eur. J.
Cancer 34, 1962–1968

9. Mortimer, A. J., and Dyson, M. (1988) Ultrasound Med. Biol. 14, 499–506
10. Leung, K. S., Cheung, W. H., Zhang, C., Lee, K. M., and Lo, H. K. (2004) Clin.

Orthop. 418, 253–259
11. Parvizi, J., Wu, C. C., Lewallen, D. G., Greenleaf, J. F., and Bolander M. E.

(1999) J. Orthop. Res. 17, 488–494
12. Zhang, Z. J., Huckle, J., Francomano, C. A., and Spencer, R. G. (2003) Ultra-

sound Med. Biol. 29, 1645–1651
13. Shyy, J. Y., and Chien, S. (1997) Curr. Opin. Cell Biol. 9, 707–713
14. Ingber, D. E. (2003) Proc. Natl. Acad. Sci. U. S. A. 100, 1472–1474
15. Giancotti, F. G., and Ruoslahti, E. (1999) Science 285, 1028–1032
16. Aplin, A. E., Howe, A., Alahari, S. K., and Juliano, R. I. (1998) Pharmacol. Rev.

50, 197–261
17. Schlaepfer, D. D., and Hunter, T. (1998) Trends Cell Biol. 8, 151–157
18. Riveline, D., Zamir, E., Balaban, N. Q., Schwarz, U. S., Ishizaki, T., Narumiya,

S., Kam, Z., Geiger, B., and Bershadsky, A. D. (2001) J. Cell Biol. 153,
1175–1186

19. Clark, E. A., King, W. G., Brugge, J. S., Symons, M., and Hynes, R. O. (1998)
J. Cell Biol. 142, 573–586

20. Kaibuchi, K., Kuroda, S., and Amano, M. (1999) Annu. Rev. Biochem. 68,
459–486

21. Ridley, A. J., and Hall, A. (1992) Cell 70, 389–399
22. Hotchin, N. A., and Hall, A. (1995) J. Cell Biol. 131, 1857–1865

23. Olson, M. F., Ashworth, A., and Hall, A. (1995) Science 269, 1270–1272
24. Zhao, Z., and Rivkees, S. A. (2003) Dev. Dyn. 226, 24–32
25. Cabodi, S., Moro, L., Bergatto, E., Boeri Erba, E., Di Stefano, P., Turco, E.,

Tarone, G., and Defilippi, P. (2004) Biochem. Soc. Trans. 32, 438–442
26. Luttenberger, T., Schmid-Kotsas, A., Menke, A., Siech, M., Beger, H., Adler,

G., Grunert, A., and Bachem, M. G. (2000) Lab. Invest. 80, 47–55
27. Pavalko, F. M., Chen, N. X., Turner, C. H., Burr, D. B., Atkinson, S., Hsieh,

Y. F., Qiu, J., and Duncan, R. L. (1998) Am. J. Physiol. 275, C1591–C1601
28. Ishizaki, T., Uehata, M., Tamechika, I., Keel, J., Nonomura, K., Maekawa, M.,

and Narumiya, S. (2000) Mol. Pharmacol. 57, 976–983
29. Ren, X. D., Kiosses, W. B., and Schwartz, M. A. (1999) EMBO J. 18, 578–585
30. Moolenaar, W. H., Van Meeteren, L. A., and Gerpmans, B. N. (2004) Bioessays

26, 870–881
31. Ruoslahti, E. (1996) Annu. Rev. Cell Biol. 12, 697–715
32. Weyts, F. A., Li, Y. S., van Leeuwen, J., Weinans, H., and Chien, S. (2002)

J. Cell. Biochem. 87, 85–92
33. Kippenberger, S., Bernd, A., Loitsch, S., Guschel, M., Muller, J., Bereiter-

Hahn, J., and Kaufmann, R. (2000) J. Invest. Dermatol. 114, 408–412
34. Jalali, S., del Pozo, M. A., Chen, K., Miao, H., Li, Y., Schwartz, M.A., Shyy,

J.Y., and Chien, S. (2001) Proc. Natl. Acad. Sci. U. S. A. 98, 1042–1046
35. Freyer, A. M., Johnson, S. R., and Hall, I. P. (2001) Am. J. Respir. Cell Mol.

Biol. 25, 569–576
36. Schlaepfer, D. D., Hanks, S. K., Hunter, T., and van der Geer, P. (1994) Nature

372, 786–791
37. Armulik, A., Velling, T., and Johansson, S. (2004) Mol. Biol. Cell 15,

2558–2567
38. Clark, R. A. (1985) J. Am. Acad. Dermatol. 13, 701–725
39. Roovers, K., and Assoian, R. K. (2003) Mol. Cell. Biol. 23, 4283–4294
40. Hall, A. (1998) Science 279, 509–514
41. D’Addario, M., Arora, P. D., Fan, J., Ganss, B., Ellen, R. P., and McCulloch,

C. A. (2001) J. Biol. Chem. 276, 31969–31977
42. Pouyssegur, J., Volmat, V., and Lenormand, P. (2002) Biochem. Pharmacol.

64, 755–763
43. Renshaw, M. W., Toksoz, D., and Schwartz, M. A. (1996) J. Biol. Chem. 271,

21691–21694
44. Schlessinger, J. (2000) Cell 103, 211–225
45. Iwasaki, H., Eguchi, S., Ueno, H., Marumo, F., and Hirata, Y. (2000) Am. J.

Physiol. 278, H521–H529
46. Correa-Meyer, E., Pesce, L., Guerrero, C., and Sznajder, J. I. (2002) Am. J.

Physiol. 82, L883–L891

Mechanisms of US-induced Proliferation 54469


