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Background:Mechanical stimulation prevents osteocyte apoptosis and activates Wnt signaling.
Results: ERK-mediated anti-apoptosis is abolished by antagonists of Wnt signaling, and conversely, �-catenin accumulation is
blocked by inhibiting the caveolin-1/ERK pathway.
Conclusion: Caveolin-1/ERK andWnt/�-catenin signaling pathways cooperate in transducing mechanical cues into osteocyte
survival.
Significance: This novel bidirectional crosstalk might be targeted to increase bone strength by preserving osteocyte viability.

Osteocyte viability is a critical determinant of bone strength
and is promoted by both mechanical stimulation and activa-
tion of theWnt signaling pathway. Earlier studies demonstrated
that both stimuli promote survival of osteocytes by activating
the ERKs. Here, we show that there is interaction between the
caveolin-1/ERK and Wnt/�-catenin signaling pathways in the
transduction of mechanical cues into osteocyte survival. Thus,
ERK nuclear translocation and anti-apoptosis induced by
mechanical stimulation are abolished by the Wnt antagonist
Dkk1 and the �-catenin degradation stimulator Axin2. Con-
versely, GSK3� phosphorylation and �-catenin accumulation
inducedbymechanical stimulation are abolishedby either phar-
macologic inhibition of ERKs or silencing caveolin-1. In con-
trast, the canonical Wnt signaling inhibitor dominant-negative
T cell factor does not alter ERKnuclear translocation or survival
induced by mechanical stimulation. These findings demon-
strate that�-catenin accumulation is an essential component of
the mechanotransduction machinery in osteocytes, albeit
�-catenin/T cell factor-mediated transcription is not required.
The simultaneous requirement of �-catenin for ERK activation
and of ERK activation for �-catenin accumulation suggests a
bidirectional crosstalk between the caveolin-1/ERKandWnt/�-
catenin pathways in mechanotransduction leading to osteocyte
survival.

Mechanical force is an important regulator of bone mass,
shape, and microarchitecture (1). The skeleton is able to con-
tinually adapt by increasing bone formation by osteoblasts in

response to increased load or by increasing bone resorption by
osteoclasts in response to either excessive loading or skeletal
disuse. Recent evidence demonstrates that osteocytes, the long-
proposed mechanosensor cells of bone, regulate osteoblast and
osteoclast activity through changes in the expression of genes
that affect osteoblast and osteoclast generation. The strategic
location of osteocytes permits the detection of minimal varia-
tions in the level of strain and the transduction of mechanical
cues into bone gain or loss by sending signals to osteoblasts and
osteoclasts through the lacunar-canalicular network (2). In par-
ticular, osteocytes secrete sclerostin, an inhibitor ofWnt signal-
ing that, when absent, leads to high bonemass (3–5).Moreover,
osteocytes are the main source of the pro-osteoclastogenic
cytokine RANKL (receptor activator of nuclear factor-�B
ligand) in bone (6), and they also secrete the RANKL decoy
receptor osteoprotegerin, which inhibits bone resorption (7).
Wnt proteins are a family of secreted glycoproteins involved

in multiple cellular processes, including proliferation, differen-
tiation, and viability (8, 9), and they play a major role in bone
homeostasis (10, 11). The Wnt canonical pathway is activated
by binding of Wnt proteins to the Fzd (frizzled) receptors and
the co-receptors LRP5 and LRP6 (LDL receptor-related pro-
tein) (12, 13). This binding leads to the inactivation of GSK3�
(glycogen synthase kinase 3�), stabilization of�-catenin, and its
accumulation. In turn, �-catenin translocates to the nucleus,
where it binds to the T cell factor (TCF)2/lymphoid enhancer
factor family of transcription factors and induces gene tran-
scription (14, 15). The Wnt/�-catenin pathway is essential for
bone formation in response to mechanical loading (16, 17).
Loading inhibits the expression of theWnt antagonists Sost and
Dkk1 (18), and down-regulation of Sost/sclerostin is required to
achieve bone anabolism in response to ulna loading (19). In
addition, mice lacking the LRP5 receptor (16) or lacking one
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copy of �-catenin in osteocytes (20) exhibit defective response
to loading.
Mechanical stimuli also control the life span of osteocytes.

Physiological levels of load are required to maintain osteocyte
viability, as demonstrated by increased prevalence of osteocyte
apoptosis with disuse, whereas mechanical stimulation
decreases osteocyte death (21–23). However, how mechanical
forces are transduced into cellular responses is only partially
known. Earlier work demonstrated that the anti-apoptotic
effect ofmechanical stimulation on osteocytes requires integrin
signaling, the kinase activities of Src and focal adhesion kinase,
and downstream phosphorylation and nuclear translocation of
the ERKs (24). ERK activation and osteocyte survival induced
by mechanical stimulation are abolished by �-cyclodextrin, a
cholesterol chelator that disrupts membrane microdomains
called caveolae. Caveolin-1, the structural component of cave-
olae, interactswith ERKs and integrin�1 inMLO-Y4 osteocytic
cells (24), suggesting the involvement of caveolin-1 in mecha-
notransduction in osteocytes.
Activation of Wnt signaling also leads to survival of osteo-

blastic cells, as evidenced by the reduction in osteoblast and
osteocyte apoptosis in mice lacking the Wnt inhibitor sFRP1
(soluble frizzled-related protein 1) (25). Wnt proteins prevent
osteoblast and osteocyte apoptosis by a mechanism that
requires activation of the Src/ERK signaling pathway (26).
�-Catenin accumulation was recently shown to be involved in
fluid flow-induced anti-apoptosis in osteocytic cells (27). In
addition, ERKs can activate Wnt signaling by phosphorylating
both LRP6 and �-catenin (28, 29), suggesting the existence of a
feed-forward loop that amplifies the prosurvival effect of the
ERK pathway through Wnt/�-catenin signaling.
We investigated the crosstalk between the caveolin-1/ERK

and Wnt/�-catenin signaling pathways in mechanotransduc-
tion leading to osteocyte survival. We report that caveolin-1
and ERK activation are required for �-catenin accumulation
induced by mechanical stimulation, which conversely is essen-
tial for ERK nuclear translocation and osteocyte survival
induced by mechanical signals, even though TCF-mediated
transcription is not required.

EXPERIMENTAL PROCEDURES

Materials—The synthetic glucocorticoid dexamethasone
was purchased from Sigma. PD98059 was from New England
Biolabs (Beverly, MA), and Wnt3a recombinant protein was
from R&D Systems (Minneapolis, MN).
Cell Culture—MLO-Y4 osteocytic cells derived frommurine

long bones were cultured as described previously (30, 31).
Plasmids and Transient Transfections—A reporter plasmid

containing threeTCF-binding sites upstreamof aminimal c-fos
promoter driving the firefly luciferase gene (TOPflash)was pro-
vided by B. Vogelstein (John Hopkins University Medical Insti-
tutions, Baltimore, MD). The plasmids expressing Axin2 and
Dkk1 were provided by F. Costantini (Department of Genetics
and Development, College of Physicians and Surgeons, Colum-
bia University, New York, NY) and by C. Niehrs (Division of
Molecular Embryology, Deutsches Krebsforschungszentrum,
Heidelberg, Germany), respectively. Dominant-negative TCF
was provided by G. Rawadi (ProSkelia, Paris, France). Wild-

type ERK2 fused to red fluorescent protein (RFP) and wild-type
MEKwere kindly provided by L. Luttrell (Medical University of
SouthCarolina, Charleston, SC) (32) andN. G. Ahn (University
of Colorado, Boulder, CO) (33), respectively. The plasmid
encoding nuclear targeted green fluorescent protein (nGFP)
was described previously (31). Cells were transiently trans-
fected with 0.1 �g/cm2 DNA using Lipofectamine Plus (Invit-
rogen) as described previously (34). The efficiency of transfec-
tion was 60–80%.
TCF-mediated Transcription—Cells were transiently trans-

fected with TCF-firefly luciferase andRenilla luciferase. To test
the efficiency of the effect of the Wnt inhibitors, cells were
cotransfected with Dkk1, Axin2, or dominant-negative TCF
together with empty vector or a Wnt3a-expressing construct
and cultured for 24 h. In the experiments testing the effect of
mechanical stimulation on TCF-mediated transcription, cells
were either cultured in the presence of Wnt3a or mechanically
stimulated for various times. Cell lysates were prepared, and
luciferase activity was determined using the Dual-Luciferase�
reporter assay system (Promega,Madison,WI) according to the
manufacturer’s instructions. Light intensity wasmeasuredwith
a luminometer, and firefly luciferase activity was divided by
Renilla luciferase activity to normalize for transfection
efficiency.
Mechanical Stimulation—Cells were plated on flexible bot-

tom wells coated with collagen type I. 16–24 h later, cells were
stretched at 5% elongation for 10 min using a 20-s stretching
and 0.1-s resting regimen of biaxial stretching in a Flexercell
FX-4000 strain unit (Flexcell International Corp., Hillsbor-
ough, NC) (24). For the experiments testing the effect of pulsa-
tile fluid flow shear stress, cells were plated on glass slides
coated with collagen type I. 24 h later, cells were stimulated by
pulsatile fluid flow with a shear stress of 10 dynes/cm2 at 8 Hz
for 10min in a Flexcell� Streamer� shear stress device (Flexcell
International Corp.) (35).
Gene Silencing—The expression ofmurine caveolin-1 or pro-

tein lamin A/C (used as a control) was silenced by treating
MLO-Y4 cells with the corresponding siRNA (200 or 400 nM;
Custom SMARTpool, Dharmacon, Lafayette, CO) for 3 h as
described (36). 2 days after silencing, cells were replated and
transfected with empty vector as a control or with human
caveolin-1 (Invitrogen) to rescue caveolin-1 expression.
Quantification of Apoptotic Cells—Apoptosis was induced in

semiconfluent cultures (�75% confluence) by addition of the
glucocorticoid dexamethasone (1 �M) immediately after
stretching. Cells were cultured for 6 h, and apoptosis was
assessed by enumerating MLO-Y4 cells expressing nGFP
exhibiting chromatin condensation and nuclear fragmentation
under a fluorescence microscope as reported previously (31).
Subcellular Localization of ERK2 and �-Catenin—MLO-Y4

cellswere transiently transfected usingLipofectaminePluswith
wild-typeMEK along with ERK2-RFP to allow the visualization
of ERK andwith nGFP to allow the localization of the cell nuclei
(37). After stretching, cells were fixed in 10% neutral buffered
formalin for 8 min. The percentage of cells showing nuclear
accumulation of ERK2 was quantified by enumerating those
cells exhibiting increasedRFP in the nucleus comparedwith the
cytoplasm using a fluorescence microscope. At least 250 cells
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from random fields were examined for each experimental con-
dition. For the experiments in which the effect of fluid flow on
�-catenin subcellular localization was assessed, MLO-Y4 cells
were fixed immediately after stimulation with 2% paraformal-
dehyde for 5 min and incubated with rabbit anti-�-catenin
polyclonal antibody (1:200; Abcam, Cambridge, United King-
dom), followed byAlexa Fluor 546-labeled anti-rabbit IgG anti-
body (1:200; Invitrogen). �-Catenin localization was visualized
under a fluorescence microscope.
Western Blot Analysis—Cell lysates were prepared immedi-

ately after stimulation, and proteins were separated on 10%
SDS-polyacrylamide gels and electrotransferred to PVDF
membranes as reported previously (31). The phosphorylation
status of GSK3� was analyzed using a rabbit polyclonal anti-
body recognizing Ser9-phosphorylated GSK3� (Cell Signaling
Technology, Inc., Danvers, MA). �-Catenin, caveolin-1, and

�-actin protein levels were assessed using mouse monoclonal
antibodies recognizing �-catenin or caveolin-1 (BD Biosci-
ences) and a mouse monoclonal antibody recognizing �-actin
(Sigma). After incubation with primary antibodies, blots were
exposed to anti-rabbit or anti-mouse antibody conjugated with
horseradish peroxidase (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) and developed using a chemiluminescent substrate
(Pierce). Samples from each experiment were run on the same
gel, transferred to the same membrane, and scanned at the
same time and with same level of resolution using a VersaDoc
imaging system (Bio-Rad). Background and contrast were uni-
formly adjusted. In some cases, images were cut and reordered
to facilitate description of the data. Cuts are outlined by dashed
lines.
Real-time PCR—Total RNA was isolated using Ultraspec

(Biotecx Laboratories, Inc., Houston, TX). Reverse transcrip-

FIGURE 1. ERK nuclear translocation and anti-apoptosis induced by stretching are abolished by knocking down caveolin-1. A, caveolin-1 protein
expression was determined by Western blot analysis in MLO-Y4 cells treated 200 or 400 nM siRNA oligonucleotides. �-Actin levels show equal loading.
B–E, caveolin-1 expression was silenced in MLO-Y4 cells using 200 nM siRNA. Additional cultures were left untreated (�) or were silenced for lamin A/C (as
controls), followed by transfection with empty vector (V) or human caveolin-1 (hcav) constructs together with ERK2-RFP and MEK to allow quantification of ERK
nuclear translocation and with nGFP to allow quantification of apoptosis. 24 h later, cells were mechanically stimulated by stretching at 5% elongation for 10
min, and ERK nuclear translocation (B and C) and apoptosis (D and E) were quantified as described under “Experimental Procedures.” Error bars indicate
means � S.D. of triplicate determinations. *, p � 0.05 versus basal or vehicle for each construct in B and D, respectively, by one-way ANOVA. Representative
images are shown exemplifying cells with cytoplasmic and nuclear ERK2-RFP (C) or live and apoptotic nGFP-expressing cells (E).
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tion was performed using a high-capacity cDNA archive kit.
Primers and probes for the housekeeping gene choB (probe,
5�-TCCAGAGCAGGATCC-3�; forward primer, CCCAGGA-
TGGCGACGAT; and reverse primer, CCGAATGCTGTAAT-
GGCGTAT; assays-by-design service) and TaqMan gene
expression assay for murine Axin2 were used. PCR was per-
formed using 20 �l of Gene Expression Assay Mix TaqMan
UniversalMasterMix containing 80 ng of each cDNA template
in triplicates using an ABI 7300 real-time PCR system. The
-fold change in expression was calculated using the ��Ct com-
parative threshold cycle method. All of the reagents were from
Applied Biosystems (Foster City, CA).
Statistical Analysis—Datawere analyzed by one-way analysis

of variance (ANOVA), and the Student-Newman-Keuls
method was used to estimate the level of significance of differ-
ences between means.

RESULTS

Disruption of Caveolin-1 Abolishes ERK Nuclear Transloca-
tion and Osteocyte Survival Induced by Mechanical Stimula-
tion—To determine the role of caveolin-1 in ERK activation
and anti-apoptosis induced by mechanical stimulation, we
examined the response to stretching of MLO-Y4 osteocytic
cells in which the expression of caveolin-1 was knocked down
using siRNA. Efficient silencing was obtained with 200 or 400
nM specific oligonucleotides (Fig. 1A); therefore, in subsequent
experiments, oligonucleotides were used at 200 nM. Cells in
which lamin A/C was silenced were used as negative controls.
Stretching at 5% elongation for 10 min increased by �100–

150% the number of cells exhibiting ERK nuclear accumulation
in non-silenced cells and in control cells silenced for lamin A/C
compared with non-stretched cells (Fig. 1B) as determined by
quantifying cells exhibiting nuclear accumulation of ERK2-RFP
(Fig. 1C). In contrast, stretching failed to induce ERK nuclear
translocation in cells in which caveolin-1 was silenced, and full
responsiveness to stretching was restored by transfecting
human caveolin.
Consistent with the previously demonstrated role of ERK

activation in stretching-induced anti-apoptosis (24), mechani-
cal stimulation prevented osteocyte apoptosis induced by dex-
amethasone in non-silenced cells and in control cells silenced
for lamin A/C, but not in cells silenced for caveolin-1 (Fig. 1D).
Apoptosis was quantified by evaluating the nuclear morphol-
ogy of cells transfected with nGFP (Fig. 1E). In addition, similar
to ERK nuclear translocation, transfection of human caveolin
restored the anti-apoptotic effect of stretching on caveolin-si-
lenced cells.
Effects of Mechanical Stimulation in Osteocytes Are Blocked

by Inhibiting the Early Steps ofWnt Signaling, but Not by Inhib-
iting TCF-mediated Transcription—To establish the potential
role ofWnt signaling in ERK nuclear translocation and survival
induced by stretching, Wnt signaling was inhibited at different
stages of the pathway. First, Wnt activation at the pre-receptor
level was inhibited by transfecting the Wnt antagonist Dkk1,
which binds to the Wnt co-receptors LRP5 and LRP6. Second,
accumulation of the Wnt signaling canonical mediator
�-catenin was inhibited by transfecting Axin2, which induces
its proteasomal degradation. Finally, canonical Wnt signaling-

mediated gene transcription was inhibited by transfecting
dominant-negative TCF. Overexpression of Dkk1 or Axin2
abolished both ERK nuclear translocation (Fig. 2A) and the
anti-apoptotic effect of stretching (Fig. 2B). However, overex-
pression of dominant-negative TCF did not alter the response
to mechanical stimulation (Fig. 2, A and B). As expected, how-
ever, the expression of these three inhibitors antagonized
Wnt3a-induced TCF-mediated transcription as assessed by
transfecting each one of the constructs along with a Wnt3a
plasmid and a TCF-luciferase reporter plasmid (Fig. 2C).

FIGURE 2. ERK nuclear translocation and osteocyte survival induced by
stretching require �-catenin accumulation, but not TCF-mediated tran-
scription. A and B, MLO-Y4 cells were transiently transfected with the indi-
cated constructs together with nGFP, ERK2-RFP, and MEK. 24 h later, cells
were stretched at 5% elongation for 10 min. Apoptosis and ERK translocation
were quantified in transfected cells as described under “Experimental Proce-
dures.” V, empty vector; dnTCF, dominant-negative TCF. Error bars indicate
means � S.D. of triplicate determinations. *, p � 0.05 versus basal for each
construct by one-way ANOVA. C, TCF-mediated transcription was measured
in cells transfected with the indicated constructs together with vector or a
Wnt3a-expressing construct and TCF-luciferase/Renilla luciferase. TCF pro-
moter activity was quantified as described under “Experimental Procedures.”
Error bars indicate means � S.D. of triplicate determinations. *, p � 0.05 versus
vector; #, p � 0.05 versus Wnt3a-transfected cultures by one-way ANOVA.
RLU, relative luminescence units. D, TCF-mediated transcription was meas-
ured in MLO-Y4 cells transfected with TCF-luciferase/Renilla luciferase and
treated with 25 ng/ml Wnt3a as a positive control or stretched at 5% elonga-
tion for 10 min. Measurements were performed at the indicated times after
addition of Wnt3a or after mechanical stimulation. Error bars indicate
means � S.D. of triplicate determinations. *, p � 0.05 versus vehicle by one-
way ANOVA. E, the expression of the Wnt/�-catenin-dependent gene Axin2
was determined by quantitative PCR in MLO-Y4 cells treated with 25 ng/ml
Wnt3a as a positive control or stimulated by stretching at 5% elongation for
10 min. Measurements were performed at the indicated times after addition
of Wnt3a or after mechanical stimulation. Error bars indicate means � S.D. of
triplicate determinations. *, p � 0.05 versus vehicle or basal for each time
point by one-way ANOVA.
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Moreover, recombinant Wnt3a increased TCF-mediated
transcription and the expression of the Wnt target gene Axin2
(Fig. 2, D and E). In contrast, 10-min stretching did not change
these parameters measured at 8, 12, and 24 h after stimulation.
Mechanical Loading Induces �-Catenin Accumulation

through an ERK-dependent Mechanism—We next evaluated
the effect of mechanical stimulation on �-catenin accumula-
tion and whether it was affected by the caveolin-1/ERK path-
way. Stretching at 5% elongation for 10 min (Fig. 3, A and C) or
fluid flow stimulation at 10 dynes/cm2 for 10 min (Fig. 3, B and
D) increased the levels of phosphorylated GSK3� (Fig. 3, A and
B). Phosphorylation of GSK3� inhibits its ability to phosphor-
ylate �-catenin, which is required for �-catenin proteasomal
degradation. Consistent with this, stretching and fluid flow also
increased the levels of �-catenin (Fig. 3, C and D).

Moreover, �-catenin accumulation induced by either
stretching or fluid flow was blocked by the ERK inhibitor
PD98059 (Fig. 4, A and B). In addition, silencing caveolin-1
abolished GSK3� and �-catenin accumulation (Fig. 4C) as well
as �-catenin translocation to the cell membrane (Fig. 4D)
induced by fluid flow.

DISCUSSION

Osteocyte viability is a determinant of bone strength, and it is
diminished in several pathologies associated with bone loss and
bone fragility, including aging, loss of sex steroids, and gluco-
corticoid excess (38). Physiological levels of mechanical force,
such as those provided by normal ambulatory activity or mod-
erate physical exercise, are critical to maintain osteocyte viabil-
ity by mechanisms still unclear. We have shown here that
mechanotransduction leading to osteocyte survival is con-
trolled by bidirectional crosstalk between the caveolin-1/ERK
and Wnt/�-catenin signaling pathways (Fig. 5). Our findings
provide evidence for a cause-effect relationship between these
pathways. Specifically, blockade of the caveolin-1/ERK path-
way, either genetically by silencing caveolin-1 or pharmacolog-
ically using an inhibitor of ERK activation, obliterates phosphor-
ylation of GSK3� and accumulation of �-catenin induced by

mechanical stimulation. Conversely, inhibition of the early
steps of Wnt signaling, either at the pre-receptor level with
Dkk1 or by inducing �-catenin degradation with Axin2, abol-
ishes ERK nuclear translocation. Importantly, interfering with
these molecular pathways translates into a change in the bio-
logical response. Thus,mechanical stimulation fails to promote
osteocyte survival in the absence of activation of either the
caveolin-1/ERK or Wnt/�-catenin pathway.

Mechanical stimuli activate ERKs and stabilize �-catenin in
an interdependent fashion. The fact that ERK activation and
anti-apoptosis require �-catenin accumulation but not
�-catenin/TCF-mediated transcription is consistent with our
findings that mechanical stimulation induces translocation of
�-catenin to the cell membrane, potentially decreasing its abil-
ity to move into the nucleus to activate transcription. These
results also suggest that interaction of �-catenin with other
structural and signalingmolecules in the plasmamembrane has
permissive effects on events upstream of ERK activation. This
notion is consistent with the evidence that silencing caveolin-1
not only abolishes ERK activation but also blocks �-catenin
localization in the plasma membrane of osteocytic cells.
Caveolin-1 is the principal component of caveolae, special-

ized plasma membrane microdomains that act as reservoirs of
catalytic and structural molecules. Integrin �1 interacts with
caveolin-1, and in turn, caveolin-1 is required for the associa-
tion of integrin �1 with Src kinases and phosphorylation of
downstream substrates (39). Consistent with this earlier work,
we showed previously that caveolin-1 physically interacts with
integrin�1 andERKs in osteocytic cells and that pharmacologic
disruption of caveolae abolishes ERK activation and the anti-
apoptotic effect of mechanical stimulation (24). Moreover, we
found that the caveolin-interacting domain of estrogen recep-
tor � is required for these mechanoresponses (40). Our current
findings suggest that caveolin-1 also interacts with �-catenin in
osteocytic cells, as expression of caveolin-1 is required for
�-catenin membrane localization upon mechanical stimula-
tion. Previous evidence has shown that caveolin-1 interacts
with�-catenin through its scaffolding domain in zebrafish (41).

FIGURE 3. Mechanical stimulation induces inactivation of GSK3� and �-catenin accumulation. A–D, MLO-Y4 osteocytic cells were subjected to mechan-
ical stimulation by stretching (A and C) or fluid flow (B and D) for 10 min, and cell lysates were prepared immediately (time 0) or at the indicated times after
mechanical stimulation. Phosphorylated GSK3� (p-GSK3�; A and B) and �-catenin (C and D) were analyzed by Western blotting. �-Actin was used to demon-
strate equal loading.
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Moreover, the interaction between these proteins controls the
intracellular localization of �-catenin, as overexpression of
caveolin-1 in caveolin-1-null U251 human glioma cells is suffi-
cient to recruit �-catenin to the plasma membrane, thereby
inhibiting �-catenin/TCF-mediated transcription (42). These
findings are consistent with our results demonstrating that the
ERK-dependent survival effect of mechanical stimulation in
osteocytes requires accumulation of�-catenin, but not its tran-
scriptional effects.
In contrast to our results, mechanical stimulation induced

�-catenin translocation to the nucleus and transcription of
Wnt target genes in pre-osteoblastic CIMC-4 cells (43) and in

rat osteosarcoma UMR106 and ROS17/28 cells (44, 45). More-
over, the effects of mechanical stimulation in pre-osteoblastic
cells were not altered by either silencing caveolin-1 or treat-
ment with Dkk1 (43). The reason for the discrepancy between
these studies and our current study is not known; however, it
could be related to the different stage of differentiation of the
osteoblastic cells. Nevertheless, our finding that Dkk1 overex-
pression abolishes the effect of mechanical signals on ERK acti-
vation and osteocyte survival suggests that events downstream
of the LRP co-receptors are involved in mechanotransduction.
This possibility is supported by in vivo studies in which it was
shown that mice lacking LRP5 do not exhibit an anabolic effect
upon loading (16).
Similar to our previous report (24) and our current study,

Kitase et al. (27) showed thatmechanical stimulation prevented
glucocorticoid-induced apoptosis in MLO-Y4 osteocytic cells.
However, these authors found that mechanical stimulation
induced �-catenin accumulation in the cell nucleus instead of
in the plasma membrane, as we now report. However, in their
study, cells were stimulated for a longer time (2 h versus 10min)
and at a higher strain (16 versus 10 dynes/cm2) than in our
study. This evidence suggests that translocation of �-catenin to
the cell membrane temporally precedes its accumulation in the
cell nucleus. In addition, higher mechanical strains might be
required to induce �-catenin nuclear translocation. Neverthe-
less, our evidence suggests that mechanical stimulation for just
10 min at 10 dynes/cm2 is sufficient to prevent �-catenin deg-
radation and to trigger survival signaling in osteocytic cells.
Similar to mechanical stimulation, activation of theWnt sig-

naling pathway promotes survival of osteocytes aswell as osteo-
blasts. This has been demonstrated in cultured cells treated
with Wnt3a, Wnt1, and Wnt5a (26). This in vitro evidence is
supported by the finding that mice with deletion of the Wnt

FIGURE 4. ERK activation and caveolin-1 expression are required for mechanical loading-induced �-catenin accumulation. A and B, cells were treated
with vehicle (veh) or 50 �M PD98059 (PD) for 25 min prior to mechanical stimulation by stretching at 5% elongation (A) or fluid flow at 10 dynes/cm2 (B) for 10
min. C and D, caveolin-1 expression was silenced in MLO-Y4 cells using siRNA (si). Control cultures were silenced for lamin A/C. 24 h later, cells were mechanically
stimulated by fluid flow at 10 dynes/cm2 for 10 min. C, cells were lysed immediately after mechanical stimulation, and the levels of phosphorylated GSK3�
(p-GSK3�), �-catenin, and �-actin were determined by Western blot analysis. D, cells were fixed immediately after stimulation, and the subcellular localization
of �-catenin was evaluated by immunocytochemistry.

FIGURE 5. Working model. Caveolin-1/ERK and Wnt/�-catenin signaling
pathways cooperate in transducing mechanical cues into osteocyte survival
(see text for details). FAK, focal adhesion kinase; �-cat, �-catenin; ECM, extra-
cellular matrix.
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inhibitor sFRP1 or overexpressing an activated LRP5 Wnt co-
receptor high bonemassmutant exhibit reduced osteoblast and
osteocyte apoptosis (10, 25). In contrast to the anti-apoptotic
effect of mechanical stimulation shown here, which involves
stabilization of �-catenin but does not require its nuclear func-
tion, the survival effect of Wnt proteins depends on Wnt/�-
catenin-induced TCF-mediated gene transcription (26).
In summary, on the basis of our findings, we propose that

accumulation of �-catenin is essential for mechanotransduc-
tion and that its localization within caveolae is required for full
activation of the caveolin-1/ERK signaling pathway leading to
osteocyte survival. The evidence presented herein also suggests
the existence of a bidirectional regulation loop by which, in
turn, ERK activation induced by mechanical force is a prereq-
uisite for �-catenin accumulation (Fig. 5).
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