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Abstract

Mechanical stimulation is crucial for bone growth/remodeling, and fluid shear stress promotes
anabolic responses in osteoblasts through multiple second messengers, including nitric oxide
(NO), but the underlying mechanisms are not well understood. Here we demonstrate that the NO/
cGMP/PKG signaling pathway activates Src in mechanically-stimulated osteoblasts, initiating a
proliferative response. PKG Il is necessary for Src activation, which also requires Src docking to
B3 integrins and Src dephosphorylation by a Shp-1/2 phosphatase complex. PKG II directly
phosphorylates and stimulates Shp-1 activity, and fluid shear stress triggers PKG II, Src, and Shp
recruitment to a mechanosome containing 3 integrins. PKG Il-null mice show defective
osteoblast Src/Erk signaling, and decreased Erk-dependent gene expression in bone. Our findings
reveal crosstalk between NO/cGMP/PKG and integrin signaling and establish a new mechanism
of Src activation. Since Src controls Erk, which is key to osteoblast growth and survival, these
results support use of PKG-activating drugs as mechano-mimetics for treating osteoporosis.

INTRODUCTION

Mechanical stimulation induces bone growth and remodeling, which is critical for
maintaining bone mass and strength (1). Compressive forces generated by weight bearing
and locomotion induce small bone deformations and increase interstitial fluid flow; in
response to these mechanical stimuli, osteoblasts lining endosteal and periosteal surfaces
proliferate and differentiate, and osteocytes embedded in the canalicular bone network show
enhanced survival (1,2). Mechanoreceptors on osteoblasts and osteocytes include integrins
associated with cytoskeletal proteins, and mechano-sensitive calcium channels (2).
Mechanical stimulation rapidly and transiently increases intracellular calcium, and NO and
prostaglandin E2 production (3,4). These second messengers activate various signal
transduction pathways, e.g. the Raf/MEK/Erk1/2 cascade, leading to changes in gene
expression (3).

"Corresponding author (rpilz@ucsd.edu).

Author contributions: H.R. performed BrdU uptake, fluid shear- and cGMP induced Src/Erk phosphorylation, siRNA and viral
reconstitution experiments, and with N.M. isolated hPOBs and performed RT-PCR. R.S. carried out the interaction and colocalization
studies. S.Z. and D.E.C. performed site-directed mutagenesis, PTP activity and phosphorylation studies. B.H., Y.C., and A.P.
generated PKG ll-deficient mice and isolated mPOBs,. H.K. prepared 3 integrin virus. R.B.P, H.R. R.S., G.R.B., and S.S. designed
experiments, analyzed data, and wrote the manuscript.

Competing interests: The authors declare no conflicts of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rangaswami et al.

RESULTS

Page 2

NO synthesis in mechanically-stimulated osteoblasts and osteocytes occurs, in part, through
activation of endothelial NO synthase (eNOS) and increased inducible NOS (iNOS)
expression (5,6). NO is important for bone (re)modeling, as evidenced by in vitro and in
vivo studies: (i) low doses of NO donors promote osteoblast proliferation and differentiation
in vitro, and increase bone formation in response to mechanical stimulation (7,8); (ii) young
eNOS-deficient mice have reduced bone mass due to defects in osteoblast number and
maturation, and adults show impaired bone adaptation to interstitial fluid flow (9,10); and
(iii) iINOS-deficient mice and rodents treated with NOS inhibitors fail to increase bone
formation after mechanical stimulation (6,11,7).

NO produced in mechanically-stimulated osteoblasts and osteocytes activates soluble
guanylate cyclase, increasing intracellular cGMP, which activates both soluble type | and
membrane-bound type 1l PKG; other cGMP targets include phosphodiesterases and cyclic
nucleotide-gated ion channels (5,12). PKG Il-deficient mice are dwarfs due to a block in
chondrocyte differentiation in bone growth plates, while PKG I-deficient mice have no
obvious skeletal abnormalities (13). We recently demonstrated that NO/cGMP cooperate
with a calcium-dependent pathway to activate Erk in response to fluid shear stress, but the
mechanism(s) whereby shear stress activates Erk are largely unknown (5). Here, we
establish a new signaling pathway of NO/cGMP/PKG |1 activating Erk via Shp-1/2 and Src
in shear-stressed osteoblasts, and show defective signaling in PKG Il-deficient mice. We
uncover a missing link between NO/cGMP/PKG and 3 integrins explaining the requirement
of both pathways for Erk activation in osteoblasts and osteocytes.

PKG Il is Necessary for Fluid Shear Stress -induced Osteoblast Proliferation

Fluid shear stress stimulates osteoblast proliferation in an Erk-dependent fashion (14,15),
and this in vitro response correlates well with increased bone formation during mechanical
stimulation in vivo, based on the differential osteogenic response to mechanical stress in
different inbred strains of mice (16). Since we previously showed that the NO/cGMP/PKG
Il signaling pathway is necessary for fluid shear stress-induced Erk activation (5), we
examined the role of PKG Il in early osteoblast proliferation using an SiRNA approach. We
found that 15 min of laminar fluid shear stress (at 12 dynes/cm?) stimulated bromo-
deoxyuridine (BrdU) uptake into replicating DNA by ~three-fold in MC3T3-E1 murine
osteoblast-like cells (referred to as MC3T3), and siRNA-mediated depletion of PKG II
prevented this response (Fig. 1, A and B; PKG Il depletion is shown in Suppl. fig. S1A).
Treatment with 8-(4-chlorophenylthio)-guanosine-3',5'-cyclic monophosphate (8-CPT-
cGMP; referred to as cGMP) mimicked the effects of fluid shear stress on cell proliferation
in cells transfected with an siRNA targeting green fluorescent protein (GFP), but had no
effect in PKG Il siRNA-transfected cells (Fig. 1, A and B). Thus, PKG I activity is required
for shear- and cGMP-induced early osteoblast proliferation. However, fluid shear responses
may vary with the degree of osteoblast differentiation (1).

Fluid Shear Stress- or cGMP-induced Erk Activation Requires Src

Src activity is regulated by phosphorylation: in resting cells, the C-terminal Tyr>29 is
phosphorylated and interacts with the SH2 domain keeping Src in a “closed” (inactive)
conformation; dephosphorylation of Tyr529 is a key event in Src activation, changing the
protein to an “open” conformation and allowing auto-phosphorylation of Tyr418 in the
kinase domain activation loop (Fig. 1C) (17). Exposing primary human osteoblasts (hPOBs),
murine MC3T3 osteoblast-like cells, and MLO-Y4 osteocyte-like cells to fluid shear stress
for up to 30 min rapidly induced Src dephosphorylation on Tyr>29 and phosphorylation on
Tyr*18 indicating Src activation. Src activation peaked slightly before Erk activation, and
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treating cells with an NO donor or cGMP mimicked the effects of fluid shear stress [Fig. 1,

D to F, and fig. S1, B to D; please note that results obtained with antibodies specific for Src
with Tyr>29 phosphorylated (Src-pTyr®29) or unphosphorylated (Src-nonpTyr®29) are mirror
images of each other].

The Src family kinase inhibitor PP2 prevented fluid shear stress-induced Src auto-
phosphorylation and Erk activation, but the inactive analog PP3 was without effect;
similarly, PP2, but not PP3 prevented cGMP-induced Erk activation (Fig. 1, G and H, and
fig. S1E). siRNA-mediated Src knockdown blocked fluid shear stress- and cGMP-induced
Erk-1/2 activation, while a control siRNA had no effect (Fig. 1, | and J, and fig. S1F). Thus,
Src is required for Erk activation in fluid shear stress- or cGMP-stimulated osteoblasts.

Membrane-localized PKG Mediates Src Activation

To determine whether fluid shear stress-induced Src activation was mediated by the NO/
cGMP/PKG pathway, we used pharmacologic inhibitors of NOS (L-NAME), soluble
guanylate cyclase (ODQ), and PKG (Rp-8-CPT-PET-cGMPS, abbreviated Rp) (Fig. 2A).
Each of these agents almost completely prevented fluid shear stress-induced Src Tyr418
auto-phosphorylation and Tyr>29 dephosphorylation in hPOBs and MC3T3 cells (Fig. 2, B
and C). Thus, fluid shear stress-induced Src activation requires NO/cGMP/PKG signaling.
To determine which PKG isoform mediated Src activation, we used siRNAs to selectively
deplete cytosolic PKG I or membrane-bound PKG I (fig. S1A). siRNA-mediated
knockdown of PKG Il completely prevented fluid shear stress- and cGMP-induced Src
activation, whereas PKG | knockdown was without effect (Fig. 2D).

To assess whether the differing ability of PKG | and Il to regulate Src activity was due to
differences in subcellular localization and/or substrate recognition, we reconstituted PKG I1-
depleted MC3T3 cells with siRNA-resistant PKG constructs. Wild-type PKG Il expressed in
PKG Il-deficient cells restored cGMP-induced Src activation, but similar amounts of a
membrane binding-deficient PKG I1-G2A mutant did not (Fig. 2, E to G); the mutant PKG
I1-G2A is cytosolic because it lacks the N-terminal myristoylation signal that targets PKG 11
to the plasma membrane (18). A membrane-targeted PKG I/11 chimera containing the N-
terminal 39 amino acids of PKG Il fused to the N-terminus of PKG | (PKG I-swap) restored
cGMP-induced Src activation in PKG Il siRNA-treated MC3T3 cells, whereas similar
amounts of wild-type PKG I did not (Fig. 2, E to G). All four PKG constructs produce
similar total cellular PKG activities, but in different subcellular compartments (18). We
conclude that membrane-targeting of PKG activity is essential for cGMP-induced Src
activation, and that it involves a substrate recognized by both PKG I and I1.

Src is Not Directly Activated by PKG I

cAMP-dependent protein kinase (PKA) activates Src directly by phosphorylating Serl’, a
site that could potentially be recognized by PKG (19). Purified PKG 11 did not affect Src
(auto)phosphorylation and did not phosphorylate the PKA recognition site(s) in Src under
conditions where a known PKG/PKA substrate was efficiently phosphorylated (fig. S2, A to
C). Some phosphorylation of the PKA recognition site(s) in Src was detectable in untreated
MC3T3 cells; this phosphorylation was not increased in cGMP-treated cells, but was
increased when PKA was activated with 8-Br-cAMP (fig. S2D). Thus, Src is not a PKG 11
substrate, and is not activated by direct PKG Il phosphorylation or interaction with PKG II.

Fluid Shear Stress- and cGMP-induced Src Activation is Mediated by Shp-1/2

Rapid dephosphorylation of Src pTyr®2? in fluid shear stress- or cGMP-treated osteoblasts
(Fig. 1, D to F) implies involvement of (a) protein tyrosine phosphatase(s) (PTP). The PTP
inhibitor vanadate did not affect Src phosphorylation at Tyr>2? in resting osteoblasts,

Sci Signal. Author manuscript; available in PMC 2011 December 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rangaswami et al.

Page 4

indicating low activity of PTPs which catalyze Src pTyr®2? dephosphorylation. However,
vanadate completely blocked fluid shear stress- and cGMP-induced Src pTyr29
dephosphorylation and prevented Src Tyr418 auto-phosphorylation (Fig. 3, A and B, and fig.
S3A). These results suggest PKG regulates Src via activation and/or recruitment of PTP(s)
catalyzing Src pTyr®2? dephosphorylation.

Osteoblasts express several PTPs which can dephosphorylate Src Tyr®29 in vitro, including
the tandem SH2 domain-containing PTPs Shp-1 and -2, PTP-1B, and the receptor-type
phosphatase RPTP-a. All four proteins contain potential PKG phosphorylation sites and may
activate Src in intact cells (20,21). Depleting either Shp-1 or Shp-2 by siRNAs prevented
fluid shear stress- and cGMP-induced Src pTyr®2° dephosphorylation in MC3T3 cells,
whereas depleting PTP-1B or PTP-a had no effect (Fig. 3D and fig. S3, B and C; efficient
and specific knockdown of target proteins is shown in Fig. 3C). Reconstitution of sSiRNA-
resistant human Shp-1 or -2 in Shp-1 or -2-depleted MC3T3 cells fully restored cGMP-
induced Src pTyr®2° dephosphorylation and Tyr#18 auto-phosphorylation as well as Erk
activation (Fig. 3, E and F). Depletion and reconstitution of Shp-1 did not affect Shp-2
amounts (and vice versa). These results indicate that Shp-1 and -2 are both required for fluid
shear stress- and cGMP-induced Src activation. Shp-1 and -2 also co-operate in epidermal
growth factor-induced Erk activation, with Shp-2 acting as a scaffold recruiting Shp-1 to the
receptor (22).

PKG Il Phosphorylates Shp-1 and Stimulates PTP Activity

Shp-1 and -2 phosphatase activities are regulated by interactions between their respective
SH2 and PTP domains, and by phosphorylation of Tyr in the C-terminal tail, where the
sequences of the two phosphatases diverge the most (21). We found that PKG 11 strongly
phosphorylated purified full-length Shp-1 wild-type (WT) and N- terminally truncated
Shp-1 (ASH2, missing the two SH2 domains), but not the isolated catalytic domain (CAT);
this localized the PKG phosphorylation site(s) to the C-terminal tail (Fig. 4, A and B). Under
similar conditions, Shp-2 was not efficiently phosphorylated.

We measured Shp-1 phosphatase activity using a pTyr>2%-containing Src peptide as a
substrate. The specific activity of purified Shp-1ASH2 was similar to that of the isolated
catalytic domain (CAT) and ~5-fold higher than that of the full-length enzyme (Fig. 4C),
consistent with results reported for other substrates (21). PKG Il phosphorylation of full-
length Shp-1 or Shp-1ASH2 stimulated phosphatase activity, but PKG 11 did not stimulate
Shp-1 CAT activity (Fig. 4C). Thus, PKG Il phosphorylation of the Shp-1 C-terminal tail
stimulates Shp-1 PTP activity towards Src pTyr®2? in vitro.

Phosphorylation of Flag-tagged, full-length Shp-1 in 293T cells was enhanced by wild-type,
but not kinase-dead PKG I, and Shp-1 phosphorylation occurred on serine(s) (Fig. 4D and
fig. S4A). A Shp-1 construct lacking the C-terminal 74 amino acids (Shp-1ACT) showed
neither basal nor PKG Il-stimulated phosphorylation, and a construct containing alanines
substituted for Ser®33, Ser>%6 and Ser®7 in a potential PKG recognition sequence
(Shp-1AAA) showed reduced basal phosphorylation with minimal change in the presence of
PKG Il (Fig. 4E). Thus, PKG Il targets at least one of these serines, which are highly
conserved among species but not present in Shp-2 (fig. S4B). Flag-Shp-1 isolated from 293T
cells expressing wild-type PKG Il had about two-fold more PTP activity than Shp-1 from
cells co-transfected with empty vector or kinase-dead PKG I1; in these experiments, wild-
type PKG Il expression did not alter the amount of Flag-Shp-1 protein in the cell. The PTP
activities of Shp-1ACT and Shp-1AAA were not affected by PKG I, consistent with their
lack of PKG phosphorylation (Fig. 4F). In contrast to wild-type Shp-1, which restored
cGMP-induced Src activation in Shp-1-siRNA-treated MC3T3 cells, Shp-1ACT or

Sci Signal. Author manuscript; available in PMC 2011 December 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rangaswami et al.

Page 5

Shp-1AAA were ineffective (Fig. 4G). Thus, Shp-1 phosphorylation and activation by PKG
Il is necessary for Src activation.

Shp-1-specific antibodies did not immunoprecipitate sufficient Shp-1 from MC3T3 cells to
measure PTP activity; however, we found that Shp-1 co-immunoprecipitated with Shp-2
(Fig. 4H), consistent with direct binding of the two proteins (22). We used Shp-2 antibodies
to isolate a complex of endogenous Shp-1 and -2 from MC3T3 cells and found that cGMP
stimulated PTP activity (Fig. 41 and fig. S4C). cGMP stimulation neither altered the
proportion of Shp-1 and Shp-2 in the complex (Fig. 4H) nor affected Tyr phosphorylation of
endogenous Shp-1/2 (fig. S4D).

Src and Erk Activation by cGMP/PKG Il Requires ayBslntegrin Ligation

Integrins link extracellular matrix proteins to the actin cytoskeleton, and anchoring of
integrins to actin stress fibers is essential for fluid shear-induced c-fos induction (23).
Osteoblasts express several integrins, including a,f3 (2). Erk activation in fluid shear- or
stretch-stimulated osteoblasts is prevented by Bs-blocking antibodies and siRNA-mediated
knockdown of B3 (24,25). We found that siRNA depletion of 3 prevented cGMP-induced
Src and Erk activation in MC3T3 cells (Fig. 5, A and B). The siRNAs did not affect 1
expression or MC3T3 cell adhesion, the latter likely because cells adhere to secreted
extracellular matrix proteins via multiple integrins. cGMP-induced Src and Erk activation
were restored by expressing siRNA-resistant human B3 in B3-depleted cells, but not by a
B3ACT mutant that does not bind Src [Fig. 5, C and D; B3ACT lacks the last three C-terminal
amino acids (26)]. Thus, Src activation by PKG 11 requires Src interaction with the
cytoplasmic tail of 3.

To determine whether cGMP/PKG 11 activation of Src and Erk requires ligand binding to 3
integrins, osteoblasts were placed either in suspension, or allowed to adhere to fibrinogen-
coated plates for 1 hour (fibrinogen was used as a specific ligand for integrin o3, and
waiting 1 hour assured that Erk activation during cell spreading had subsided). cGMP
activated Src and Erk in cells plated on fibrinogen (FB), but had no effect on suspension
cells, unless MnCl, was added to directly activate a,33 and enable soluble fibrinogen
binding (Fig. 5E and and fig. S5). Similar results were obtained with fibronectin (FN, fig.
S5). Thus, cGMP/PKG II activation of Src and Erk in osteoblasts requires adhesive ligand
(FB, FN) binding to oyfs3.

Fluid Shear Stress Triggers PKG Il, Shp-2, and Src Recruitment to B3 Integrin-containing
Focal Adhesions

Osteoblast stimulation by fluid shear stress induces assembly of actin stress fibers and 1
integrin-containing focal adhesions (23). We found that fluid shear stress promoted
clustering of B3 with Shp-2 in the periphery of osteoblasts (fig. S6), and increased Shp-2/p3
coimmunoprecipitation (fig. S7A). Similarly, Kapur et al. reported that Shp-1 and Shp-2
association with B3 is enhanced by fluid shear stress in human osteosarcoma cells (27). Fluid
shear stress increased the colocalization of PKG Il and Src with Shp-2 in the plasma
membrane (fig. S6), and the amount of PKG |1 associated with a detergent-insoluble fraction
containing cytoskeletal and focal adhesion proteins (Fig. 6, A and B); there was no change
in the amounts of B-actin or caveolin-1 associated with the detergent-insoluble fraction, but
there was a trend towards increased vinculin, which did not reach statistical significance.
With vinculin serving as a focal adhesion marker, triple immunofluorescence staining
showed the percentage of focal adhesions containing PKG Il and Shp-2, or Src and Shp-2,
increased from ~20% in static cells to ~40% in shear-stressed osteoblasts (Fig. 6, C and D).
We also assessed the association of PKG Il with B3-containing integrins by bimolecular
fluorescence complementation (BiFC). Two chimeras were co-transfected with human 33
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into MC3T3 cells: PKG I1-VN containing the N-terminal half of the Venus fluorophore
fused between the N-terminal membrane localization signal and the leucine zipper of PKG
I1, and ay;p-VC containing the C-terminal half of Venus fused to the C-terminus of human
ayrp (Fig. 6E). We observed Venus fluorescence in the periphery of cells co-expressing oyjp-
VC/B3 with wild-type PKG 11-VN, but not with mutant PKG I1(G2A)-VN missing the N-
terminal myristoylation signal; this suggests interactions between membrane-bound PKG 11
and oy;p/B3, either direct or indirect (Fig. 6E and fig. S7B, which shows expression of the
transfected proteins). We also demonstrated interactions between PKG Il, B3, Shp-2, and Src
in reciprocal coimmunoprecipitation experiments (fig. S7C). Based on these data and the
fact that Shp-1 and -2 co-immunoprecipitate (Fig. 4H), we conclude that PKG II, B3, Src,
and Shp-1/2 may be present in a large complex, and that fluid shear stress promotes
assembly of this complex at focal adhesions. Since B3 integrin-containing focal adhesion
complexes have been implicated as mechanosensors in osteoblasts and osteocytes and other
cells (28,29), we propose that this PKG II-, B3- Src-, and Shp-1/2-containing complex
represents a mechanosome modulated by PKG Il. The term “mechanosome” was previously
coined to describe a hypothetical signaling complex composed of focal adhesion-associated
proteins assembled and activated by mechanical stimulation (30).

Src/Erk Signaling is Impaired in Osteoblasts from PKG ll-null Mice

PKG Il-deficient mice exhibit abnormalities in chondroblast differentiation, but osteoblasts
were not previously examined (13). Primary osteoblasts from calvariae of PKG I1-/— mice
and their wild-type litter mates were morphologically similar; as expected, PKG I1-/—
osteoblasts lacked PKG Il mRNA expression, but PKG | mRNA was present in normal
quantities (Fig 7A). Src activation in response to fluid shear stress or cGMP was impaired in
PKG I1-/— osteoblasts, while cells from wild-type litter mates showed robust Src Tyr418
auto-phosphorylation and pTyr52° dephosphorylation (Fig. 7, B and C). A similarly dramatic
difference was seen in fluid shear stress- or cGMP-induced Erk phosphorylation. Since fos
family genes are targets of PKG Il and Erk (5), we assessed the effect of NO/cGMP/PKG |1
signaling in one week-old mice by measuring c-fos and fra-2 mMRNA expression in tibial
diaphyses. The amount of ¢c-fos and fra-2 transcripts was significantly lower in the tibial
shafts of PKG I1-/— mice compared to wild-type mice, with glyceraldehyde-3-phosphate
dehydrogenase mRNA showing no difference and serving as an internal control (Fig. 7D).
These results indicate that PKG 11 deficiency affects c-fos and fra-2 expression in bones of
intact animals. Fos family transcription factors play a key role in skeletal development and
maintenance (31).

DISCUSSION

We have identified a new mechano-sensitive signaling system in osteoblasts, defining the
events leading from shear stress activation of eNOS to Src activation. 3 integrins function
as mechanosensors (28), and the cytoplasmic tail of B3 serves as a scaffold for a signaling
complex that includes Src and Shp-1/2 (26,32,27). We discovered that PKG 11 is recruited to
the B3-Shp-Src complex in shear-stressed osteoblasts, and that PKG |1 activated by NO/
cGMP phosphorylates and thereby activates Shp-1; the latter dephosphorylates and activates
Src (Fig. 7E). Activated Src phosphorylates and recruits the adaptor Shc, which leads to
activation of Ras and the Raf/MEK/Erk pathway and stimulation of cell growth (33,34).
This signaling system fills a gap in our understanding of how mechanical forces sensed by
cell-matrix adhesions are translated into cellular responses, e.g., osteoblast proliferation and
osteocyte survival (25). Other mechanisms of Erk activation in shear-stressed osteoblasts
include calcium- and focal adhesion kinase-dependent pathways (5,35).
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PKG Il and Integrins Converge on the Src/Erk Pathway

Current models for mechano-transduction propose that cells sense and respond to forces at
their points of attachment to the extracellular matrix, i.e. at integrin-containing focal
adhesion complexes (36). Osteocytes are tethered to the canalicular wall via o,/p3 integrins
(28). In response to mechanical stimulation, integrins cluster and initiate “outside-in”
signaling, but the exact nature of force-induced conformational changes in integrins and
integrin-associated proteins remain unclear (2,36).

Consistent with reports in other cell types (26,37), we found that Src was associated with the
cytoplasmic tail of B3 integrins, and this association was necessary for Src activation by
cGMP/PKG II. Clustering of a, B3 in response to adhesive ligand binding (and/or shear
stress) may juxtapose Src molecules and allow partial activation through trans-
autophosphorylation, but full Src activation downstream of integrins requires action of a
protein tyrosine phosphatase, such as PTP-1B in platelets and RPTP-a in fibroblasts (20).
We show that Shp-1 and -2, as part of a larger complex, are necessary for fluid shear stress-
and cGMP-induced Src activation. Consistent with our finding that Src/Erk activation by the
cGMP/PKG Il pathway required ligand binding to B3 integrins, others found that Erk
activation by fluid shear stress is prevented by integrin B3 function-blocking antibodies (24).
Some colocalization of Shp-2, Src, and PKG 11 with B3-containing complexes was apparent
in the plasma membrane of static osteoblasts, but fluid shear stress markedly increased
Shp-2, Src, and PKG |1 recruitment to focal adhesions. In contrast, NO/cGMP activation of
PKG induces disassembly of focal adhesions in chondroblasts and endothelial cells (38,39).

PKG Il Selectively Targets Shp-1/2 to Activate Src/Erk

Src binds to the SH2-domains of Shp-1 and -2 in vitro, and is a substrate for both
phosphatases (40,34). Shp-1 and -2 serve non-redundant functions in Src and Erk activation,
and Shp-2 appears to function as a scaffold, coupling Shp-1 and/or Src to growth factor
receptors (22,34). Fibroblasts from Shp-2-deficient mice show defective Src and Erk
activation in response to integrin ligation and growth factor stimulation (41), and Shp-1-
deficient mice develop osteopenia due to combined effects of decreased bone formation and
increased resorption (42).

We found that Shp-1 and -2 associate, and that Shp-2 binding to B3 integrins is increased by
fluid shear stress. The Shp-1/2 complex may bind to B3 indirectly, via Shp-2 binding to the
Tyr-phosphorylated adaptor protein DOK-1 (32). Shp-1 and -2 are auto-inhibited by
interaction between their SH2 and PTP domains, but interaction of the SH2 domains with
other Tyr-phosphorylated proteins results in partial phosphatase activation (21). We found
that PKG Il activation of Shp-1 is mediated by phosphorylation of Ser>33, Ser556 and/or
Ser®7 in the C-terminus of Shp-1; in contrast, protein kinase C phosphorylates Shp-1 on
Ser591 and appears to inhibit phosphatase activity, although reports are conflicting (21). Tyr
phosphorylation of Shp-1 and -2 increases phosphatase activity (21), but we found no effect
of cGMP/PKGII activation on the phospho-Tyr content of Shp-1/2.

Our results suggest that the main mechanism of PKG II activation of Src is through Shp-1/2-
mediated Src pTyr®29 dephosphorylation, but additional mechanisms could exist, i.e., Src
activation by interaction with other SH2- or SH3-domain binding proteins or displacement
of C-terminal Src kinase (17). We did not find evidence for direct Src activation by PKG I,
in contrast to Src activation by PKA (19). While this manuscript was in preparation, Leung
et al. reported that Src activity in ovarian cancer cells depends on basal activity of PKG la,
with reciprocal phosphorylation between Src and PKG la (43). We found no role of PKG |
in Src activation in osteoblasts.
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PKG ll-deficient Mice Have Skeletal Defects

PKG llI-deficient mice have no general metabolic disturbances and appear grossly normal at
birth, but develop dwarfism because of abnormal endochondral ossification from defective
chondroblast differentiation (13). In chondroblasts, PKG Il promotes differentiation through
regulation of Sox9 and B-catenin (12), and antagonizes growth factor activation of the Raf-1/
MEKJ/Erk cascade (44); this is in contrast to our findings in osteoblasts and osteocytes.

We found defective Src/Erk signaling in PKG Il-deficient primary osteoblasts and decreased
amounts of c-fos and fra-2 mRNA in tibial diaphyses of PKG—/— mice versus wild-type
litter mates. Since c-fos and fra-2 are PKG 11 target genes, these data suggest that c-fos and
fra-2 mRNA abundance is regulated by PKG |1 activity in vivo. c-fos is involved in
osteoblast cell cycle regulation (45), and mechanical loading-induced c-fos expression in
bone correlates with new bone formation (7). Since the global PKG Il knockout phenotype
is dominated by impaired endochondral ossification leading to abnormal architecture of long
bones and vertebrae, we plan to generate osteoblast and osteocyte-specific PKG 11 knockout
mice to fully evaluate in vivo consequences of defective osteoblast mechanotransduction.

NO/cGMP/PKG Il Signaling is Important for Osteoblast Mechanotransduction

Skeletal maintenance requires continuous mechanical input, as evidenced by bone mass loss
in unloaded limbs due to decreased osteoblastic bone formation and increased osteoclastic
resorption (1,2). NO is crucial to the anabolic response to mechanical stimulation in vivo: (i)
in models of bone adaptation to loading, NOS inhibitors prevent loading-induced c-fos
MRNA expression and impede osteogenesis (7,11); and (ii) in a hind limb suspension model,
eNOS- or iINOS-deficient mice exhibit the same bone loss in unloaded limbs as wild-type
mice, but the eNOS—/— mice are not protected from bone loss by venous ligation-induced
fluid shear, and the iINOS—/— mice show impaired re-loading osteogenesis (10,6).

We have identified a new link between mechanical stimulation and Src/Erk activation,
establishing a central role of NO/cGMP/PKG Il signaling in osteoblast
mechanotransduction. Pre-clinical and clinical studies support osteogenic functions of NO,
although optimal dosing of NO and the potential for NO-induced oxidative stress may be
problematic (46). Our results suggest that cGMP-elevating agents such as NO-independent
soluble guanylate cyclase activators and phosphodiesterase inhibitors could have favorable
“mechano-mimetic” effects on bone.

MATERIALS AND METHODS

Reagents and DNA constructs

Sources of reagents, including antibodies, siRNAs, plasmid and viral vectors are described
in Supplementary Materials.

Cell Culture, Transfections, and Exposure to Drugs and Fluid Shear Stress

MC3T3-E1 transformed murine osteoblast-like cells (from the ATCC, used at <12 passages)
and hPOBs (established from surgical specimens according to an institutionally-approved
protocol) were cultured, transfected with Lipofectamine 2000™ (InVitrogen), and
characterized by histochemical staining for alkaline phosphatase and osteocalcin mMRNA
expression as described (5). Cells were plated on etched glass slides, serum deprived (in
0.1% fetal bovine serum) for 24 hours, and exposed to laminar fluid shear stress (12 dynes/
cm?) in a parallel-plate flow chamber (Cytodyne Inc., San Diego, CA) for 5 min unless
noted otherwise. Sham-treated cells were grown under identical conditions and were placed
in the flow chamber, but not subjected to shear stress. Serum-deprived cells were pre-
incubated with pharmacological inhibitors for 1 hour, and treated with 100 uM 8-(4-
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chlorophenylthio)-guanosine-3',5’-cyclic monophosphate (8-CPT-cGMP, referred to as
cGMP) for 5 min unless noted otherwise.

Cell Fractionation, Immunoprecipitation, and Immunoblotting

Detailed protocols for generation of membrane and cytosolic fractions, preparation of
detergent-insoluble fractions containing focal adhesion proteins, immunoprecipitations, and
Western blotting are provided in Supplementary Materials.

Phosphorylation Assays

PTP Assays

Recombinant Shp-1 and Shp-2 were purified from bacteria as glutathione-S-transferase
(GST)-fusion proteins bound to glutathione sepharose; proteins were incubated for 15 min at
37°C in the presence of 10 uM [y-32P0O,4]ATP, 10 uM cGMP, 10 mM MgCl,, and 50 ng of
Flag-tagged PKG Il (purified from 293T cells). To examine Shp-1 phosphorylation in intact
cells, 293T cells were transfected with Flag-tagged Shp-1 constructs and incubated

with 32PQ,4 (100 pCi/ml) for 4 hours, with 100 uM 8-CPT-cGMP added for the last 10 min.
Cell lysates were subjected to immunoprecipitation with anti-Flag antibody, and
immunoprecipitates were analyzed by SDS-PAGE/autoradiography.

Variable amounts of GST-Shp-1 constructs purified from bacteria, Flag-Shp-1 constructs
immunoprecipitated from transfected 293T cells, and anti-Shp-2 immunoprecipitates from
MC3T3 cells were incubated for 15-60 min at 37°C with 100 uM of C-terminal Src peptide
[TSTEPQ(pY)QPGENL, from AnaSpec]. Inorganic phosphate was measured by a
colorimetric assay in a 96 well plate reader using malachite green/ammonium molybdate;
the assay was linear with time and protein concentration.

Immunofluorescence Staining, BrdU Incorporation, and BiFC

Osteoblasts were either exposed to laminar fluid shear stress as described above, or were
plated on glass cover slips in 24 well dishes and subjected to orbital fluid shear stress (120
rpm) for 5 min with similar results (Fig. 6 and fig. S6 show orbital fluid shear stress). A
detailed description of BrdU treatment, transfection for BiFC, and sample preparation is
provided in Supplementary Materials. Cells were viewed with a confocal microscope
(Olympus FV1000), a 40/1.3 oil-immersion objective, and 2—-4 x digital zoom. Images were
analyzed with Fluoview (Olympus) and Photoshop (Adobe), and identical software settings
were used for image acquisition of all samples in a given experiment.

Reverse Transcription - Polymerase Chain Reaction (RT-PCR)

RNA was extracted in Tri-Reagent™, and 1 ug of total RNA was subjected to reverse
transcription and real-time PCR using previously described primers; gapd served as an
internal reference using the 272ACt method (5).

PKG Il —/— mice

Homozygous PKG Il knockout mice were generated as described (13); mice from each litter
were genotyped by PCR, and tissues were harvested at the University of Bonn, Germany,
with approval of the local Animal Welfare Committee. Osteoblast-like cells were extracted
from the calvariae of 7 d old mice by sequential collagenase digestion, and cells were
characterized as described for hPOBs.
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Statistical Analyses

Pair-wise comparisons were done by two-tailed Student’s t test, and comparison of multiple
groups by ANOVA, with a Dunnett’s post-test analysis to the control group; a p value of <
0.05 was considered statistically significant. The Wilcoxon Rank Test was used for results
of immunofluorescence staining.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fluid Shear Stress- and cGMP-induced Osteoblast Proliferation and Erk Activation;
Requirements for PKG Il and Src
A. and B. MC3T3-E1 transformed murine osteoblast-like cells (MC3T3) were transfected
with GFP or PKG 1l siRNAs, and kept static, exposed to fluid shear stress (FSS; 12 dynes/
cm?), or treated with 100 uM 8-CPT-cGMP (cGMP) for 10 min. BrdU incorporation into
DNA was detected by immunofluorescence, with >300 cells analyzed per condition. (B:
mean of three experiments + SEM; *p < 0.05).
C. Schema depicting Src activation.

D. and E. hPOBs were sham-treated, subjected to fluid shear stress, or treated with 100 uM
cGMP for the indicated times. Western blots were analyzed with phospho-specific
antibodies against Src-pTyr#18, Src-pTyr®29, or Erk-pTyr2%4, and antibodies recognizing Src
with unphosphorylated Tyr>29, total Src, or Erk (representative of two experiments).

F. MC3T3 cells were sham-treated, subjected to fluid shear stress, or treated with 100 uM
cGMP for the time indicated. Changes in Src phosphorylation were expressed relative to the
amount of pTyr#18 or pTyr®29 found in sham-treated cells. (mean + SEM; n=3; p < 0.05 for
comparison between sham and 2 or 5 min time points).

G. hPOBs were treated with 10 uM PP2 or PP3 for 1 hour and received 100 uM cGMP for 5
min (representative of two experiments).
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H. MC3T3 cells were pre-treated with PP2 or PP3 as in G, prior to exposure to either fluid
shear stress or 100 uM cGMP for 5 min. Erk phosphorylation was expressed relative to
sham-treated cells (mean = SEM; n=3; *p < 0.05 for the comparison between PP2 versus
control and PP2 versus PP3).

I. and J. MC3T3 cells were transfected with sSiRNAs targeting GFP or two different
sequences in Src, and were exposed to fluid shear stress or treated with 100 uM cGMP for 5
min. (J: mean £ SEM; n=3; *p < 0.05 for the comparison between siRNAs targeting Src
versus GFP).
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Figure 2. Src Activation by Membrane-bound PKG

A. Schema of the NO/cGMP/PKG signaling pathway with inhibitors of NOS, soluble
guanylate cyclase (sGC), and PKG.

B. hPOBs were sham-treated or exposed for 5 min to fluid shear stress (FSS; 12 dynes/cm?);
some cells were pre-treated with 4 mM L-NAME, 10 uM ODQ, or 100 uM Rp-8-CPT-PET-
cGMPS (Rp) for 1 hour. Src phosphorylation was determined as in Fig. 1D (representative
of two experiments).

C. MC3T3 cells were pre-treated as in B and exposed to fluid shear stress or 100 uM 8-
CPT-cGMP (cGMP) for 5 min (mean £ SEM; n=3; * p < 0.05 compared to sham).

D. MC3T3 cells were transfected with siRNAs specific for GFP, PKG | or PKG 11, exposed
to either fluid shear stress or 100 pM cGMP for 5 min, and analyzed as in Fig. 1F (mean
SEM; n=3; p< 0.05 for the comparison between siRNA targeting PKG 11 versus GFP).

E to G. MC3T3 cells were transfected with PKG Il (or GFP) siRNA, and infected with
adenoviral vectors encoding LacZ (control), siRNA-resistant wild-type (wt) or
myristoylation-deficient PKG Il (PKG Il G2A), and wild-type or membrane-targeted PKG |
(PKG I swap). The Western blot in E shows expression of PKG | and 11 constructs in PKG Il
siRNA-transfected MC3T3 cells (whole cell lysates); membrane association is indicated as
determined by subcellular fractionation. In F, cells were treated with 100 pM cGMP for 5
min or left untreated and cells were analyzed as in Fig. 1E. G shows the mean + SEM for
three experiments (p < 0.05 for the comparison of PKG Il wt or PKG | swap versus LacZ
virus in PKG Il siRNA-transfected cells).
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Figure 3. Fluid Shear Stress- and cGMP-induced Src Activation Mediated by Shp-1/2

A. MC3T3 cells were treated with 10 uM vanadate for 1 hour prior to a 5 min exposure to
fluid shear stress (FSS; 12 dynes/cm?) or 100 pM 8-CPT-cGMP (cGMP). Src
phosphorylation was analyzed as in Fig. 1F (mean £ SEM; n=3; p < 0.05 for vanadate versus
control).

B. hPOBs were treated with vanadate and cGMP as in A (images are representative of three
experiments)

C. and D. MC3T3 cells were transfected with siRNAs targeting GFP, Shp-1, Shp-2, RPTP-
a, or PTP-1B, and phosphatase expression was quantified by Western blotting (whole cell
lysates for Shp-1, -2, and PTP-1B, and membrane lysates for RPTP-a). In D, cells were
exposed to fluid shear stress or treated with 100 uM cGMP for 5 min and Src
phosphorylation was analyzed as in Fig. 1F (mean £ SEM; n=3; p < 0.05 for the comparison
between siRNAs targeting Shp-1 or Shp-2 versus GFP).

E. and F. MC3T3 cells were transfected with siRNAs targeting GFP, Shp-1 (E) or Shp-2
(F). Cells were infected with adenovirus encoding LacZ, siRNA-resistant human Shp-1 (E),
or Shp-2 (F), and received 100 uM cGMP for 5 min(representative of three experiments).
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Figure 4. PKG Il Phosphorylation of Shp-1/2 and Regulation of PTP Activity

A. Shp-1 constructs; AAA denotes alanine substitutions for Ser®>3, Ser>%6, and Ser®>7,

B. PKG Il phosphorylation of bacterially-expressed Shp-1 constructs in the presence of
[y-32P0O4]ATP in vitro(representative of three experiments).

C. Effect of PKG Il phosphorylation on Shp-1 PTPase activity in vitro (mean £ SEM; n=3; *
p <0.05).

D and E. 293T cells were co-transfected with Flag epitope-tagged Shp-1 constructs and
empty vector, wild-type PKG I, or kinase-dead PKG I1; cells were labeled with 32PQ, for 4
hours, and treated with 100 uM 8-CPT-cGMP (cGMP) for 10 min. Immunoprecipitates were
analyzed by SDS-PAGE/autoradiography, and protein expression was determined by
Western blotting (representative of three experiments). F. PTP activity of Flag-tagged Shp-1
constructs immunoprecipitated from 293T cells transfected and treated as in D and E. The
activity of each construct was normalized to its activity in PKG-deficient cells (mean
SEM; n=3; *p < 0.05).

G. MC3T3 cells were transfected with Shp-1 siRNA and infected with adenovirus encoding
LacZ or siRNA-resistant human Shp-1 wild-type, ACT, or AAA. Cells were exposed to 100
uM cGMP for 5 min and Src (de)phosphorylation was analyzed as in Fig. 1E (representative
of two experiments).

H. Coimmunoprecipitation of Shp-1 and -2 from MC3T3 cells treated with 100 uM cGMP
for 5 min (representative of three experiments).

I. PTP activity in anti-Shp-2 immunoprecipitates (containing Shp-1 and -2) from control
MC3T3 cells and from cells treated with 100 pM cGMP for 5 min (mean £ SEM; n=3; *p <
0.05).
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Figure 5. Integrin-dependence of Src Activation by cGMP/PKG I

A. and B. MC3T3 cells were transfected with siRNAs targeting GFP or two different
sequences in integrin B3, and cell membranes were analyzed by Western blotting (A). Cells
in B were exposed to 100 uM 8-CPT-cGMP (cGMP) for 5 min and analyzed as in Fig. 1E
(representative of three experiments).

C. MC3T3 cells transfected with siRNAs targeting GFP or B3 were infected with lentivirus
encoding siRNA-resistant human B3WT or Src binding-deficient B3ACT. Cells were treated
with 100 uM cGMP for 5 min and analyzed as in Fig. 1E. Expression of human B3
constructs was analyzed by Western blotting of whole cell lysates; the amount of
endogenous mouse B3 is below detection. The bar graph shows the mean + SEM of three
experiments (p < 0.05 for B3WT versus LacZ virus in B3 SIRNA-transfected, cGMP-treated
cells).

D. Coimmunoprecipitation of Src with wild-type human B3WT but not B3ACT from MC3T3
cells infected with B3-expressing lentivirus (representative of two experiments). Endogenous
murine B3 is not efficient It immunoprecipitated. E. hPOBs were kept in suspension (Susp.),
allowed to attach to fibrinogen (FB)-coated dishes, or kept in suspension and stimulated
with soluble fibrinogen (250 pg/ml) plus MnCl, (2 mM) (Susp.+FB/Mn). After 1 hour,
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some cells received 100 uM cGMP for 5 min. Cells were analyzed as in Fig. 1E
(representative of three experiments).
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Figure 6. Characterization of a Src-containing Mechano-sensitive Complex in Osteoblasts
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A. and B. Western blots of detergent-insoluble fractions isolated from static MC3T3 cells
and from cells exposed for 5 min to orbital fluid shear stress (FSS; 120 rpm) (A). The bar
graphs in B summarize three separate experiments (mean + SEM; n=3; *p < 0.05 for static

versus shear-stressed cells).

C. and D. PKG Il (white) and Shp-2 (red), or Src (white) and Shp-2 (red) colocalization
with vinculin (green) was examined in static and shear-stressed (FSS) MC3T3 cells (C).
Focal adhesions were defined as vinculin-positive membrane complexes > 0.5 um size, and
colocalization of PKG Il and Shp-2, or Src and Shp-2 with focal adhesions was scored as a
percentage of total focal adhesions (D shows the mean + standard error of proportion for
three experiments, with ~35 cells evaluated per condition; *p < 0.05 for static versus shear-

stressed cells; bar 5 um).
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D. Colocalization of a,/B3 integrins with PKG Il monitored by bimolecular fluorescence
complementation (BiFC) between o,,-VC and wild-type PKG I1-VN (VN-WT) or the
membrane binding-deficient G2A mutant PKG 11-VN (VN-G2A) in MC3T3 cells. All cells
were transfected with human B3 and o) ,-VC (representative confocal images of three
separate experiments; bar 5 um).

Sci Signal. Author manuscript; available in PMC 2011 December 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Rangaswami et al.

Page 22

prkg2” prkg2” B prkg2 prkg2”-
FSS:- + - + ¢cGMP: 0° 2° 5 0 2° 5
- G o Src-pTyr## S ——
. == ==  Src-pTyr® - —— —

Src-nonpTyr? ——

Sre -
ol o PERK
=== ERK —
C D
prgk2

Genotype: +/+ -/-

Relative mRNA Abundance
(Normalized to gapdh)

Genotype: Prkg2** Prkg2"

E

Fluid 1—» a
Shear Stress

° Clustered
Integrin
Receptors

pT_\‘r'::" h

® %
Sre 5
..I I)TerlS
.

R l Active Src
»

Inactive Src

Transcription of fos Genes |

i 1

I Osteoblast Proliferation & Survival |

Figure 7. Signaling Defect in PKG I1-null Osteoblasts

A. Semi-quantitative RT-PCR for PKG | and Il expression in primary calvarial osteoblasts
isolated from one week-old PKG I1—-/— mice and their wild-type litter mates (representative
of two experiments).

B. and C. Wild-type and PKG II-null primary osteoblasts were stimulated with either fluid
shear stress (FSS; 12 dynes/cm?) or 100 uM 8-CPT-cGMP (cGMP) for 5 min, and Src and
Erk activation were analyzed as in Fig. 1E [representative of two (B) or three (C)
experiments].

D. Tibial diaphyses were isolated from one week-old PKG I1—-/— mice and their wild-type
litter mates, and c-fos, fra-2, and gapd mRNA amounts were measured by quantitative RT-
PCR (mean £ SEM; n=3; * p < 0.05 for wild-type versus knockout mice).

E. Model of Src and Erk activation by fluid shear stress via NO/cGMP/PKG I1, depicting the
assembly of a mechano-sensitive complex containing PKG I1, Shp-1/2, and Src bound to the
cytoplasmic tail of B3, as described in the text (x = docking protein). Activation of the Ras/
Raf/MEK/Erk cascade by Src occurs via Shc-dependent and -independent pathways (33).
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