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Background: Fluid shear increases intracellular calcium and NO/cGMP signaling in osteoblasts.
Results: Focal adhesion kinase and protein kinase G are independently activated downstream of calcium; both kinases cooper-
atively activate Src, leading to Akt/GSK3/�-catenin signaling in shear-stressed osteoblasts.
Conclusion:Osteoblast mechanotransduction requires cross-talk between FAK and PKG to regulate Akt.
Significance: cGMP-elevating agents may prove useful for the treatment of osteoporosis.

Mechanical loading of bone induces interstitial fluid flow,
leading to fluid shear stress (FSS) of osteoblasts. FSS rapidly
increases the intracellular calcium concentration ([Ca2�]) and
nitric oxide (NO) synthesis in osteoblasts and activates the pro-
tein kinase Akt. Activated Akt stimulates osteoblast prolifera-
tion and survival, but the mechanism(s) leading to Akt activa-
tion is not well defined. Using pharmacological and genetic
approaches in primary human and mouse osteoblasts and
mouse MC3T3 osteoblast-like cells, we found that Akt activa-
tion by FSS occurred through two parallel pathways; one
required calcium stimulation of NO synthase and NO/cGMP/
protein kinase G II-dependent activation of Src, and the other
required calciumactivation of FAKandSrc, independent ofNO.
Both pathways cooperated to increase PI3K-dependent Akt
phosphorylation and were necessary for FSS to induce nuclear
translocation of �-catenin, c-fos, and cox-2 gene expression and
osteoblast proliferation. These data explain how mechanical
stimulation of osteoblasts leads to increased signaling through a
growth regulatory pathway essential for maintaining skeletal
integrity.

Mechanical loading of the skeleton is crucial for maintaining
bone mass and strength. Decreased mechanical loading due to
prolonged immobilization, muscle paresis, or weightlessness in
space causes bone loss, whereas increased loading promotes
bone formation (1).Mechanical loading of bone increases inter-
stitial fluid flow through the lacunar-canalicular system, and
the resulting fluid shear stress (FSS)4 stimulates osteocytes

embedded in lacunae/canaliculi and osteoblasts lining bone
surfaces, although both cell types are also subjected to other
types of mechanical forces (1–4). Osteoblasts and osteocytes
translate the mechanical signal into biochemical responses,
resulting in enhanced proliferation and survival, respectively (1,
5). The biochemical responses include increases in the intracel-
lular calcium concentration ([Ca2�]), nitric oxide (NO) pro-
duction, ATP release, and prostaglandin synthesis; in addition,
Akt and extracellular signal-regulated kinases (Erk1/2) are acti-
vated and increase the expression of c-fos, cox-2 (cyclooxyge-
nase-2), and other genes involved in bone formation (2, 4–6).
Two of the earliest events in osteoblast mechanotransduc-

tion are a rapid influx of extracellular Ca2� through mechano-
sensitive calcium channels and mobilization of intracellular
Ca2� through inositol 1,4,5-triphosphate-mediated release
from intracellular Ca2� stores (5, 7, 8). Pharmacological agents
that inhibit Ca2� influx or release from intracellular stores pre-
vent FSS-induced downstream events, but the mechanism(s)
whereby calcium regulates these events is not well defined (6,
8–10).
FSS increases NO production rapidly through calcium acti-

vation of NO synthase(s), although enhanced NO synthesis
may be sustained through calcium-independent mechanisms
(6, 11–13).NOsynthase inhibitors block FSS-induced bone for-
mation and c-fosmRNA expression in vivo, and experiments in
NO synthase-deficient mice suggest a crucial role of NO in
osteoblast mechanotransduction (14–17). We showed that
increased NO in FSS-stimulated osteoblasts activates soluble
guanylate cyclase, leading to increased cGMP production and
activation of cytosolic (type I) and membrane-bound (type II)
protein kinase G (PKG) (6). We subsequently showed that FSS
triggers recruitment of PKG II, Src, and Shp-1/2 phosphatases
to a focal adhesion-associated complex containing �3 integrins
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and that PKG II activates Src bound to the cytoplasmic tail of�3
integrins (18). We found that PKG II activation of Src is
required for FSS-induced Erk activation, fos family gene expres-
sion, and osteoblast proliferation and that PKG II-deficient
mice have defective Src and Erk activation in osteoblasts and
decreased c-fos expression in bone (18).

For FSS to induce osteoblast proliferation, Akt must be acti-
vated in addition to Erk, but it is unclear how this occurs (19).
Previous work suggests that focal adhesion kinase (FAK) is
upstreamof Akt, because a dominant negative FAKblocks FSS-
inducedAkt andErk activation (19, 20). Inmany cell types, FAK
and Src function within a network of integrin-stimulated sig-
naling pathways leading to activation of the Ras/Raf/MEK/Erk
and phosphatidylinositol 3-kinase (PI3K)/Akt signaling cas-
cades (21–23). However, whether FAK and Src interact to reg-
ulate Akt in shear-stressed osteoblasts is unknown, and
whether FAK is activated by FSS is controversial (19, 20, 24).
Akt activation by growth factors requires PI3K-mediated
synthesis of phosphatidylinositol 3,4,5-triphosphate, which
recruits Akt and its activating kinases to the plasmamembrane
(25). PI3K-independent Akt activation can occur, and there are
conflicting reports on whether PI3K is required for FSS-in-
duced Akt activation (19, 26).
The Wnt/�-catenin pathway is important for all aspects of

skeletal physiology, including bone mass accrual and mainte-
nance, and response tomechanical stimulation (27–31). Down-
stream of Wnt co-receptors, glycogen synthase kinase-3
(GSK-3) is inhibited, allowing �-catenin stabilization, translo-
cation to the nucleus, and regulation of gene transcription (5,
27, 29). PKG II and Akt can directly phosphorylate and inacti-
vate GSK-3, potentially leading toWnt-independent �-catenin
stabilization; therefore, we asked whether PKG II and/or Akt
play a role in FSS-induced �-catenin nuclear translocation in
osteoblasts (30, 32, 33).
We now report that FSS activates a Ca2�/NO/cGMP/PKG II

and a Ca2�/FAK pathway. These two pathways converge on
Src, which then activates PI3K/Akt/GSK-3/�-catenin signal-
ing; the latter is necessary for the anabolic effects ofmechanical
stimulation.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against total Src, Src Tyr(P)418, Src-
non-phosphorylated Tyr529, total FAK, FAK Tyr(P)397, FAK
Tyr(P)576, total Akt, Akt Ser(P)473, total GSK-3�, and GSK-3�
Ser(P) were from Cell Signaling. Antibodies against total Erk1
and phospho-specific antibodies for Erk1/2 (Tyr(P)204) were
from Santa Cruz Biotechnology, Inc. The total �-catenin-spe-
cific antibody and a secondary anti-mouse antibody conjugated
to AlexaFluor 555 were from Invitrogen. Bromodeoxyuridine
(BrdU), DNase, and a BrdU-specific antibody were from Sigma.
The calcium ionophore A23187, the intracellular calcium
chelator BAPTA-AM, the Src family kinase inhibitor PP2 and
its inactive cogener PP3, and the PI3K inhibitors LY294002 and
wortmannin were from Calbiochem/EMD. The cGMP agonist
8-pCPT-cGMP and cGMP antagonist (Rp)-8-pCPT-PET-
cGMPSwere fromBiolog. TheNOsynthase inhibitor L-NAME,
and the sGC inhibitor ODQwere from Cayman. The sGC acti-
vator cinaciguat was from AdipoGen.

Cell Culture—Human primary osteoblasts (hPOBs) were
explant cultures established from trabecular bone fragments
obtained at the time of knee replacement surgery according to
an institutionally approved protocol (6, 34). Outgrowing cells
were used at passages 1–3 and were routinely cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS). They were characterized by alkaline phos-
phatase activity assay and histochemical staining, and osteocal-
cinmRNAexpression in response to 1,25-dihydroxyvitaminD3
(10 nM) as shown in supplemental Fig. 1, A–C (34). Murine
primary osteoblasts were isolated from the calvariae of 5–7-
day-old Prkg2�/� mice and their wild type littermates as
described (18). Murine MC3T3-E1 (clone 4) osteoblastic cells
with high differentiation potential were from the American
Type Culture Collection. They were used at �12 passages and
cultured in ascorbate-free medium as described (6).
FSS Experiments—Cells were plated on etched glass slides

48 h prior to the experiments to allow secretion of extracellular
matrix proteins (35); cells were transferred tomedium contain-
ing 0.1% FBS for the last 24 h, and preincubated with pharma-
cological inhibitors or vehicle for 1 h. They were then subjected
to laminar FSS at 12 dynes/cm2 for 5 min unless noted other-
wise, in minimum essential medium with 1 mg/ml fatty acid
free bovine serum albumin (Sigma) at 37 °C in a parallel plate
flow chamber (Cytodyne Inc., San Diego, CA), as described (6,
36). Shear stress was calculated as described by Stevens and
Frangos (36). “Static control” cultures were grown under iden-
tical conditions and mounted onto the flow chamber but were
not subjected to shear stress.
siRNA Transfections—Sequences targeted by siRNA in the

common C terminus of PKG I�/� or in PKG II were described
previously (6). Target sequences in FAK and Src were 5�-TGC-
AATGGAACGAGTATTAAA-3� and 5�-CACCACGAGGG-
TTGCCATCAA-3�, respectively. The oligoribonucleotides,
including a control siRNA targeting green fluorescent protein
(GFP), were produced by Qiagen. MC3T3 cells were plated at
1.3� 105 cells/well of a 6-well dish or at 5� 105 cells/glass slide.
Cells were transfected 18 h later at �40% confluence with 100
pmol of siRNA and 3 �l of Lipofectamine 2000TM (Invitrogen)
in 1 ml of 10% FBS-containing medium. After 24 h, cells were
transferred to medium containing 0.1% FBS.
Western Blot Analyses—Western blots were generated using

horseradish peroxidase-conjugated secondary antibodies and
detected with an enhanced chemiluminescence system as
described previously (6). Films in the linear range of exposure
were scanned using ImageJ software.
Quantitation of NOx—NO production was measured based

on nitrite and nitrate accumulation in themedium using a two-
step colorimetric assay kit (6).
BrdU Labeling and Immunofluorescence Staining—hPOBs

were plated on glass coverslips, serum-starved for 24 h, treated
with pharmacological inhibitors for 1 h, and exposed to orbital
FSS (120 rpm) for 1 h; this method of generating FSS induces
responses very similar to those of laminar or oscillating FSS
produced in a parallel plate flow chamber (18, 37). Cells were
fixed and permeabilized and incubated with a �-catenin-spe-
cific antibody, followed by a secondary antibody conjugated to
AlexaFluor 555; nuclei were counterstained using Hoechst
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33342. For BrdU incorporation, cells were exposed to orbital
FSS for 10min and treatedwith 200�MBrdU for 18 h; then cells
were fixed, permeabilized, and incubated with DNase I prior to
stainingwith anti-BrdU antibody andHoechst 33342 (18). Cells
were viewed with a Leica fluorescent microscope, and images
were analyzed as described (18).
Quantitative RT-PCR—Quantitative RT-PCR was per-

formed using an MX3005P real-time PCR detection system
(Stratagene); primers for c-fos were described previously (6).
Primers for cox-2were 5�-TCCTCACATCCCTGAGAACC-3�
and 5�-AAGTGGTAACCGCTCAGGTG-3�; primers for
osteocalcin were 5�-TGACGAGTTGGCTGACCACATC-3�
and 5�-GCAAGGGGAAGAGGAAAGAAGG-3�. Relative
changes in mRNA expression were analyzed using the 2���Ct

method, with glyceraldehyde 3-phosphate dehydrogenase serv-
ing as an internal reference.
Statistical Analyses—Pairwise comparison of data groups

was done by two-tailed Student’s t test, and comparison ofmul-
tiple groups was done by analysis of variance, with a Bonferroni
post-test comparison with the control group; a p � 0.05 was
considered statistically significant. Results shown in bar graphs
represent the mean � S.E. of at least three independent exper-
iments, and all other results are for representative experiments
reproduced at least three times, unless stated otherwise.

RESULTS

FSS Activation of Akt Requires NO/cGMP/PKG Signaling—
Wepreviously showed that FSS increasedNOproduction, leading
to NO/cGMP/PKG II-dependent Erk activation (6, 18). We now
asked whether NO/cGMP/PKG signaling plays a role in FSS-in-
duced Akt activation. In hPOBs and murine MC3T3 osteoblast-
like cells, laminar FSS increased Akt phosphorylation on an acti-
vating site (Ser473) 5–6-fold compared with sham-treated cells;
Akt activation occurredwithin 5min and declined thereafter (Fig.
1A for hPOBs and supplemental Fig. 1,D and E forMC3T3 cells).
When flow was stopped, the amount of phospho-Akt (pAkt)
decreasedback tobasal levelswithin 10–15min (in the last laneof
Fig. 1A, hPOBswereexposed toFSS for20minandharvestedat30
min; in supplemental Fig. 1E, flow was stopped after 5 min, and
cellswere harvested at 20min). Although therewas some variabil-
ity in the amount of pAkt at 20min, the kinetics of Akt phosphor-
ylation were similar in shear-stressed hPOBs andMC3T3 cells.
Pretreating cells with L-NAME (to inhibit NO synthases; Fig.

1C), ODQ (to inhibit soluble guanylate cyclase), or (Rp)-8-
pCPT-PET-cGMPS (to inhibit PKGs) reduced shear-induced
Akt phosphorylation by �75% (Fig. 1B for hPOBs and supple-
mental Fig. 1F for MC3T3 cells). We previously optimized
inhibitor concentrations and preincubation times to reduce
FSS-induced NO production by L-NAME to basal levels and to
ensure	95% inhibition of PKG-dependent phosphorylation of
vasodilator-stimulated phosphoprotein in shear-stressed
osteoblasts by all three inhibitors (6). We conclude that Akt
activation by FSS requires signaling through NO/cGMP/PKG.
cGMP and FSS Activate Akt through PKG II—To determine

whether direct PKG activation can reproduce the effects of FSS
on Akt phosphorylation, we treated osteoblasts with the mem-
brane-permeable cGMP agonist 8-pCPT-cGMP and found a
4-fold increase in Akt phosphorylation (Fig. 2A for hPOBs;

supplemental Fig. 2A shows similar results in MC3T3 cells).
The NO-releasing agent sodium nitroprusside and the direct
sGC activator cinaciguat similarly increased Akt phosphoryla-
tion in hPOBs (supplemental Fig. 2B).
FSS- and cGMP-induced Akt activation was largely blocked

in MC3T3 cells transfected with a PKG II-specific siRNA,
whereas knockdown of PKG I had no effect (Fig. 2B and sup-
plemental Fig. 2C). Efficient and specific siRNA depletion of
PKG I and II was shown in parallel experiments (supplemental
Fig. 2D). Calvarial osteoblasts isolated from mice with a
homozygous deletion of the PKG II gene showed impaired Akt
phosphorylation in response to FSS and cGMP compared with
osteoblasts isolated from wild type littermates (Fig. 2C). These
results indicate thatAkt activation in shear-stressed osteoblasts
is mediated by cGMP activation of PKG II.
FSS Activation of Akt Requires both Src and FAK, whereas

cGMP-induced Akt Activation Requires Src but Is Independent
of FAK—In human osteosarcoma cells, FSS activation of Akt
and Erk is blocked by expression of a dominant negative FAK,
but the latter may disrupt scaffolding functions of FAK (19, 24,
38); osteoblasts from FAK-deficient mice show reduced FSS-
induced Erk phosphorylation, but Akt was not examined (20,
37). We sought to determine the roles of FAK and Src in FSS-
and cGMP-induced Akt phosphorylation using an siRNA
approach, which allowed specific depletion of each protein (Fig.
3A, bottom two panels).
Depleting MC3T3 cells of FAK reduced FSS-induced Akt

phosphorylation by about 50% (Fig. 3, A and C). We found a
similar decrease in FSS-induced Erk phosphorylation (supple-
mental Fig. 3, A and D), confirming previous reports in FAK-
deficient primary rodent osteoblasts exposed to FSS (20, 37). In
stark contrast, cGMP-induced Akt and Erk phosphorylation
were unaffected by FAK knockdown (Fig. 3, B and C; cGMP-
induced Erk activation is shown in supplemental Fig. 3, B and
D). Depleting cells of Src completely blockedAkt and Erk phos-
phorylation induced by both FSS and cGMP (Fig. 3, A–C, for
Akt, and supplemental Fig. 3, A, B, and D, for Erk). Thus, FSS
activation of Akt and Erk proceeds through two pathways, one
FAK-dependent and one FAK-independent, with both path-
ways converging on Src. cGMP/PKG-mediated Akt and Erk
activation occurs through the FAK-independent pathway.
FSS Activates FAK, Src, and Akt in a Calcium-dependent

Manner—In response to FSS, FAK is recruited to integrin-con-
taining focal adhesion complexes, but it is controversial
whether this increases its activity (19, 20, 24). Upon activation,
FAK autophosphorylates on Tyr397, which promotes associa-
tion with Src and other proteins (22). Full activation of FAK
requires phosphorylation on Tyr576 by Src or other kinases,
depending on the cell type (Fig. 4A) (22). We found that FSS
increased FAK autophosphorylation on Tyr397 and trans-phos-
phorylation on Tyr576 in addition to stimulating Src autophos-
phorylation on Tyr418 (Fig. 4B).

Because FSS rapidly increases intracellular [Ca2�] in primary
osteoblasts and MC3T3 cells (7, 8, 39) and increased [Ca2�] is
required for FSS-induced Erk activation (6, 10), we asked if
FSS-induced Akt, FAK, and Src activation also require calcium.
When hPOBswere treatedwith the intracellular calcium chela-
tor BAPTA-AM, shear-induced Akt, FAK, and Src phosphory-
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lation were largely prevented (Fig. 4B; similar results were
obtained in MC3T3 cells (data not shown)). BAPTA-AM had
no effect on cGMP-induced Akt phosphorylation, excluding a
nonspecific toxic effect (supplemental Fig. 4A). Thus, FSS acti-
vation of FAK, Src, and Akt requires intracellular calcium.
CalciumMimics Effects of FSS onAkt, FAK, and Src—To exam-

ine calcium effects independently of mechanical stimulation, we
used the calcium ionophore A23187 to increase intracellular
[Ca2�]. Consistent with previous results (12), we found that
A23187 stimulatedNO synthesis, but treating cells with L-NAME
prior to A23187 maintained NO concentrations at basal levels,
allowingus toexaminecalciumeffects in theabsenceandpresence
of NO synthase activation (supplemental Fig. 4B).
Treating hPOBs with A23187 without L-NAME increased

Akt phosphorylation, FAK and Src autophosphorylation, and

FAK phosphorylation on Tyr576, consistent with calcium-de-
pendent effects of FSS (Fig. 4C). FAK autophosphorylation was
the same in the absence or presence of L-NAME, but calcium-
induced Akt phosphorylation, Src autophosphorylation, and
FAKphosphorylation onTyr576 were reduced by L-NAME (Fig.
4C, compare lanes 2 and 4); these results were consistent with
Ca2�/NO/cGMP/PKG-dependentAkt and Src activation (Figs.
1 and 2) (18). Similar results were obtained in MC3T3 cells
(supplemental Fig. 4,C andD). These data indicate that calcium
activates Src and Akt through both NO-dependent and -inde-
pendent mechanisms and that calcium-induced FAK auto-
phosphorylation is NO-independent.
Calcium-inducedAktActivation Requires FAKand Src—The

differential sensitivity of FSS- and cGMP-induced Akt phos-
phorylation to FAK depletion suggested a FAK-dependent but

FIGURE 1. FSS-induced Akt activation requires NO/cGMP/PKG signaling. A, serum-deprived hPOBs were mounted in a parallel plate flow chamber and kept
under static conditions for 30 min (sham-treated; lane 1) or were subjected to laminar FSS at 12 dynes/cm2 for 5 min (lane 2), 10 min (lane 3), or 20 min (lanes
4 and 5); cells in lane 5 were kept in the flow chamber for an additional 10 min after cessation of flow. Western blots were analyzed with antibodies specific for
Akt phosphorylated on Ser473 (pAkt; upper panel) or total Akt (lower panel) as described under “Experimental Procedures.” The bar graph on the right represents
relative intensities of the pAkt bands normalized to total Akt, as measured by densitometry (mean � S.E. (error bars) of three independent experiments; *, p �
0.05 for the comparison between sham- and shear-treated cells). B, hPOBs were preincubated for 1 h in the presence of 4 mM L-NAME, 10 �M ODQ, or 100 �M

(Rp)-8-pCPT-PET-cGMPS, as indicated, and then exposed to FSS for 5 min or kept static (sham). Relative Akt phosphorylation was measured by Western blotting
and densitometry as described in A, but the amount of pAkt in shear-stressed cells preincubated with medium only was assigned a value of 1 (***, p � 0.001 for
the comparison between drug-treated cells and cells treated with medium only). C, the NO/cGMP/PKG signaling pathway with pharmacological inhibitors:
L-NAME for NO synthase (NOS), ODQ for soluble guanylate cyclase (sGC), and (Rp)-8-pCPT-PET-cGMPS (Rp-cGMPS) for PKG.
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cGMP-independent mechanism of Akt activation during FSS;
therefore, we asked whether calcium activates Akt through
FAK. Treating osteoblasts with A23187 in the presence of
L-NAME increased Akt phosphorylation in control siRNA-
transfected cells, but this effect was completely blocked in cells
transfectedwith FAK- or Src-specific siRNAs (Fig. 5A). Supple-
mental Fig. 3, C and D, shows similar results for calcium-in-
duced Erk phosphorylation. Thus, FAK is required for Akt and
Erk activation by calcium via an NO/cGMP-independent
pathway.
Full FAK Activation by Calcium Requires Src and Vice Versa—

Because calcium-induced Akt activation in the presence of
L-NAMEwas completely blocked by depletion of either FAK or
Src, we asked whether FAK and Src activation by calcium were
interdependent. Again, osteoblasts were treated with A23187
plus L-NAME to increase the intracellular calcium concentra-
tion without stimulating NO synthesis. Calcium-induced FAK
phosphorylation on Tyr576 was prevented when Src was
depleted by siRNA (Fig. 5B) or inhibited by the Src family kinase
inhibitor PP2 (supplemental Fig. 5A), indicating that FAK
Tyr576 is targeted by Src in osteoblasts. However, FAK auto-
phosphorylation on Tyr397 was independent of Src (Fig. 5B and
supplemental Fig. 5A). Thus, full FAK activation by calcium
requires Src-mediated phosphorylation of FAK Tyr576, al-
though calcium induces FAK autophosphorylation in the
absence of Src.
Full Src activation requires dephosphorylation of Src at

Tyr529 (40). Depleting cells of FAK prevented Src dephos-
phorylation on Tyr529 in cells treated with A23187 and
L-NAME, although calcium-induced Src autophosphorylation
was not decreased (Fig. 5C).
Thus, full Src activation by calcium requires FAK. In con-

trast, treating cells with 8-CPT-cGMP resulted in both Src
autophosphorylation of Tyr418 and dephosphorylation on
Tyr529 in FAK-depleted cells, indicating full Src activation, con-
sistent with FAK-independent Akt activation by cGMP (sup-
plemental Fig. 5B). We previously showed that cGMP/PKG II
directly activates the Shp-1/2 phosphatase complex, which
dephosphorylates Src on the inhibitory Tyr529 (19).
Calcium and cGMP Cooperate to Activate Akt—To deter-

mine if calcium and cGMP cooperate in activating Akt, we
treated cells with the calcium ionophore A23187 and a mem-
brane-permeable cGMP analog in the presence of L-NAME.
We found an at least additive effect on Akt phosphorylation
(Fig. 6A). Because FSS-induced Akt phosphorylation required
calcium (Fig. 4B) and was largely blocked by inhibiting
NO/cGMP synthesis (Fig. 1B), these results suggest that cal-
cium cooperates with NO/cGMP to induce Akt phosphoryla-
tion during FSS.
Akt Activation by FSS, Calcium, or cGMP Requires PI3K—

Previous work in osteocarcoma cells suggests that FSS-induced
Akt activation occurs through PI3K, which associates with FAK
(19), but other workers found PI3K-independent Akt phosphory-
lation in rat primary osteoblasts exposed to FSS (26). We found
that two structurally unrelated PI3K inhibitors (LY294002 and
wortmannin) completely blocked shear-induced Akt phosphory-
lation in hPOBs (Fig. 6B). Similarly, calcium- and cGMP-induced
Akt phosphorylation were dependent on PI3K activity (Fig. 6B).

FIGURE 2. cGMP and FSS activate Akt through PKG II. A, serum-deprived
hPOBs cells were treated with 50 �M 8-pCPT-cGMP for the indicated times,
and Akt phosphorylation was assessed as described in the legend to Fig. 1A.
The bar graph on the right summarizes three experiments. *, p � 0.05 for the
comparison between cells cultured in the absence and presence of cGMP. B,
MC3T3 cells were transfected with siRNAs targeting GFP (control), PKG I, or
PKG II. After 48 h, cells were either subjected to FSS for 10 min (�, black bars in
the graph on the right) or were kept under static conditions (�), as described
under “Experimental Procedures.” Some cells were treated with 50 �M

8-pCPT-cGMP (cGMP, gray bars) for 10 min under static conditions. Akt phos-
phorylation was measured as in Fig. 1A, with the relative amount of pAkt
found in FSS- or cGMP-treated cells transfected with GFP siRNA assigned a
value of 1 (*, p � 0.05 for the comparison between cells transfected with PKG
II siRNA versus GFP siRNA). C, primary calvarial osteoblasts isolated from wild
type (Prkg2�/�) or PKG II-deficient (Prkg2�/�) mice were stimulated with
either FSS for the indicated times (left panels) or with 100 �M 8-CPT-cGMP for
5 min (right panels). Akt phosphorylation was analyzed as in Fig. 1A (repre-
sentative of two (for FSS) or three (for cGMP) experiments). Error bars, S.E.

FIGURE 3. FSS-induced Akt activation requires both Src and FAK, whereas
cGMP-induced Akt activation is FAK-independent. MC3T3 cells were
transfected with siRNAs targeting GFP (control), FAK, or Src, as described
under “Experimental Procedures.” After 48 h, cells were exposed for 5 min to
either FSS (A), or 50 �M 8-pCPT-cGMP (B), and Akt phosphorylation was deter-
mined as in Fig. 1A. Western blots showing expression of FAK and Src are
shown in the bottom two panels of A. C, the graph summarizes three inde-
pendent experiments for each treatment, with the relative amount of pAkt
found in FSS- or cGMP-treated cells transfected with GFP siRNA assigned a
value of 1 (**, p � 0.01 for the comparison between FAK and GFP
siRNA-transfected cells; ***, p � 0.001 for the comparison between Src and
GFP siRNA-transfected cells). Error bars, S.E.
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Thus, FSS-induced Akt activation by both calcium and cGMP
requires PI3K.
FSS-induced GSK-3 Inhibition and Nuclear Translocation of

�-Catenin Are Dependent on Calcium, cGMP/PKG, and
PI3K/Akt—Wnt/�-catenin signaling is essential for the ana-
bolic response to mechanical loading in vivo and in vitro, and
�-catenin regulates osteoblast differentiation and survival (27,
30, 41). FSS induces nuclear translocation of �-catenin and
enhances �-catenin transcriptional activity, but the role of Akt
in FSS-induced �-catenin regulation has not been clearly
defined (33). Akt can stabilize �-catenin by phosphorylating
and inactivating GSK-3; Akt can also directly phosphorylate
�-catenin, leading to nuclear translocation in different cell
types (41, 42).
FSS rapidly increasedGSK-3� phosphorylation on the inhib-

itory site (Ser9) targeted by Akt (Fig. 7A and supplemental Fig.
6A). Chelating intracellular calcium with BAPTA, inhibiting
PKG with (Rp)-8-pCPT-PET-cGMPS, or blocking PI3K with
LY294002 largely prevented shear-induced GSK-3 phos-
phorylation and �-catenin nuclear translocation (Fig. 7, B
and C). Thus, FSS-induced �-catenin nuclear translocation
requires signaling through calcium, NO/cGMP/PKG, and
PI3K/Akt.
PKG II and FAK Are Both Required for FSS-induced Gene

Expression andOsteoblast Proliferation—Todetermine the rel-
ative importance of PKG II and FAK signaling in shear-stressed
osteoblasts, wemeasured the effects of PKG II or FAKdepletion

on FSS-induced gene expression and osteoblast proliferation.
We examined cyclooxygenase-2 (cox-2) and c-fos, genes impor-
tant for the anabolic response to FSS downstream of Erk, Akt,
and �-catenin (1–5). Using PKG II and FAK siRNAs with com-
parable knockdown efficiencies (Fig. 3A and supplemental Fig.
2D), we found that PKG II or FAK depletion each reduced FSS-
induced cox-2 and c-fos mRNA expression by �85 and 70%,
respectively (Fig. 8, A and B). PKG II or FAK depletion also
inhibited FSS-induced osteoblast proliferation as measured by
BrdU incorporation into DNA; FAK-deficient cells showed a
small, residual proliferative response to FSS, whereas PKG II-
deficient cells were completely unresponsive (Fig. 8C and sup-
plemental Fig. 6B). We conclude that both PKG II and FAK
have major, equally important effects on regulating gene
expression in shear-stressed osteoblasts but that PKG II plays a
greater role in regulating proliferation; both pathways are
required for maximal anabolic effects of FSS.

DISCUSSION

Akt and Erk activation are essential for the anabolic response
of bone to mechanical loading; both pathways are required for
osteoblast proliferation and differentiation (2, 5, 18, 19). Both
pathways relay signals from mechanosensors present at the
plasma membrane (e.g. integrins and mechanosensitive cal-
cium channels) to the nucleus, where they induce changes in
gene expression.

FIGURE 4. FSS activates FAK, Src, and Akt in a calcium-dependent manner, and a calcium ionophore mimics the effects of FSS. A, model depicting FAK
activation by various stimuli, resulting in sequential autophosphorylation on Tyr397, recruitment of Src to this site, and phosphorylation of FAK Tyr576 by Src or
other kinases. B, hPOBs were exposed to 5 min of FSS or kept static; some cells were pretreated for 1 h with vehicle or 10 �M BAPTA-AM. Western blots were
analyzed with antibodies specific for pAkt, Akt, FAK autophosphorylated on Tyr397, FAK phosphorylated on Tyr576, total FAK, Src autophosphorylated on Tyr418,
and total Src. C, hPOBs were preincubated for 1 h in the presence or absence of 4 mM L-NAME prior to receiving 0.3 �M A23187 (Ca2�) for 5 min. Akt, FAK, and
Src phosphorylation were assessed as in B. The bar graph below summarizes three experiments; black bars represent calcium plus vehicle treatment (Ctrl), and
gray bars represent cells treated with calcium plus L-NAME (LN). *, p � 0.05; **, p � 0.01 for the comparison between cells treated with calcium in the absence
or presence of L-NAME. pTyr, phosphotyrosine; Error bars, S.E.
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A rapid increase in intracellular [Ca2�] induced by FSS and
other mechanical stimuli is one of the earliest events in osteo-
blastmechanotransduction and appears to be required formost
downstream signaling events, including stimulation of NO syn-
thesis and changes in gene expression (5, 6, 8–10, 12). We
found that FSS, by increasing intracellular [Ca2�], induced
NO/cGMP/PKG II-dependent Akt and Erk activation via Src.
In addition, we found that calcium activated Akt and Erk
through a second, NO/cGMP-independent pathway involving
Src and FAK (Fig. 9). The NO/cGMP/PKG II-dependent path-
way can be explained by PKG II directly regulating the phos-
phatases Shp-1/2, which dephosphorylate the inhibitory Tyr529
of Src (18); this allows full Src activation by cGMP/PKG II in the
absence of FAK (supplemental Fig. 5B). In contrast, Src activa-
tion via the NO-independent pathway was incomplete in the
absence of FAK, lacking Src dephosphorylation on Tyr529. FSS
and calcium increased FAK autophosphorylation, indicating
partial FAK activation (22). FAK autophosphorylation recruits
Src to FAK, and we found FSS- and calcium-induced trans-
phosphorylation of FAK Tyr576 by Src. This will further
enhance FAK activity and induce FAK association with other
proteins involved in activation of the PI3K/Akt and Ras/Raf/
MEK/Erk pathways (22). siRNA-mediated depletion of FAK
reduced FSS-induced Akt and Erk phosphorylation by about

half, similar to the partial loss of shear-inducedErk activation in
osteoblasts from FAK-deficient mice reported previously (20,
37). In contrast, siRNA-mediated depletion of Src completely
blocked shear-induced Akt and Erk phosphorylation, indicat-
ing that Src serves as a nodal point for both PKG II and FAK,
leading to downstream activation of Akt and Erk. Our findings
connect the mechanically induced increase in intracellular
[Ca2�] with activation of FAK and Src; they are consistent
with reports of calcium-dependent Src activation in shear-
stressed endothelial cells (43) and reports of local increases
in [Ca2�] triggering FAK autophosphorylation and associa-
tion with focal adhesion complexes in neuronal cells (44).
We propose a model in which the FSS-induced increase in
intracellular [Ca2�] directly activates FAK and Src and indi-
rectly activates Src via NO/cGMP/PKG II regulation of Shp-
1/2 (Fig. 9). Both pathways cooperate to activate Akt and Erk,
resulting in osteoblast proliferation and changes in gene
expression. In a positive feedback loop, increased Akt activ-
ity may increase phosphorylation and activity of endothelial
NO synthase, leading to a prolonged increase in NO produc-
tion, as shown previously (6, 12, 45).
Integrin-based cell adhesion complexes are important

mechanosensors on the cell surface (46, 47). FSS activates
osteoblast �1 and �3 integrins, resulting in integrin clustering
and recruitment of various signaling molecules, including FAK
and Src, to integrin-containing focal adhesion complexes (4, 5,
18). FSS induces association of FAK, the adaptor protein Shc,
and the regulatory subunit of PI3K with �3 integrins in osteo-
blasts and other mechanosensitive cells (19, 48–50). Concom-
itantly, FSS induces activation of Src associated with �3 integ-
rins in osteoblasts through PKG II regulation of Shp-1/2 (18).
Src phosphorylates Shc, thereby activating PI3K (48, 49, 51). In
the basal state, PI3K activity is suppressed by binding of the
regulatory to the catalytic subunit; this inhibition is relieved
when the PI3K regulatory subunit binds to Tyr(P) residues on
FAK, Src, and adaptor proteins, such as Shc, and the enzyme is
recruited to the plasma membrane (25). There, PI3K mediates
Akt activation by producing phosphatidylinositol 3,4,5-
triphosphate, which in turn leads to recruitment of Akt
together with its activating kinases PDK1 andmTORC-2 to the
plasma membrane (25). We found that Src activation by
NO/cGMP was FAK-independent and that full FAK activation
by calcium required Src; therefore, it appears that Src and FAK
function together in a non-redundant fashion in osteoblast
mechanotransduction.
Stabilization and nuclear translocation of �-catenin occurs

in primary and immortalized rodent osteoblasts and osteocyte-
like cells exposed to FSS or four-point bending (30, 33, 52).
Osteoblasts and osteocytes differ in their sensitivity to FSS or
stretching and demonstrate different kinetics of �-catenin
nuclear translocation, but both cell types respond to mechani-
cal stimulation with an increase in intracellular calcium and
NO production (53–57). Nuclear �-catenin together with its
binding partner Lef1 regulates genes in osteoblasts and osteo-
cytes necessary for maintenance of normal bone mass in vivo,
including cox-2, and control osteoblast as well as osteoclast dif-
ferentiation and survival (27–30, 41, 58).We found that nuclear
translocation of �-catenin in shear-stressed osteoblasts

FIGURE 5. Calcium-induced Akt activation requires FAK and Src; full FAK
activation by calcium requires Src, and vice versa. A, MC3T3 cells were
transfected with siRNAs targeting GFP, FAK, or Src; 48 h later, they were
treated for 1 h with 4 mM L-NAME prior to receiving 0.3 �M A23187 (Ca2�) for
5 min as indicated. pAkt was quantified as described in the legend to Fig. 3C
(***, p � 0.001 for the comparison with GFP siRNA-transfected cells). B and C,
MC3T3 cells were transfected with siRNAs targeting GFP and Src (B) or FAK (C)
and were treated with L-NAME and A23187 as described in A. Phosphorylation
of FAK (B) and Src (C) was assessed as described in the legend to Fig. 4B (*, p �
0.05 for the comparison with GFP siRNA-transfected cells). n.s., non-signifi-
cant. pTyr, phosphotyrosine. npTyr, non-phosphorylated tyrosine. Error bars,
S.E.
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required calcium- and NO/cGMP/PKG-dependent PI3K/Akt
signaling, placing this pathway parallel to calcium- and
NO/cGMP/PKG-dependent Erk activation, which regulates fos
family gene expression and osteoblast proliferation (6, 18).
Kamel et al. (53) found that cox-2 induction and prostaglandin
E2 (PGE2) synthesis in fluid shear-stressed osteoblasts and
osteocytes correlate with �-catenin nuclear translocation, and
other workers showed that FSS-induced cox-2 expression
and PGE2 synthesis are dependent on calcium and NO signals
(8, 59). Thus, increased PGE2 synthesis may contribute to acti-

vation of PI3K/Akt/GSK-3/�-catenin signaling in shear-
stressed osteoblasts and osteocytes, especially at later time
points. The skeletal phenotypes ofmicewith genetic alterations
in the PI3K/Akt/GSK-3 pathway confirm the importance of
this pathway for regulating bone formation and stimulating
osteoblast differentiation (58, 60, 61).
In conclusion, our work provides a mechanism for Akt acti-

vation by FSS, involving increased intracellular [Ca2�] activat-
ing two parallel pathways that converge on Src. One pathway
requires NO/cGMP/PKG II, and the other requires FAK.

FIGURE 6. Calcium and cGMP cooperate to activate Akt, and Akt activation by FSS, calcium, or cGMP requires PI3K. A, MC3T3 cells were pretreated for 1 h
with 4 mM L-NAME and then received either vehicle, calcium ionophore (0.3 �M A23187), cGMP (100 �M 8-pCPT-cGMP), or both agents for 10 min. Akt
phosphorylation was measured by densitometry, and the amount of pAkt in vehicle-treated cells was assigned a value of 1 (*, p � 0.05). B, hPOBs were
pretreated for 1 h with vehicle, 10 �M LY294002 (LY), or 30 nM wortmannin (Wort); cells shown in the middle two panels additionally received 4 mM L-NAME (LN).
Cells shown in lanes 2– 4 were then exposed for 5 min to the indicated stimulus (FSS in the top two panels, 0.3 �M A23187 in the middle two panels, and 100 �M

8-pCPT-cGMP in the bottom two panels). Western blots developed with �-actin antibody served as a loading control. pAkt was quantified as described in the
legend to Fig. 3C (***, p � 0.001 for the comparison with vehicle-pretreated cells). Error bars, S.E.

FIGURE 7. FSS-induced GSK-3 inhibition and nuclear translocation of �-catenin require calcium, cGMP/PKG, and PI3K/Akt. A, hPOBs were kept static or
were exposed to FSS for the indicated times, as described in the legend to Fig. 1A. Western blots were analyzed with antibodies specific for GSK-3� phos-
phorylated on Ser9 (inhibitory phosphorylation site; top) or total GSK-3� (bottom). B, hPOBs were pretreated for 1 h with vehicle, 10 �M BAPTA-AM, 100 �M

(Rp)-8-pCPT-PET-cGMPS (Rp), or 10 �M LY294002 (LY), as indicated, and were then exposed to 5 min of FSS. GSK-3� phosphorylation was assessed as in A. The
graph on the right summarizes three experiments. **, p � 0.01; ***, p � 0.001 for the comparison between the absence and presence of each inhibitor. C, MC3T3
cells were pretreated as in B and exposed to FSS for 1 h prior to detecting total �-catenin by immunofluorescence staining. In the bottom panels, DNA was
counterstained with Hoechst 33342. Scale bar, 5 �m. Numbers below indicate the percentage of cells showing nuclear staining for �-catenin; the experiment
was repeated two times with similar results. Similar results were also obtained with hPOBs. Error bars, S.E.
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Whether the same pool or different pools of Src are activated by
the two pathways remains to be seen. Either way, we have
defined two mechanisms of FSS activation of the PI3K/Akt/
GSK-3/�-catenin signaling module, which is essential for the
maintenance of skeletal integrity. Because preclinical and clin-
ical studies support osteogenic functions of NO (62, 63), our
results provide a rationale for using PKG-activating drugs as
“mechano-mimetics” in treating osteoporosis.
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