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ABSTRACT OF THE DISSERTATION

The Role of cGMP-dependent Protein Kinases in Bone Cell Growth and Survival

by

Nisha Madhav Marathe
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2011
Professor Renate Pilz, Chair

Professor Gerry Boss, Co-Chair

Skeletal integrity is preserved by continuous bone remodeling by osteoblasts and
osteoclasts. While the careful regulation between bone formation and resorption is known
to be a hallmark of bone maintenance, the signaling mechanisms which drive each of
these processes are incompletely understood. Estrogens and fluid shear stress are known

to exert positive effects on osteoblast proliferation and osteocyte survival. Both
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stimuli have been shown to rapidly increase nitric oxide (NO) production in a number of
cell types, suggesting an activation of the NO/cGMP/PKG pathway. NO is involved in
regulating cell survival and proliferation in different cell types.

In the first part of the dissertation, we show that estrogen-mediated osteocytes
survival is regulated through the NO/cGMP pathway. Trypan blue, TUNEL, and cleaved
caspase 3 staining show the inability of estrogen to protect osteocytes from etoposide-
induced apoptosis in the presence of pharmacological inhibitors of NOS, soluble
guanylate cyclase, and PKG, or siRNA targeting PKG. The pro-survival effects of
estrogen were mimicked by a membrane-permeable analog of cGMP. We show that
PKGs function in a dual mechanism to prevent apoptosis; PKGII activates Akt and ERK,
and PKGlo directly phosphorylates the Bcl-2 family member, BAD. cGMP is also
involved in regulating mRNA expression of pro-apoptotic genes.

The second part of this dissertation focuses on the role of PKGII in
mechanotransduction. We first analyzed the effects of the NO/cGMP pathway on
downstream fos family gene expression. We determined that fos genes were induced
upon fluid shear stress through a NO/cGMP/PKGII mechanism activating MEK and
ERK. We found that PKGII is recruited to a complex containing SHP-1, SHP-2, Src, and
a,P3 integrins in response to fluid shear stress. SHP-1 is directly phosphorylated by
PKGII, and in turn, dephosphorylates and activates Src, allowing for downstream ERK
signaling.

In conclusion, we reveal a integral role for NO/cGMP/PKG signaling in the

maintenance of bone integrity.
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Chapter 1:

Introduction



Bone Structure

Bones are comprised of a hard outer shell, known as cortical bone, with a porous
interior, which is referred to as trabecular bone. Together, both parts of the bone provide
a structure and protection for the body as well as a number of metabolic and storehouse
functions [1]. Bones contain three main types of cells: osteoblasts, osteocytes, and
osteoclasts. Osteoblasts are immature bone cells but are responsible for creating all bone
tissue. They produce the osteoid— the unmineralized, organic component of the bone
matrix composed mainly of type I collegen, osteocalcin, and chondroitin sulfate— which
eventually mineralizes to form the bone matrix. Osteocytes are mature bone cells; they
are differentiated from osteoblasts which have become trapped in the bone matrix.
Osteocytes no longer produce the bone matrix but are involved in bone homeostasis.
Osteoclasts are large multinucleated cells derived from monocytes and are responsible for
bone resorption [2, 3].

Bone is a dynamic organ; it is constantly being formed and resorped. Bone
remodeling is required to maintain the bone integrity by repairing microcracks in the
bone caused weight strain and impact from movement [2]. A number of factors are
known to induce bone formation resulting from osteoblast proliferation. Osteoblasts
proliferate and differentiate in response to mechanical fluid shear stress [4-7], growth
factors such as bone morphogenic proteins (BMPs) [8-12] and Wnts [13-16], and
hormones such as estrogens [17-21] and androgens [22-25]. Bone formation is a tightly
controlled process with paracrine signaling between osteoblasts and osteoclasts. For
instance, osteoblasts produce Fas ligand (FasL) in response to estrogens. FasL can then

bind to the Fas receptor on osteoclasts, resulting in osteoclast apoptosis [26]. Conversely,



osteoclasts release chemokines and growth factors which attract pre-osteoblasts to a
newly resorped site and promote differentiation [2, 27]. Thus, both osteoblasts and

osteoclasts help regulate each other to keep the process of bone formation in check.

Osteoporosis: an overview

Osteoporosis is a chronic disorder diagnosed by low bone mineral density. The
disease results in increased bone fractures, most frequently in the vertebral column, hip or
wrist [28]. Lifestyle choices and age, as well as genetics, impact osteoporosis risk. Poor
diet, lack of exercise, taking steroid medications, family history, and low circulating
estrogen or testosterone levels are all important contributors [1, 28]. As life expectancy
continues to increase, the prevalence of osteoporosis is also increasing. The National
Osteoporosis Foundation estimates that about 10 million individuals in the United States
are currently diagnosed with osteoporosis and as many as 34 million more are at high risk
for developing osteoporosis. Women have a higher risk than men of becoming
osteoporotic; prevalence in postmenopausal women is four times higher than in men,
with one in five women over 50 having osteoporosis [28].

Osteoporosis is caused by an imbalance between osteoblast proliferation and
osteoclast resorbtion. As noted above, bone turnover is occurring constantly. However,
when bone resorption outpaces bone formation, osteoporosis occurs. This can be caused
by increased bone resorption, decreased bone formation, or an inadequate peak bone
mass [1]. Studies have long shown that estrogens are able to help alleviate osteoporosis
[29, 30]; indeed, low estrogen levels after menopause are a major cause of osteoporosis.

However, the mechanism(s) by which estrogens protect against osteoporosis are largely



unknown. A more complete understanding of the estrogen-mediated prevention of

osteoporosis is imperative to the development of better therapies against the disease.

Estrogens and Estrogen Receptors

Estrogens are steroid hormones which modulate reproductive development and
sexual maintenance; they are also involved in neuronal development [31], neuronal
protection [32, 33], hepatoprotection [34, 35], cadiovascular protection [36], osteoblast
proliferation and differentiation [37], and prevention of osteoblast and osteocyte
apoptosis [38]. Being hydrophobic, estrogens are able to diffuse through the plasma
membrane and bind to cytosolic estrogen receptors. The receptor-ligand complex can
then translocate to the nucleus and regulate gene expression, either by directly binding
DNA or through interactions with transactivators or transrepressors [39]. Additionally,
estrogens can also modulate extragenomic signaling cascades through interaction with
membrane-bound estrogen receptors [39].

Three forms of estrogen are present in humans: estrone (E,), estradiol (E,, 17f-
estradiol) and estriol (E3). Of the three, the effects of estradiol are the best studied and the
most relevant to osteoblastic studies. Estradiol is more prevalent and a more potent
hormone than either estrone or estriol. Estradiol is produced by the adrenal cortex,
adipocytes and the brain in addition to the ovaries and testes. Estrone is the least
abundant, present primarily during pregnancy and in post- menopausal women and is
synthesized by the ovaries [40]. Synthesized by the placenta, estriol is only produced

during pregnancy [41].



Estradiol has three known receptors in ostecytes: estrogen receptor o (ERa),
estrogen receptor 3 (ERB) and G protein-coupled receptor 30 (GPR30). In contrast to the
well-defined roles of ERa and ERp in estradiol signaling, the contribution of GPR30
remains controversial. GPR30 binds estradiol with nanomolar affinity and can trigger
rapid signaling [42] with increased adenyl cyclase activity [43]. Additionally, GPR30
knockout mice exhibit shortened femurs caused by reduced growth plate height [44] and
show metabolic problems [45]. However, overexpression or knockout studies in vivo and
in intact cells reveal inconclusive, and of contradictory, results [46, 47].

ERa and ERP are encoded by two different genes on chromosomes six and
fourteen, respectively. The structure of both receptors is similar to other nuclear receptors
with two transcriptional activation domains, a DNA-binding domain and a ligand-binding
domain. Three splice variants exist for ERa and five isoforms for ERf [48]. Original
gene knockouts for ERa generated by Lubahn ef al [49] in 1993 and for ERf generated
by Dupont et al [50] showed reduced fertility but otherwise normal sexual development.
However, the ERa knockout was created by targeting exon 2, allowing the presence of
the other two splice variants of ERa to contribute to the maintenance of estrogen
responses. A total ERa knockout mouse was subsequently generated by deleting exon 3,
which encodes the first zinc finger of the DNA binding domain [50]. The total ERa
knockout mice show overall decreased bone density [51] and both ERa knockout mice
are unable to respond to mechanical stimulation, as measured by strain-induced
proliferation, NO production and transcriptional response [52-54]. ER} knockout mice

show increased bone density [55]. The response of these mice to mechanical strain is



controversial with some groups reporting decreased ERK activation [52] while others
report increased bone formation [56]. The double knockout mouse is sterile with normal
sexual development [50] and decreased bone mineral density [57]. In the following, we
will refer to ERa as ER.

The estrogen receptor must be properly posttranslationally modified to ensure
successful downstream signaling. Palmitoylation occurs within the ligand binding domain
at cysteine 447 on ERa [58] and at cysteine 399 on ERP [59]. This modification is
required for ER localization to specific plasma membrane domains, called caveolae, and
interaction with caveolin-1 [60, 61]. In addition, phosphorylation at six sites on the ERa
receptor have been reported [62]. The phosphorylation of the five serine residues have
varying effects on ER-dependent transcriptional regulation [62] but phosphorylation at
tyrosine 537 induces conformational changes which enhance estradiol binding and ER
dimerization [63]. Src family kinases phosphorylate ERa tyrosine 537 in vitro [63]. It is
speculated that phosphorylation at this site enhances binding to SH2 domains of other
proteins. This could lead to interactions with Src or dimerization by interactions with the

SH2 domain on a second ER molecule to modulate downstream signaling.

Extragenomic Estrogen Signaling

Membrane-bound ligand-free ERs are localized to caveolae —a subset of
cholesterol-sphingolipid-enriched lipid rafts within the plasma membrane containing high
levels of caveolin— which are centers of signal transduction. Previous reports have
shown that ER interacts with a number of cellular proteins, including caveolin-1 [60], Src

[64, 65], modulator of non-genomic activity of ER (MNAR) [66] and endothelial nitric



oxide synthase (eNOS) [67]. Physiological effects of these protein interactions are are
increased cell proliferation and decreased apoptosis [68, 69].

Previous work has demonstrated that the extragenomic effects of estradiol
mediated by membrane-bound estrogen receptors are, in part, dependent on increased NO
synthesis [70-72]. Nitric oxide (NO) is a gaseous second messenger molecule generated
from L-arginine by nitric oxide synthases (NOS). Among other effects, NO binds to and
activates soluble guanylate cyclase (sGC), generating cGMP, an activator of a number of
proteins including phosphodiesterases and cGMP-dependent protein kinases (PKGs) [73].

Furthermore, estradiol has been shown to activate extracellular signal-regulated
kinases (ERKs) and Akt in a variety of cell types [74-84]. Estradiol also causes activation
of protein kinase A [84] and protein kinase C [85] pathways as well as induce rapid
intracellular calcium release [86], induce ion channel fluxes [87-89] and generate G-

protein coupled receptor mediated second messengers such as cAMP [20, 89].

Caspase-dependent Apoptosis

Apoptosis is the process of programmed cell death and allows for natural cell
turnover. It may also be triggered in response to a number of internal or external signals,
such as starvation or drug treatments. Apoptosis is characterized by membrane blebbing,
loss of attachment, nuclear fragmentation, chromatin condensation, chromosomal DNA
fragmentation, cell shrinkage, and the formation of apoptotic bodies [3]. There are two
forms of apoptosis: a caspase-dependent mechanism and a caspase-independent

mechanism.



Caspases are a family of cysteine proteases with important roles in apoptosis.
Upon stimulation by apoptotic factors, initiator caspases (caspases 2, 8, 9, 10) process
effector procaspases (caspases 3, 6, 7) into their active form. Activated effector caspases
then cleave downstream target proteins to complete cell death. Caspases are regulated
posttranslationally to ensure a quick response to apoptotic stimuli.

As the cleavage activity of caspases can lead to dire consequences for a cell,
caspase activation is a tightly regulated process. For intrinsic apoptotic signals, a family
of apoptotic regulatory proteins, known as the Bcl-2 family, regulate caspase activation.
The Bcl-2 family is categorized into three subfamilies: multi-domain anti-apoptotic
proteins, multi-domain pro-apoptotic proteins, and BH3-only pro-apoptotic proteins.
Together, the Bel-2 family members are sensors of cell stress and control apoptosis based
on the ratio of active pro-apoptotic proteins to active anti-apoptotic proteins. The current
cell death model for the role of Bcl-2 family-mediated apoptosis suggests that the pro-
apoptotic proteins, mainly the BH3-only proteins, bind and inactivate the anti-apoptotic,
thereby preventing the anti-apoptotic members from exerting their survival actions and
shifting the ratio toward more active apoptotic proteins [90, 91]. This allows for Bax and
Bak, two pro-apoptotic proteins, to form a pore in the mitochondrial membrane and
release cytochrome ¢ from the intermembrane space into the cytoplasm. Cytochrome c
then binds to and activates the adaptor protein, apoptotic protease activating factor
(APAF) which, in turn, activates the initator caspase 9. Active caspase 9 can then cleave
caspases 3 and 7, resulting in cell death [92].

The caspase-independent cell death (CICD) is a process that is not completely

understood. It was discovered after scientists noticed that inhibition of caspases and



transgenic mice with knockouts of key apoptosis factors did not prevent apoptosis. It is
suggested that mitochondrial outer membrane permeabilization (MOMP) is required but
there are instances where CICD occurs without MOMP. This releases a number of
factors, such as apoptosis-inducing factor (AIF), Endonuclease G, Smac/Diablo, and
Htr2A/Omi. Some of these factors translocate to the nucleus and cause chromotin

condensation and DNA fragmentation [93].

c¢GMP-dependent Protein Kinases

cGMP-dependent protein kinases (PKGs) are activated by the NO/cGMP
pathway. NO is produced by nitric oxide synthases (NOS). NO then binds to the heme
group of soluble guanylyl cyclase (sGC) to activate the enzyme and allow for the
conversion of guanosine triphosphate to 3°,5’- cyclic monophosphate (cGMP). cGMP
acts as the activator for PKG. There are two isoforms of PKG; PKGI, a cytosolic isoform
expressed highly in smooth muscle cells, and PKGII, a membrane-bound isoform
expressed in brain. There are two splice variants of PKGI: PKGlo and PKGIf. These
isoforms share a common C-terminus and differ only in the leucine zipper region at the
N-terminus. To date, there are no known differential binding partners of each of the
splice variants. The PKGI knockout mouse has a reduced life span and the bone
phenotype has yet to be characterized [95]. PKGII knockout mice exhibit dwarfism
caused by a defect in endochondral ossification at the growth plates [94], indicating a

functional role of PKGII in bone development.
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The work presented in the second chapter of this dissertation will demonstrate the
role of PKGs in estrogen protection from apoptosis. Importantly, we show that both
PKGIo and PKGII are independently required to protect cells against an apoptotic
stimuli. Both PKGs function through different mechanisms with PKGla directly
inhibiting the pro-apoptotic machinery and with PKGII activating cell survival pathways.
The third chapter provides further evidence that PKGs are involved in pro-survival
signaling. We use multiple apoptotic stimuli and multiple steroid hormones to validate
that the pro-survival signaling is mediated via PKG. The fourth and fifth chapters of this
dissertation will focus on the PKGII mediated response to fluid shear stress. We first
analyze the PKGII-mediated activation of fos genes and ERK in response to fluid shear
stress. Second, we define a mechanosome which converts the extracellular fluid shear
into an intracellular signaling cascade. Finally, we begin to characterize the bone
phenotype of PKGII knockout mice. The results from this study reveal an integral role of

PKGII in the formation of bone.
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ABSTRACT

Estrogens promote bone health in part by increasing osteocyte survival, an effect
that requires activation of the protein kinases Akt and ERK1/2, but the molecular
mechanisms involved are only partly understood. Since estrogens also increase nitric
oxide (NO) synthesis and NO can have anti-apoptotic effects, we examined the role of
NO/cGMP signaling in estrogen regulation of osteocyte survival. In MLO-Y4 osteocyte-
like cells, etoposide-induced cell death, assessed by trypan blue staining, caspase-3
cleavage, and TUNEL assays, was completely prevented when cells were pre-treated
with estradiol. This protective effect was mimicked when cells were pre-treated with a
membrane-permeable cGMP analog, and blocked in the presence of pharmacological
inhibitors of NO synthase, soluble guanylate cyclase, or cGMP-dependent protein kinases
(PKGs), supporting a requirement for NO/cGMP/PKG signaling downstream of estrogen.
siRNA-mediated knock-down and viral reconstitution of individual PKG isoforms
demonstrated that the anti-apoptotic effects of estradiol and cGMP were mediated by
PKG Ia and PKG II. Akt and ERK1/2 activation by estradiol required PKG II, and cGMP
mimicked the effects of estradiol on Akt and ERK, including induction of ERK nuclear
translocation. cGMP induced BAD phosphorylation on several sites, and experiments
with phosphorylation-deficient BAD mutants demonstrated that the anti-apoptotic effects
of ¢cGMP and estradiol required BAD phosphorylation on Ser'*® and Ser'>, which are
targeted by Akt and PKGI, respectively, and regulate BAD interaction with Bcl-2. In
conclusion, estradiol protects osteocytes against apoptosis by activating the
NO/cGMP/PKG cascade; PKG II is required for estradiol-induced activation of ERK and

Akt, and PKG Ia contributes to pro-survival signaling by directly phosphorylating BAD.
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INTRODUCTION

Skeletal integrity and maintenance of bone mass require continuous bone
remodeling through resorption by osteoclasts and new bone formation by osteoblasts.
Normal aging and estrogen deficiency are associated with progressive bone loss and
increased bone fragility; both conditions are characterized by decreasing osteoblast
numbers and increased apoptosis of osteoblasts and mature osteocytes [1, 2]. Estrogens
prevent bone loss by prolonging the life span of osteoblasts and osteocytes, while
shortening the life span of osteoclasts [2]. Previous work has shown that estradiol
protects osteoblasts and osteocytes from apoptosis by activating the protein kinases Akt
and ERK via a plasma membrane-bound estrogen receptor; these effects do not require
nuclear localization of the estrogen receptor, but nuclear translocation of ERK [3-6].

In different cell types, including osteoblasts, estrogens increase the synthesis of
NO through transcriptional and post-transcriptional regulation of endothelial NO
synthase (eNOS), which generates NO from L-arginine [7-10]. Among other effects, NO
binds to and activates soluble guanylate cyclase (sGC), generating cGMP, which in turn
regulates cGMP-dependent protein kinases (PKGs) and phosphodiesterases [11]. The
PKG I gene encodes two splice variants differing in the N-terminal ~100 amino acids,
PKG Ia and IB, which are largely cytosolic enzymes, and the PKG II gene encodes a
membrane-bound enzyme [11]. PKG I and II differ in their tissue distribution, but both
genes are expressed in osteoblasts and osteocytes [11, 12]. We recently showed that
stimulation of osteoblasts and osteocytes by fluid shear stress increases NO and cGMP
levels, leading to PKG activation, and found that PKGII mediates Src and ERK

activation, induction of fos family genes, and increased osteoblast proliferation in
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response to fluid shear stress [12, 13]. PKGII-null mice show defective Src and ERK
signaling in osteoblasts, and decreased c-fos expression in bone [13]; these mice also
exhibit dwarfism caused by defective chondroblast differentiation [14].

NO/cGMP signaling has been implicated in the regulation of apoptosis in
different cell types [15]. Fluid shear stress and NO donors protect osteocytes and
osteoblasts from tumor necrosis factor (TNF)-a-induced apoptosis but the downstream
targets of NO are unclear [16, 17]. NO donors counteract estrogen deficiency-induced
osteopenia in ovarectomized rats, and show promise in ameliorating osteoporosis in post-
menopausal women [18-20]. Experiments in eNOS-deficient mice suggest that at least
some of the bone-protective effects of estrogens are mediated by the NO pathway [21].
We, therefore, decided to determine the role of NO/cGMP signaling in estrogen-
regulation of osteocyte survival. We found that the protective effect of estradiol against
osteocyte apoptosis required NO/cGMP stimulation of both PKGla and PKGII, and
involved activation of Akt and ERK via PKG II, and BAD phosphorylation by Akt and

PKG Ia.
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MATERIALS AND METHODS

Reagents. 17p-estradiol and etoposide were purchased from Sigma. Antibodies
specific for phospho-ERK1 (Tyr*™), total ERK 1/2, a-tubulin and f-actin were from
Santa Cruz Biotechnology. Antibodies specific for phospho-Akt (Ser*”), total Akt,
cleaved caspase-3, phospho-BAD (Ser'?, Ser'*®, or Ser'*®) and total BAD were from Cell
Signaling. The HA-epitope antibody was from Roche. The cGMP agonist 8-(4-
chlorophenylthio)-cGMP (8-pCPT-cGMP) and antagonist 8-(4-chlorophenylthio)- 3 -
phenyl-1,N*-ethenoguanosine-3’,5’-cyclic phosphothioate, Rp isomer [(Rp)-8-pCPT-
PET-cGMPS] were from Biolog. The NOS inhibitor N-nitro-L-arginine methyl ester (L-
NAME), and the sGC inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ),
were from Cayman.

Cell Culture. The murine osteocyte-like cell line MLO-Y4 was a gift from Dr.
Linda Bonewald (University of Missouri, Kansas City), and was maintained on collagen-
coated plates in aMEM supplemented with 2.5% enriched calf serum and 2.5% heat-
inactivated fetal bovine serum [22]. For most experiments, cells were incubated overnight
in phenol red-free aMEM with 0.1% charcoal-stripped fetal calf serum prior to
stimulation with estradiol.

DNA and siRNA Transfections and RT-PCR. MLO-Y4 cells were transiently
transfected using Lipofectamine 2000 (Invitrogen). HA-tagged BAD constructs were a
gift from Dr. Tom Chittenden (ImmunoGen Inc, MA). Experimental treatments occurred
48 h post-transfection for DNA-transfected cells and 24-48 hours post-transfection for
siRNA-transfected cells. siRNA oligoribonucleotides were purchased from Qiagen. The

target sequence for PKGla/f was 5’-CCGGACAUUUAAAGACAGCAA-3’ (PKGI) and
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for PKGII was 5’-CTGCTTGGAAGTGGAATACTA-3’ (PKGII®) and 5’-
CCGGGTTTCTTGGGGTAGTCAA- 3’ (PKGII’). mRNA knockdown and protein
depletion were quantified by real-time RT-PCR and Western blotting, respectively, at 24
h after transfection as described [12].

PCR primer sequences for PKGI were (forward) 5°-
GTCACTAGGGATTCTGATGTATGA-3’ and (reverse) 5’-AGAATTTCCAAAGAAG-
ATTGCAAA-3’. The mRNA levels of PKGII were measured using the primers (forward)
5’-GTGACACAGCGCGGTTGTT-3" and (reverse) 5’-TGGGAATGGAAAAG-
GACAAC- 3’. PKG mRNA levels were normalized to gapdh mRNA levels as described
[12].

Quantification of Cell Death. MLO-Y4 cells were treated with vehicle or 100uM
R,-8-pCPT-PET-cGMPS for 1 h prior to stimulation with 100nM estradiol or 100uM 8-
pCPT-cGMP for 1 h. Subsequently, cells were treated with 50uM etoposide for 8 h. A
minumum of 200 cells for each condition were examined by trypan blue uptake, and
etoposide-induced cell death was calculated by subtracting the percentage of trypan-blue
positive cells observed in vehicle-treated samples from the experimental sample.
Apoptosis was quantified similarly by TUNEL staining after 6 h of etoposide treatment,
using the DeadEnd™ Colorimetric TUNEL System according to the manufacturer’s
instructions (Promega). Apoptotic cells were also visualized by immunofluorescence
staining with an antibody specific for cleaved caspase-3 (Cell Signaling). With both
assays, a minimum of 100 cells from three randomly selected fields were assessed for

each condition and percentage of apoptotic cells was calculated by subtracting the
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percentage of TUNEL- or cleaved caspase-3 positive cells quantified in the control
samples from the experimental sample.

In Vitro Phosphorylation of BAD. 293T cells were transiently transfected with
vectors encoding HA-tagged wildtype or mutant BAD constructs. Cells were lysed in 50
mM Tris-HCL, pH 7.5, 137 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1
mM DTT, and protease inhibitors at 24 h after transfection. Cell lysates were subjected to
immunoprecipitation using anti-HA-agarose beads (Sigma) and incubated in the presence
of 5 uCi [y*’P]JATP and purified catalytic domain of PKGI. Phosphorylation was
analysed by SDS-polyacrylamide gel eletrophoresis (SDS-PAGE) and autoradiography.

Western Blot Analyses. Western blots were developed with horseradish
peroxidase- conjugated secondary antibody and enhanced chemiluminescence as
described [23]. Bar graphs were generated by densitometry scanning using Imagel
software.

Statistical Analyses. Data were analyzed by one-way analysis of variance
(ANOVA) with Bonferroni post-test. A p value of <0.05 was considered statistically
significant. Bar graphs are shown as the mean + SEM of at least three independent
experiments. All other results are shown as representative results of at least three

independent experiments.
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RESULTS

Estradiol and cGMP Protect Osteocytes from Apoptosis. Since estradiol can increase NO
synthesis in various cell types, leading to increased intracellular cGMP concentrations
[24-26], and since NO/cGMP have been implicated in the regulation of apoptosis [15],
we questioned if cGMP could mimic the effects of estradiol on osteocyte apoptosis.
When MLO-Y4 osteocyte-like cells were exposed to either serum starvation or the DNA-
damaging agent etoposide, the number of trypan blue-positive, dead cells increased by
5.8% and 7.7%, respectively, over basal levels measured in control cells growing in full
serum. We used TUNEL staining to identify early apoptotic cells containing fragmented
DNA, and found that etoposide treatment increased the number of apoptotic cells by
12.6%. When cells were pre-treated with 100 nM estradiol or 100 uM 8-pCPT-cGMP
prior to serum starvation or etoposide exposure, the number of trypan blue- or TUNEL-
positive cells was reduced to near basal levels (Fig. 1A and B). Inhibition of cGMP-
dependent protein kinases with the pharmacological inhibitor Rp-8-pCPT-PET-cGMPS
(abbreviated Rp-cGMPS) prevented the pro-survival effects of both estradiol and 8-
pCPT-cGMP (Fig. 1B and C), as quantified by trypan blue uptake and TUNEL staining.
These data suggest that the cGMP/PKG pathway is integral in protecting osteocytes from

apoptosis.

PKGIla and PKGII are Independently Required for Estradiol- and cGMP-mediated
Protection from Apoptosis. Since the global PKG inhibitor Rp-8-pCPT-PET-cGMPS
prevented the anti-apoptotic effects of estradiol and cGMP, we used an siRNA approach

to determine which PKG isoform was involved. MLO-Y4 cells were transfected with
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siRNAs targeting either the common C-terminal region of PKGIa and Ip or PKGII, with
an siRNA targeting green fluorescent protein (GFP) serving as a control. Quantitative
RT-PCR showed that PKGI mRNA levels were reduced by 71% in cells transfected with
PKGI siRNA while PKGII mRNA levels were unaffected. Cells transfected with siRNA
targeting PKGII showed a 76% reduction in PKGII mRNA levels without change in
PKGI mRNA (Fig. 2A). Expression of PKGI or PKGII protein was reduced
correspondingly in PKGI or PKGII siRNA-transfected cells (Supplemental Fig. 1 and C).

In control siRNA-transfected MLO-Y4 cultures, etoposide increased the number
of trypan blue-positive cells by 12%, and the number of apoptotic cells staining positive
for cleaved caspase-3 by 20% (Fig. 2B and C). The effects of etoposide were abrogated
with estradiol or 8-pCPT-cGMP pre-treatment, similar to results obtained for trypan blue
staining and TUNEL assay in untransfected cells. However, in cells transfected with
either PKGI- or PKGII-specific siRNA, etoposide increased cell death regardless of the
presence or absence of estradiol or 8-pCPT-cGMP, indicating necessary and non-
redundant roles for both PKG isoforms in estradiol- and cGMP-induced protection from
cell death (Fig. 2B shows etoposide-induced increases in trypan blue-positive cells, and
Fig. 2C and D show etoposide-induced apoptosis quantified by immunofluorescence
staining for cleaved caspase-3).

To ensure that these results were not due to off-target effects of the siRNAs, we
reconstituted expression of each PKG isoform in siRNA-transfected cells using
adenoviral vectors encoding siRNA-resistant PKGlIa, PKGIf, or PKGII. While
reconstituting PKGlIa in PKGI-depleted cells, and PKGII in PKGII-depleted cells

restored the ability of estradiol and 8-pCPT-cGMP to reverse etoposide-induced cell
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death, reconstituting PKGIf in PKGI-depleted cells had no effect (Fig. 2E and F show
viral infection of PKGI- and PKGII-depleted cells, respectively, with adenovirus
encoding LacZ serving as a negative control). Similar results were obtained when
apoptotic cells were quantified by immunofluorescence staining for cleaved caspase-3
(data not shown). Infection of PKGI-depleted MLO-Y4 cells with adenoviral vectors
encoding PKGIa or If resulted in similar levels of PKGI protein measured by Western
blotting with an antibody specific for the common C-terminus of both PKGI isoforms
(Supplemental Fig. 1A), and cGMP treatment of these cells effected similar levels of

259 (a

PKGI activity, as shown by phosphorylation of vasodilator-stimulated protein on Ser
site specifically phosphorylated by PKG, Supplemental Fig. 1B). The viral vectors
produced levels of PKGI or PKGII above those of the endogenous enzymes
(Supplemental Fig. 1A and C). We conclude that estradiol and cGMP require both

PKGla and PKGII to protect osteocytes from apoptosis.

Estradiol-induced Akt and ERK Activation in Osteocytes is Mediated by cGMP and
PKGII. We have recently shown that fluid shear stress-induced ERK activation in
osteoblasts and osteocytes is mediated by NO/cGMP activation of PKGII [12]. Since the
anti-apoptotic effects of estradiol in osteocytes require Akt and ERK activation [27], we
wanted to explore the role of NO/cGMP/PKG signaling in estradiol-induced Akt and
ERK activation. We found that pharmacological inhibition of NO synthase, sGC, or PKG
in MLO-Y4 cells largely prevented estradiol-induced Akt and ERK phosphorylation on
activating sites (Fig. 3A). Using the above-described siRNAs, we determined that only

PKGII, and but not PKGI, was required for activation of Akt and ERK by estrogen (Fig.
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3B). Reconstitution of PKGII by adenoviral infection restored both Akt and ERK
phosphorylation in PKGII-depleted cells (Fig. 3C). Previous work has shown that the
anti-apoptotic effects of estradiol require transient nuclear localization of ERK; we found
that cGMP mimicked this effect of estradiol and induced nuclear translocation of ERK in
a PKGII-dependent manner (Fig. 3D and E). We conclude that NO/cGMP activation of

PKGII is necessary for estradiol-induced Akt and ERK activation.

Osteocyte Protection from Apoptosis by Estradiol or ¢GMP Requires BAD

9 and Ser'”, but Not Ser'"”. Osteoblast and osteocyte survival is

Phosphorylation on Ser’
regulated by the balance of pro- and anti-apoptotic Bcl-2 family proteins [28, 29]. The
pro-apoptotic family member BAD sensitizes cells to apoptosis by binding and
inactivating anti-apoptotic Bcl-2 family members, and BAD function is regulated by
phosphorylation on serines 112, 136 and 155. BAD phosphorylation on Ser''? or Ser'*°
enables binding of 14-3-3 proteins and allows for the subsequent phosphorylation of

155
Ser

to fully disassociate BAD from the anti-apoptotic Bcl-2 family member [30]. To
determine the role of BAD phosphorylation in the anti-apoptotic effects of estradiol and
cGMP, we used mutant BAD constructs containing serine to alanine substitutions in each
of the three phosphorylation sites. Etoposide-treated osteocytes expressing a BAD S112A
mutant showed similar protection by estradiol and 8-pCPT-cGMP as cells expressing
wild type BAD: etoposide induced 12.7% and 13.6% cell death in wild type and BAD
S112A-expressing cells, respectively, which was reduced to basal levels by estradiol or 8-

pCPT-cGMP (Fig. 4A). However, etoposide-treated MLO-Y4 cells expressing BAD

S136A or BAD S155A continued to show high levels of apoptosis despite treatment with
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estradiol or 8-pCPT-cGMP (Fig. 4A). Similar results were obtained when probing for
cleaved caspase-3 in cells transfected with wild type or S155A-mutant BAD (Fig. 4B).
Transfection efficiency of MLO-Y4 cells was approximately 60-70% (Suppl. Fig. 2), and
all three BAD mutants were expressed at levels slightly lower than wild type BAD (Fig.
4A). The mutant BAD S136A and SI155A constructs appear to act in a dominant-negative
fashion likely by dimerizing with endogenous Bcl-2 or Bcl-X, and preventing estradiol-
and c¢cGMP-induced protection from cell death. These results suggest that BAD
phosphorylation on Ser'*® and Ser'> are crucial for the effects of estradiol and cGMP on

osteocyte apoptosis.

PKG I Phosphorylates BAD on Ser'”. Previous in vitro studies suggest that PKGla is

155

able to phosphorylate BAD on Ser ™ [31]. Using wild type and mutant BAD constructs

isolated from 293T cells, we confirmed that PKGI directly phosphorylated BAD Ser'™>,
since alanine substitution for Ser'> completely prevented in vitro phosphorylation of the

immunoprecipitated BAD protein by the purified kinase (Fig. 4C). Mutation of Ser''? or

136

Ser'® slightly reduced **PO4 incorporation, possibly because phosphorylation of these

sites in wildtype BAD by other kinases in 293T cells may enhance the efficiency of

133 phosphorylation by PKG, as has been shown for BAD Ser'”® phosphorylation by
phosphory y

Ser
cAMP-dependent protein kinase [32]. To examine the kinetics of BAD Ser'
phosphorylation in intact cells, we used a phospho-specific antibody. We confirmed

specificity of the antibody for BAD phosphorylated on Ser'™

(data not shown), but
detection of BAD phosphorylation required transfection of wild type BAD; cells were

infected with the PKGla adenovirus to enhance PKG activity corresponding to the
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increase in substrate level. Using this system, we found that BAD Ser'”

phosphorylation
was increased within 10 min after adding 8-CPT-cGMP to MLO-Y4 cells, and remained
elevated at 2 hours (Fig. 4D). Only adenoviral expression of PKGIa, but not PKGIp,
enhanced cGMP-induced BAD Ser'> phosphorylation in intact cells (Fig. 4E).

Treatment of MLO-Y4 cells with cGMP also increased BAD phosphorylation on
Ser''? and Ser® (Fig. 4F); this was most likely through ¢cGMP/PKGII-mediated
activation of ERK and Akt (Fig. 3B), since BAD Ser''? and Ser'*® are targets of RSK
(acting downstream of ERK)) and Akt, respectively [33]. Consistent with this hypothesis,
siRNA-mediated depletion of PKGII prevented Ser''> and Ser'*° phosphorylation of BAD
(Fig. 4E). Ser'” phosphorylation was also undetectable in PKGII siRNA-transfected
cells, consistent with previous studies that indicate BAD must be phosphorylated on
Ser?® and bound to 14-3-3 proteins, before final phosphorylation of Ser'”® by cAMP-
dependent protein kinase can occur [30].

Since BAD phosphorylation on both Ser'*® and Ser'> were required for estradiol
and cGMP-mediated protection from apoptosis, and both PKGla and PKGII were
necessary for the effects of estradiol and cGMP, we conclude that PKGI and PKGII

signaling converges on BAD to regulate apoptosis, with PKGII necessary for BAD Ser'°

phosphorylation by Akt, which precedes direct phosphorylation of Ser'>® by PKGlo.
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DISCUSSION

Increased numbers of apoptotic osteocytes are observed with aging, as well as in
animal models of estrogen deficiency after gonadectomy, and in humans after
pharmacological induction of a hypoestrogenic state through administration of
gonadotropin releasing hormone. In transgenic mice with osteocyte-specific expression of
the diphtheria toxin receptor, induction of osteocyte death through injection of the toxin
leads to bone loss and fragility; thus, osteocyte viability is a key determinant of bone
strength and bone mineral density [34]. Estrogens enhance bone formation by increasing
osteoblast proliferation and protecting osteoblasts and osteocytes from apoptosis [35, 36].
A more complete understanding of the mechanisms whereby estrogens protect osteocytes
from apoptosis is important for improving pharmacological treatment of osteoporosis.

Previous work in osteocytes, osteoblasts, and other cell types has established that
estrogens protect cells against a number of apoptosis-inducing stimuli [36-38]. Estrogens
activate signaling pathways involving Akt and ERK through extra-nuclear actions of a
membrane-bound receptor [39]. The anti-apoptotic effects of estradiol in osteocyte-like
cells are blocked by pharmacological or genetic inhibition of the ERK and Akt pathways,
and require nuclear translocation of ERK as well as the regulation of Bcl-2 family
proteins [4, 27]. We found that protection of MLO-Y4 cells from etoposide- or serum
starvation-induced apoptosis by estradiol required NO and cGMP synthesis and
activation of PKG. cGMP mimicked the anti-apoptotic effects of estradiol, and we found
that PKGIa and PKGII performed independent anti-apoptotic functions converging on
the regulation of BAD. While PKGIa. directly phosphorylated BAD on Ser'”, PKGII

indirectly increased BAD phosphorylation on Ser''* and Ser'*® by activating ERK and
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Akt. We previously showed that PKGII activates ERK in osteoblasts and osteocytes via
activation of Src, and that membrane-bound PKGII is uniquely situated to stimulate Src
through activation of a Shp-1/2 phosphatase complex [12, 13]. Estradiol-induced ERK
and Akt activation are dependent on Src activation [39, 40], and we found that Akt
activation by PKGII also requires Src (manuscript in preparation). Akt is upstream of
several pro-survival pathways, but one of the most prominent pro-survival effects of Akt
is phosphorylation of BAD on Ser'*®, which is required for binding of 14-3-3 proteins
and a pre-requisite for full BAD phosphorylation and dissociation from Bcl-2 [30].

The NO/cGMP/PKG pathway can regulate apoptosis in a positive or negative
fashion, dependent on the cell type. For example, NO donors and cGMP analogs protect
neuronal and myocardial cells from cell death induced by ischemia/reperfusion injury,
growth factor withdrawal, or tumor necrosis factor-a exposure [41, 42]. In contrast, PKG
activation promotes apoptosis in intestinal epithelial cells. MC3T3 osteoblast-like cells
are protected from TNF-a-induced apoptosis by NO, but the authors of the study
concluded that this effect was not cGMP/PKG-mediated, because of lack of reversal by a
pharmacological inhibitor of PKG which has shown varied efficacy in other studies [17].
MLO-Y4 osteocytes are protected from TNF-a-induced apoptosis by exposure to fluid
shear stress; this effect is NO-dependent, but downstream effects of NO were not
examined [16]. While this manuscript was in preparation, Wong and Fiscus described a
role for cGMP/PKGI in protecting OP9 bone marrow stromal osteoprogenitor cells from
spontaneous apoptosis [43].

Using siRNA-mediated depletion of PKGI and reconstitution with adenoviral

vectors encoding either PKG Ia or I, we found that only PKG Ia, but not I mediates
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the anti-apoptotic effects of cGMP, despite similar expression levels of both kinases and
comparable activities toward the shared substrate VASP. We are not aware of other
examples of PKG Ia-specific functions for which PKG If cannot substitute; in PKGI null
mice, it appears that either PKGI isoform alone can rescue basic vascular and intestinal
smooth muscle functions [44]. However, due to their unique N-terminal
dimerization/leucine zipper domain, PKG Ia and Ip bind to some isoform-specific G-
kinase interaction proteins (GKIPs), which may target the kinases to unique subcellular
localizations and substrates. For example, PKGla specifically binds to the regulator of G-
protein signaling and the myosin-targeting subunit of myosin phosphatase [45, 46],
whereas PKGIf specifically binds to the inositol 1,4,5-trisphosphate receptor-associated
G-kinase substrate IRAG and the transcriptional regulator TFII-I [47, 48]. PKGIla may be
targeted to a subcellular compartment that favors its ability to phosphorylate BAD Ser'>
in intact cells.

In conclusion, we identified PKG Ia and PKG II as important mediators of the
anti-apoptotic effects of estradiol in osteocytes. These results help explain why
ovarectomized eNOS-deficient mice exhibit a defective anabolic response to exogenous
estrogens, L-NAME reduces estradiol-induced bone formation in intact mice, and NO
donors alleviate ovarectomy-induced bone loss in rats [19, 49, 50]. Several
epidemiological studies and clinical trials suggest that NO donors may be as effective as
estrogens in preventing bone loss in post-menopausal women [20]. However, NO donors
may have detrimental effects due to their ability to generate oxidative stress [51], and our
results provide a rationale for the use of direct activators of sGC or PKG as bone-

protective agents.
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Figure 1: Serum starvation- and etoposide-induced apoptosis is prevented by E, and
c¢GMP and is mediated through PKG. 4. MLO-Y4 cells were treated with vehicle, 100
nM E,, or 100 uM 8-pCPT-cGMP (cGMP) and serum starved for 18 h. Trypan blue
uptake was measured as described in “Materials and Methods”. B. MLO-Y4 cells were
pretreated with 100 uM Rp-8-CPT-PET-cGMPS (Rp-cGMPS) for 1 h where indicated
followed by 100 nM E; or 100 uM cGMP for 1 h and then treated with etoposide for 8 h
(trypan blue, left graph) or 6 h (TUNEL assay, right graph). C. Representative images of
TUNEL staining in MLO-Y4 cells. Cells were treated as in B. *, p< 0.05 compared to
apoptotic stimulus alone. **, p< 0.05 compared between presence and absence of Rp-
cGMPS.
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Figure 2: PKGIoa and PKGII are required for E;- and cGMP-mediated protection
from etoposide-induced apoptosis. MLO-Y4 cells were transfected as described in
“Materials and Methods” with siRNA targeting GFP, PKGI or PKGII as indicated. A4.
mRNA levels of PKGI and PKGII were measured 24 h after transfection. PKG mRNA
levels measured in GFP (control) siRNA-transfected cells were considered 100%
(internal normalization to gapdh). B. Twnety-four h after transfection, MLO-Y4 cells
were treated with 100 nM E, or 100 uM ¢cGMP for 1 h followed by an 8 h treatment with
50 uM etoposide. Trypan blue uptake was measured as described in “Materials and
Methods”. C and D. MLO-Y4 cells were treated as in B but cells were fixed,
permeablized, and stained for cleaved caspase-3 and Hoechst to mark apoptotic cells. C
shows representative pictures, D shows quantification of apoptotic cells. £. MLO-Y4
cells were infected with siRNA-resistant PKGla or PKGIP adenovirus 24 h post-
transfection. Cells were treated with 100 nM E; or 100 uM c¢GMP for 1 h prior to
treatment for 8 h with 50 uM etoposide. Trypan blue uptake was measured as in B. F.
Cells were treated as in £ except for transfection with PKGII siRNA and subsequent
infection with a PKGII adenovirus. *, p< 0.05 compared to control.
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Figure 3:E;-induced Akt and ERK phosphorylation and ERK nuclear translocation
is mediated by PKGII. 4. Serum-starved MLO-Y4 cells were pretreated with 4 mM L-
NAME, 10 uM ODQ, or 100 uM Rp-8-CPT-PET-cGMPS (Rp-cGMPS) for 1 h then
stimulated with 100 nM E, for 5 min. B. MLO-Y4 cells were transfected with siRNA
targeting GFP, PKGI, or PKGII (PKGII* and PKGII"). Twenty-four h post-transfection,
cells were serum-starved for 12 h then stimulated with 100 nM E; for 5 min. C. Twenty-
four h after GFP or PKGII siRNA transfection, MLO-Y4 cells were infected with
adenoviruses encoding (3-galactosidase (LacZ) or PKGII as indicated, for 10 h and then
serum-starved for 18 h. Cells were then treated with 100 nM E, for 5 min. D. Cells were
treated with 100 nM E; or 100 uM ¢GMP for 1 h and stained for ERK (red) and Hoechst
(blue). E. MLO-Y4 cells were transfected with GFP or PKGII siRNA. Twenty-four h
after transfection, cells were treated with 100 nM E, or 100 uM ¢cGMP for 1 h. Cells were
fractionated by differential centrifugation and the nuclear fraction was analyzed by
Western blotting using antibodies specific for ERK and proliferating cell nuclear antigen
(PCNA). *, p< 0.05 compared to control. **, p< 0.05 compared to cells transfected with
PKGII siRNA and infected with the LacZ virus.
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Figure 4: BAD phosphorylation at Ser'™ is mediated by PKGIa and is necessary to
prevent apoptosis. 4. MLO-Y4 cells were transfected with HA epitope-tagged wildtype
or mutant BAD constructs as indicated. Forty-eight h post-transfection, cells were treated
with 100 nM E; or 100 uM cGMP prior to treatment with 50 uM etoposide for 8 h.
Trypan blue uptake was measured as described in “Materials and Methods”. The lower
panel shows expression of wildtype and mutant expression of BAD constructs in MLO-
Y4 cells. B. MLO-Y4 cells were treated as in 4. Cells were lysed and analyzed by
Western blot using an antibody specific for cleaved caspase-3 and BAD expression was
shown using an anti-HA antiboy. C. 293T cells were transfected with wildtype or mutant
BAD constructs, immunoprecipitated with an anti-HA epitope antibody, and subjected to
in vitro phosphorylation with purified PKGI in the presence of [**P]-y-ATP. D. MLO-Y4
cells were transfected with empty vector (EV) or wildtype BAD as indicated. Twenty-
four h after transfection, cells were infected with PKGla adenovirus. Twenty-four h post-
infection, cells were treated with 100 uM c¢cGMP for the indicated times. BAD
phosphorylation was on Ser'> was detected using a phospho-specific antibody. E. MLO-
Y4 cells were transfected as in D. Twenty-four h later, cells were infected with either the
LacZ, PKGla, or PKGIP adenoviruses. Twenty-four h post-infection, cells were treated
with 100 uM cGMP for 1 h. Note that the endogenous PKGla is no sufficient for
phosphorylation of over-expressed BAD. F. MLO-Y4 cells were transfected with siRNA
targeting GFP or PKGII. Twenty-four h later, cells were transfected with wildtype BAD.
Twenty-four h post DNA-transfection, cells were infected with PKGla virus for 24 h
prior to 100 uM c¢GMP treatment for 1 h. *, p<0.05 compared to control.
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Supplemental Figure 1:Knockdown and viral reconstitution of PKGI and II. 4. MLO-
Y4 cells were transfected with GFP or PKGI siRNA as indicated. Twenty-four h later,
cells were harvested (left panels) and fractionated. Cytosolic fractions are analyzed for
endogenous PKGI expression. (right panels). Twenty-four h after siRNA transfection,
cells were infected with adenoviruses encoding p-galactosidase (LacZ), PKGla, or
PKGIP for another 24 h. Cells were harvested and fractionated by differential
centrifugation; cytosolic fractions were analyzed for endogenous and viral PKGI. B.
Serum-starved MLO-Y4 cells were treated with 100 uM ¢cGMP for 30 min and blotted
with an antibody specific for pVASP*’, a PKG specific phosphorylation site. C. MLO-
Y4 cells were transfected with GFP or PKGII siRNA. Twenty-four h later, cells were
harvested and fractionated; membrane fractions were examined for endogenous PKGII
expression (left panels). Cells were infected with LacZ or PKGII adenovirus 24 h post-
transfection. Cells were harvested 24 h later, fractionated, and membrane fractions were
analyzed for endogenous and viral PKGII levels (right panels).
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Supplemental Figure 2: Transfection efficiency of MLO-Y4 cells. MLO-Y4 cells were
left untransfected or transfected with GFP. Forty-eight h post-transfection, cells were
analyzed for GFP-positive cells.
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ABSTRACT

Estradiols are known to decrease apoptosis in osteocytes. In chapter 2, we showed
that this effect was mediated through the NO/cGMP pathway. In this chapter, we
examine another hormone, triiodothyronine (T3), which also rapidly increases NO
production and protects cells from undergoing apoptosis. We found that T3 prevented
etoposide-induced apoptosis in osteocytes in a NO/cGMP/PKG- dependent manner.
Furthermore, treatment with 8-pCPT-cGMP, a membrane-permeable cGMP analog,
prevented etoposide-induced upregulation of bim, bad, and bax mRNA transcription.
Lastly, UMR106 cells were also rescued from apoptosis with 8-pCPT-cGMP when
challenged with the glucocorticoid, dexamethasone, suggesting that the effects of the
NO/cGMP/PKG pathway can be generalized as an anti-apoptotic mechanism in bone

cells.
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INTRODUCTION

We show in Chapter 2 that estradiol signaling, mediated through cGMP and
PKGs, is able to prevent apoptosis in osteocytes. However, this phenomenon is not
limited to estradiol-mediated signal transduction in osteocytes or to apoptosis induced by
etoposide.

Triiodothyronine (T3) is a thyroid hormone that is also known to elevate nitric
oxide (NO) production [1]. T3 binding to the thyroid hormone receptor (TR-a or TR-f3)
allows for the receptor association with the p85 subunit of phosphoinositide-3-kinase
(PI3K) and subsequent phosphorylation and activation of endothelial nitric oxide
synthase (eNOS) [1]. Extragenomic signaling through the TR is also shown to prevent
apoptosis in neuronal cells, hepatocytes and pancreatic islets ex vivo cultures [2-4].
Genetic knockout mice of each of the TRs show significant, albeit differing, skeletal
defects. TR-a null mice show a transient growth delay, and as adults have osteosclerosis
with increased trabecular bone volume due to impaired osteoclast resorption [5]. TR-p3
knockout mice have short stature but are osteoporotic because of increased bone
resorption [5]. The double knockout mice have brittle bones and a reduced bone
formation rate [5]. These data indicate that effects of T3 are important in bone
development and skeletal maintenance.

Estradiol and T3 may also protect osteocytes from apoptosis through
transcriptional regulation of anti-apoptotic genes. Both the estrogen receptor and the TR
can translocate to the nucleus and control gene expression by either binding directly to

the DNA or by forming a complex with other co-activators or co-repressors.
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Additionally, the rapid signaling cascades induced by the hormones may also lead to
transcriptional regulation of apoptotic genes.

Dexamethasone is a synthetic corticosteroid used in the treatment of inflammatory
and autoimmune diseases [6]. However, a major side effect of long term dexamethasone
(or any glucocorticoid) is glucocorticoid-induced osteoporosis [7]. It has been shown that
dexamethasone induces osteoblast and osteocyte apoptosis, prevents osteoblast
proliferation and differentiation and may increase osteoclastogenesis [8]. Glucocorticoids
exert their effects by diffusing into the cell and binding to the cytosolic glucocorticoid
receptors (GRs). These receptors then translocate to the nucleus and control transcription
of target genes. A number of pro-inflammatory genes are down-regulated in response to
dexamethasone and other glucocorticoids, including interleukins (IL)-3 and IL-5,
chemokines, cytokines, granulocyte-macrophage colony stimulating factor (GM-CSF),
and tumor necrosis factor alpha (TNFa) genes [9]. Additionally, glucocorticoids
negatively regulate transcription of osteocalcin and stimulate expression of RANKL, a
hormone secreted by osteoblasts to enhance resorption by osteoclasts [10].

In this chapter, we show that, similar to estradiol, the T3-induced NO production
activated the NO/cGMP/PKG pathway, resulting in an anti-apoptotic effect. In addition
to the rapid signaling effects, treatment with cGMP prevented the etoposide-induced
increases in pro-apoptotic gene transcription. Furthermore, we demonstrate that the anti-
apoptotic effects are not limited to protection against etoposide but can be generalized to

other apoptosis-stimulating agents.
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MATERIALS AND METHODS

Materials- 17p-estradiol, etoposide, and dexamethasone were purchased from Sigma.
The cGMP agonist 8-(4-chlorophenylthio)-GMP (8-pCPT-cGMP) and cGMP antagonist
8-(4-chlorophenylthio)- B -phenyl- 1,N-ethenoguanosine-3’,5 -cyclic
monophosphorothioate, Rp isomer (Rp-8-pCPT-PET-cGMPS) were from Biolog. The
NOS inhibitor N-nitro-L-arginine methyl ester (L-NAME), the sGC inhibitor 1H-
[1,2.4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), were from Cayman.

Cell Culture- The murine osteocytic cell line MLO-Y4 was maintained in o MEM
supplemented with 2.5% enriched calf serum and 2.5% heat-inactivated fetal bovine
serum. The UMRI106 rat osteosarcoma cell lime was maintained in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum.

Quantification of Apoptotic Cells- MLO-Y4 or UMR106 cells were treated with vehicle
or inhibitors for 1 hour prior to a 1 hour stimulation with 1 nM T3 or 100 uM 8-pCPT-
cGMP. Subsequently, cells were treated with 50 uM etoposide or 10 uM dexamethasone
for 8 hours. A minumum of 200 cells for each condition were examined by trypan blue
uptake for cell death. Induced cell death was calculated by subtracting the percentage of
trypan-blue positive cells observed in vehicle-treated samples from the experimental
sample.

RT-PCR- RNA was extracted using TriReagent (Molecular Research Center, Inc.) and
lug was reversed transcribed using Superscript reverse transcriptase (Invitrogen). gapdh
was used as an internal control. gqRT-PCR values were analyzed using the 27*“/ method.

Primer sequences are given in Table 1.
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Statistical Analyses- Data were analyzed by one- way analysis of variance (ANOVA)
with Bonferroni post-test. A p value of <0.05 was considered statistically significant. Bar

graphs are shown as the mean+ SEM of at least two independent experiments.
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RESULTS

T3 Mediates Osteocyte Apoptosis Through the NO/cGMP Pathway- T3 is known to
increase NO production through the activation of eNOS and prevent apoptosis in a
number of cell types [1-4]. We therefore examined if this protective effect extended to
bone cells and was mediated through the NO/cGMP pathway. MLO-Y4 osteocytes were
pretreated with vehicle, 4 mM L-NAME (NOS inhibitor), 10 uM ODQ (sGC inhibitor),
100 uM Rp-8-pCPT-PET-cGMPS (PKG inhibitor), 10 uM PP2 (Src family inhibitor), or
10 uM PP3 (inactive analog of PP2) for 1 hour. Cells were then stimulated for 1 hour
with 1 nM T3 prior to an 8 hour etoposide treatment. Cell death was measured by trypan
blue uptake. Etoposide induced cell death in about 5% of the cell population. Etoposide-
induced cell death was abolished with T3 treatment but remained high in the presence of
the inhibitors listed above. PP3 did not affect the T3-mediated prevention of apoptosis
(Fig. 1). These data suggest that the NO/cGMP/PKG pathway and a Src family kinase are

integral in T3-mediated apoptosis protection in osteocytes.

Etoposide and cGMP Regulate Pro-apoptotic Gene Transcription- Since cGMP, through
Akt and ERK (as described in Chapter 2), can ultimately influence a number of
downstream transcription factors and co-regulators, we sought to determine if cGMP
regulated mRNA expression of Bcl-2 family genes. We examined three pro-apoptotic
genes: Bim, BAD, and Bax. Bim and BAD are BH3-domain only proteins which function
sequestering the anti-apoptotic Bcl-2 family members [11]. Bax is a multi-domain pro-
apoptotic protein which is an integral part of the mitochondrial outer membrane

permeabilization pore [12]. Etoposide increased the mRNA expression level of each of
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these genes by as much as 3-fold while pretreatment with cGMP prevented this increase
in pro-apoptotic gene expression (Fig. 2). gapdh was used as an internal control and its
expression was not affected by either treatment. These results indicate that the pro-

survival effects cGMP occur, in part, through repression of pro-apoptotic genes.

Dexamethasone Induces Cell Death which is Prevented Through the Activation of
NO/cGMP/PKG- We further tested whether activation of the NO/cGMP/PKG pathway
could protect UMR106 rat osteoblastic cells from death induced by another apoptotic
stimulus. The UMR106 cells needed to be sensitized to apoptosis by pretreatment with a
sub-lethal concentration of PP2. One uM dexamethasone treatment alone for 8 hours did
not affect cell death but, in conjunction with 1 uM PP2, it induced cell death in over 15%
of the cell population (Fig. 3). 8-pCPT-cGMP decreased cell death to basal levels. PP3
did not sensitize the UMR106 cells to dexamethasone treatment.

To further examine the role of the NO/cGMP pathway, UMR106 cells were
additionally pretreated with either ODQ or Rp-8-pCPT-PET-cGMPS and stimulated with
either 3 uM DETA-NONOate (an NO donor) or 100 uM 8-pCPT-cGMP prior to
dexamethasone treatment. Both DETA-NONOate and 8-pCPT-cGMP were able to
reduce apoptosis. However, ODQ prevented the protective effect of NO, while Rp-8-
pCPT-PET-cGMPS prevented the cGMP-mediated pro-survival effect (Fig. 4).
Therefore, we conclude that NO and ¢cGMP, acting through PKG, can prevent

dexamethasone-induced apoptosis.
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DISCUSSION

We found that T3 had a similar mechanism for promoting cell survival as
estradiol. We also observed that the NO/cGMP pathway regulated dexamethasone-
induced cell death in osteosarcoma cells. This supports the concept of the NO/cGMP
pathway as a general pro-survival pathway in bone-forming since similar results were
obtained using two different NO-elevating agents, two apoptosis-inducing agents, and
two cell lines.

The anti-apoptotic effect may be mediated, in part, by lowering the etoposide-
induced mRNA transcription of bim, bad, and bax. Expression of bim, bad, and bax
mRNA, as well as protein, has been previously been shown to increase following
etoposide treatment in C2C12 skeletal myoblast cells [13]. The effect of cGMP on
mRNA expression may be the result of downstream signaling from PKGII-activated Akt
and ERK since both kinases exhibit such strong pro-survival effects. Experiments in
neuronal cells indicate that stimulating PKG activity attenuated a serum-deprivation
induced increase in BAX protein expression [14]. Hsu et al also describe an increase in
Bcl-2 protein which we did not observe in the etoposide-induced osteocytes [14].
Furthermore, transcription of bim mRNA has been shown to be controlled by the
forkhead transcription factor, FOXO3a, in a number of cell types [15-17]. The FOXO
family of transcription factors modulates cell fate by controlling genes involved in
apoptosis, cell cycle, and DNA repair [18]. FOXO3a is inactivated by Akt
phosphorylation [18, 19]. Thus, bim mRNA expression could be regulated by a
mechanism whereby PKGII-activation of Akt leads to inactivation of FOXO3a, resulting

in no increase in him mRNA expression. Additionally, both bad and bax gene expression
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has been shown to be controlled by the tumor suppressor, p53, in lung cancer cells [20].
Since p53 is also regulated downstream of Akt [21], it is possible that Akt activation by
PKGII and cGMP leads to downstream repression of bim, bad and bax gene expression.
To test this hypothesis, pharmacological inhibition of PI3K or Akt, or siRNA targeting
Akt should result in an etoposide-induced increase in bim, bad, and bax mRNA
expression, regardless of the presence or absence of cGMP pretreatment. cGMP
stimulation of MLO-Y4 cells should also reveal FOXO3a phosphorylation and p53
degradation, which would be prevented by siRNA targeting Akt or PKGII. Taken
together, these data could uncover a role of PKGII activation of Akt in regulating

apoptotic genes.
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Table 1: qRT-PCR primers

Gene Primer (5°-3’)
gapdh sense AGGTCGGTGTGAACGGATTTG
antisense TGTAGACCATGTAGTTGAGGTCA
bim sense CGACAGTCTCAGGAGGAACC
antisense CCTTCTCCATACCAGACGGA
bad sense AAGTCCGATCCCGGAATCC
antisense GCTCACTCGGCTCAAACTCT
bax sense TGAAGACAGGGGCCTTTTTG

antisense

AATTCGCCGGAGACACTCG

58
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Figure 1: T3 mediates cell survival through the NO/cGMP pathway and Src. MLO-
Y4 osteocytes were pretreated with 4 mM L-NAME, 10 uM ODQ, 100 uM Rp-8-pCPT-
cGMPS (Rp), 10 uM PP2, or 10 uM PP3 for 1 h prior to 1 nM T3 stimulation for 1 h and
50 uM etoposide (etop) for 8 h. Cell death was quantified by trypan blue uptake. *, p<
0.05 compared with etoposide. **, p< 0.05 compared with T3. (n> 3 experiments)
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fold induction

control etop etop +cGMP

Figure 2: ¢cGMP regulates mRNA expression of bim, bad, and bax. Where indicated,
MLO-Y4 cells were pretreated with 100 uM 8-pCPT-cGMP for 1 h prior to treatment
with 50 uM etoposide (etop) for 5 h. RNA was harvested and subjected to qRT-PCR as
described in “Materials and Methods”. Gene expression was standardized to gapdh.
Sham-treated cells were considered as control and normalized as 1. *, p< 0.05 compared
to control. **, p<0.05 compared to etop. (n=3 experiments)
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Figure 3: Dexamethasone-induced cell death. UMR106 cells were subjected to 100 uM
8-pCPT-cGMP (cGMP) pretreatment for 1 h, sensitization with 1 uM PP2 or PP3 for 30
min, and treatment with 1 uM dexamethasone (dex) for 8 h. Cell death was measured by
trypan blue uptake. *, p< 0.05. (n>2 experiments)
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Figure 4: The NO/cGMP pathway prevents dexamethasone-induced cell death. As
indicated, some UMR106 cells were pretreated with 10 uM ODQ or 100 uM R,-8-pCPT-
cGMPS (Rp) prior to stimulation with 3 uM DETA-NONOate or 100 uM 8-pCPT-cGMP
and treatment with 1 uM PP2 and 1 uM dexamethasone (dex). Cell death was measured
by trypan blue uptake. *, p< 0.05. (n> 2 experiments)
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ABSTRACT

Mechanical stimulation of bone is crucial for bone growth and differentiation.
Interstitial fluid flow ultimately promotes osteoblastic and osteocytic proliferation
through a number of second messengers including nitric oxide (NO) but the mechanisms
by which fluid shear stress regulates these anabolic responses is incompletely understood.
We found that primary human osteoblasts and MC3T3-E1 murine osteoblast-like cells
responded to fluid shear stress by inducing expression of genes encoding transcription
factors essential for skeletal integrity, namely c-fos, fra-1, fra-2, and fosB/AfosB, in a NO/
cGMP/PKG-dependent mechanism. Increased NO production resulting from fluid shear
stress elevated intracellular cGMP concentrations and activated PKG, leading to
activation of the MEK/ERK pathway and downstream fos family gene regulation.
Inhibition of this pathway by pharmacological inhibitors or siRNA targeting PKGII
prevented fluid shear stress-induced ERK1/2 phosphorylation and stimulation of all four
fos genes. Loss of PKGI did not affect either ERK1/2 phosphorylation or fos family
mRNA expression. A membrane permeable analog of cGMP was able to partially mimic
the effects of fluid shear stress; cGMP combined with a calcium ionophore was more
completely able to reproduce the fos family gene induction observed in fluid shear
stressed cells. Fluid shear stress- and cGMP-dependent osteoblast proliferation was also
discovered to occur in a Src-dependent manner. PKGII was found to indirectly activate
Src through a mechanism whereby PKGII directly phosphorylates and activates SHP-1.
SHP-1, in turn, dephosphorylates the inhibitory phosphorylation site on Src. This process
also required the interaction of Src with B3 integrins and SHP-2; fluid shear stress

triggered the recruitment of PKGII, Src, SHP-1, and SHP-2 to B3 integrins and the
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formation of a mechanosome to convert extracellular fluid shear stress into intracellular

signaling promoting cell growth.
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Continuous bone remodeling in response to mechanical load-
ing is critical for skeletal integrity, and interstitial fluid flow is an
important stimulus for osteoblast/osteocyte growth and differ-
entiation. However, the biochemical signals mediating osteo-
blast anabolic responses to mechanical stimulation are incom-
pletely understood. In primary human osteoblasts and murine
MC3T3-E1 cells, we found that fluid shear stress induced rapid
expression of c-fos, fra-1, fra-2, and fosB/AfosB mRNAs; these
genes encode transcriptional regulators that maintain skeletal
integrity. Fluid shear stress increased osteoblast nitric oxide
(NO) synthesis, leading to activation of cGMP-dependent pro-
tein kinase (PKG). Pharmacological inhibition of the
NO/cGMP/PKG signaling pathway blocked shear-induced
expression of all four fos family genes. Induction of these genes
required signaling through MEK/Erk, and Erk activation was
NO/cGMP/PKG-dependent. Treating cells with a membrane-
permeable cGMP analog partly mimicked the effects of fluid
shear stress on Erk activity and fos family gene expression. In
cells transfected with small interfering RNAs (siRNA) specific
for membrane-bound PKG II, shear- and ¢cGMP-induced Erk
activation and fos family gene expression was nearly abolished
and could be restored by transducing cells with a virus encod-
ing an siRNA-resistant form of PKG II; in contrast, siRNA-me-
diated repression of the more abundant cytosolic PKG [ isoform
was without effect. Thus, we report a novel function for PKG II
in osteoblast mechanotransduction, and we propose a model
whereby NO/cGMP/PKG II-mediated Erk activation and induc-
tion of c-fos, fra-1, fra-2, and fosB/AfosB play a key role in the
osteoblast anabolic response to mechanical stimulation.

Mechanical stress is a primary determinant of bone growth
and remodeling; the strength of bone increases with weight
bearing and muscular activity and decreases with unloading
and disuse (1, 2). Weight bearing and locomotion stimulate
interstitial fluid flow through the bone canalicular system, and
the resultant shear stress is thought to be a major mechanism
whereby mechanical forces stimulate bone growth (1—4). Fluid
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shear stress activates various signal transduction pathways and
initiates an anabolic response in osteocytes and osteoblasts,
leading to changes in gene expression and increased cell prolif-
eration and differentiation (1, 5). As part of this response, a
rapid and transient increase in intracellular calcium, nitric
oxide (NO),? and prostaglandin E, occurs, and transcription of
genes such as c-fos, cox-2, and igf-1/2 is induced (1, 2, 5).

The transcription factor complex AP1, composed of Fos and
Jun proteins, plays an essential role in bone development and
post-natal skeletal homeostasis (6). De-regulated c-fos expres-
sion in mice interferes with normal bone development and
induces osteosarcomas, whereas c-Fos-deficient mice develop
osteopetrosis because of an early arrest in osteoclast differenti-
ation (7, 8). Mice overexpressing Fra-1, Fra-2, or AFosB (a splice
variant of FosB) exhibit a progressive increase in bone mass
because of enhanced osteoblast differentiation and bone for-
mation in the presence of normal osteoclast activity (6,9, 10). In
contrast, conditional loss of Fra-1, Fra-2, or JunB leads to defec-
tive osteoblast differentiation and severe osteopenia (6, 11, 12).
Mechanical loading of long bones or vertebral bodies in rodents
rapidly induces c-fos mRNA in osteoblasts/osteocytes (13-16).
The same response occurs in cultured osteoblasts exposed to
diverse mechanical stimuli such as fluid shear stress, stretch,
pulsed ultrasound, or gravitational force (17-24). The mecha-
nism(s) regulating mechanically induced c-fos expression are
poorly understood, and inhibition of calcium influx and NO or
prostaglandin synthesis appears to affect c-fos induction differ-
entially, depending on the type of mechanical stimulation (14,
15,17, 19, 21).

NO synthesis inhibitors prevent new bone formation
induced by mechanical stimulation (14, 25), and endothelial
NO synthase (eNOS, type IIl NOS) appears to be the predom-
inant NOS isoform expressed in bone (26). eNOS-deficient
mice demonstrate reduced post-natal bone mass because of

2 The abbreviations used are: NO, nitric oxide; 8-pCPT-cGMP, 8-(4-chloro-
phenylthio)-cGMP; CREB, cAMP-response element-binding protein;
eNOS, endothelial nitric-oxide synthase; Erk, extracellular signal-regu-
lated kinase; gapd, glyceraldehyde-3-phosphate dehydrogenase;
hPOB, human primary osteoblasts; IBMX, isobutylmethylxanthine; (-
NAME, N-nitro-L-arginine methyl ester; ODQ, 1H-[1,2,4]oxadiazolo[4,3-
alquinoxalin-1-one; MAPK, mitogen-activated protein kinase; MEK,
mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase; PAPA-NONOate, 3-(2-hydroxy-2-nitroso-1-propylhydrazino)-1-
propanamine; PKG, cGMP-dependent protein kinase; (R )-8-pCPT-PET-
cGMPS, 8-(4-chlorophenylthio)-g-phenyl-1,N>-ethenoguanosine-3',5'-
cyclic monophosphorothioate (R, isomer); sGC, soluble guanylate
cyclase; siRNA, small interfering RNA; RT, reverse transcription; GFP,
green fluorescent protein.
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defects in osteoblast number and maturation and impaired
bone formation in response to mechanical stimulation and
estrogens (27-29). Osteoblasts exhibit a biphasic response to
NO donors, with low doses promoting proliferation and differ-
entiation, and high doses inducing apoptosis (30-32). Low
doses of NO donors alleviate ovariectomy-induced bone loss in
rats, and a randomized, placebo-controlled trial in healthy
post-menopausal women demonstrated increased bone forma-
tion in subjects receiving the NO donor isosorbide mononitrate
(33, 34). These data indicate an important role of NO in osteo-
blast biology, but little is known about signaling downstream of
NO in osteoblasts (35).

One of the major intracellular targets of NO is soluble gua-
nylate cyclase (sGC), which is activated on NO binding to the
heme prosthetic group of the enzyme. The resultant increase in
c¢GMP affects multiple target proteins, including cGMP-
dependent protein kinases (PKGs), phosphodiesterases, and
cyclic nucleotide-gated ion channels (36, 37). Type I PKG
is cytosolic and widely expressed, with high levels in smooth
muscle cells and platelets, whereas type II PKG is membrane-
anchored, with high levels in brain and intestinal mucosa (37).
Studies in PKG I- and PKG Il-deficient mice have demon-
strated a multitude of functions for PKG [, but there are few
established functions for PKG 11 (37). PKG II-deficient mice are
dwarfs because of a severe defect in endochondral ossification
at the growth plates, secondary to impaired chondrocyte pro-
liferation and differentiation (38, 39). Both PKG I and 1I are
expressed in osteoblasts, but their physiological significance in
these cells is largely unknown (38, 40, 41).

We previously showed that NO and ¢GMP regulate c-fos
transcription in different cell types (40, 42—-47). In this study,
we found that fluid shear -stress induces c-fos, fra-1, fra-2, and
fosB/AfosB mRNA expression in osteoblasts via NO/cGMP,
and we define a new function for PKG II as a regulator of gene
expression and activator of the extracellular signal-regulated
kinases (Erk)-1/2 in mechanically stimulated osteoblasts.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against eNOS, Erk1/2, and a-tubulin
and phospho-specific antibodies for eNOS (Ser(P)''"”) and
Erkl (Tyr(P)**, clone E-4) were from Santa Cruz Biotechnol-
ogy; an antibody specific for dually phosphorylated Erkl
(Thr(P)**?/Tyr(P)*™*) was from Promega. Antibodies specific
for vasodilator-stimulated phosphoprotein (VASP) phospho-
rylated on Ser®*® (clone 16C2) and against the C terminus of
PKG I were from Calbiochem/EMD; a PKG II-specific antibody
was from Abgent. The calcium ionophore A23187, the intracel-
lular calcium chelator 1,2-bis(2-aminophenoxy) ethane-
N,NN',N'-tetraacetic acid, the MAPK/Erk kinase (MEK)
inhibitor U0126, and the p38 inhibitor SB203580 were from
Calbiochem/EMD. The cGMP agonist 8-(4-chlorophenylthio)-
GMP (8-pCPT-cGMP) and ¢cGMP antagonist 8-(4-chlorophe-
nylthio)-B-phenyl-1,N*-ethenoguanosine-3',5'-cyclic mono-
phosphorothioate, R, isomer (RP)—S-pCPT—PET—cGMPS) were
from Biolog. The NOS inhibitor N-nitro-L-arginine methyl
ester (L-NAME), the sGC inhibitor 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ), the NO donor 3-(2-hydroxy-2-ni-
troso-1-propylhydrazino)-1-propanamine (PAPA-NONOate),
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and an antibody against the 81 subunit of sGC were from
Cayman.

Cell Culture and Characterization of Human Primary
Osteoblasts—Murine MC3T3-E1 osteoblastic cells with high
differentiation potential (clone 4, hereafter referred to as
MC3T3 cells) and UMR106 rat osteosarcoma cells were from
the American Tissue Culture Collection. MC3T3 cells were
grown in minimal essential medium without ascorbic acid and
UMR106 cells in Dulbecco’s modified Eagle’s medium; both cell
lines were maintained in the presence of 10% fetal bovine serum
(FBS) and used at <12 passages. Human umbilical vein endo-
thelial cells were isolated and cultured as described previously
(48). Human primary osteoblasts (hPOBs) were established
from trabecular bone obtained from surgical specimens of
patients undergoing joint replacement for degenerative joint
disease, according to an institutionally approved human sub-
jects protocol as described previously (41). Primary cultures
were maintained for a maximum of five passages in Dulbecco’s
modified Eagle’s medium with 10% FBS and exhibited histo-
chemical staining for alkaline phosphatase activity in >85% of
cells; in addition, cells demonstrated a >>16-fold induction of
osteocalcin mRNA in response to 1,25-dihydroxyvitamin Dy
(10 nm) (41, 49).

Lxposure of Cells to Fluid Shear Stress—Cells were plated on
38 % 75-mm NaOH-etched glass slides at 0.5-1 X 10° cells/
slide in minimal essential medium or Dulbecco’s modified
Eagle’s medium containing 10% FBS. After 18 h, they were
serum-deprived for 24 h, and the slides were transferred to a
parallel plate flow chamber (Cytodyne Inc., San Diego). Mini-
mal essential medium with 1 mg/ml fatty acid-free bovine
serum albumin (Sigma) was injected into the chamber using a
syringe pump at a flow rate that generated 12 dynes/cm® of
shear for up to 20 min (50). The flow chamber, media, and
accompanying apparatus were maintained at 37 °C throughout
the experiment. Sham-treated cells served as “static controls”;
they were grown under identical conditions and mounted into
the flow chamber but were not subjected to shear stress. After
shear stress, cells were left in the chamber without flow for the
indicated time before harvesting.

Reverse Transcription (RT)-PCR—RNA was extracted using
TriReagent™ (Molecular Research Center, Inc.); 1 pg of total
RNA was subjected to reverse transcription using Super-
script '™ reverse transcriptase (Invitrogen) and PCR was per-
formed on 5 or 10% of the RT product as described (51). The
PCR primers for amplification of murine and human glyceral-
dehyde-3-phosphate dehydrogenase (gapd), c-fos, fra-1, fra-2,
JfosB/AfosB, pkgl, and pkg [ mRNA are described in supplemen-
tal Table 1. Semi-quantitative PCR conditions for c-fos and
gapd were 30 s of denaturation at 95 °C, 30 s annealing at 65 °C,
and 30 s extension at 72 °C for 23 cycles; for fra-1/2 and fosB
annealing and extension were 45 s at 60 °C for 25 cycles. Con-
trol experiments with variable amounts of input cDNA demon-
strated a linear increase in a single PCR product over a >20-fold
range. Quantitative RT-PCR was performed using an MX3000
real time PCR detection system (Stratagene) and IQ'™ SYBR
Green Supermix (Bio-Rad). Melting curves after 40 cycles con-
firmed a single PCR product for each primer pair. Standard
curves were generated by plotting C; values versus the amount

JOURNAL OF BIOLOGICAL CHEMISTRY



The Journal of Biological Chemistry ASBMB

e

PKG and Shear Stress-induced Gene Expression

of input RNA, and demonstrated similar amplification efficien-
cies for all primers. Relative changes in mRNA expression were
analyzed using the 2 22 method, with gapd serving as an
internal reference to correct for differences in RNA extraction
or reverse transcription efficiencies (52).

Quantitation of NO, and cGMP—Nitric oxide production
was monitored based on nitrite and nitrate accumulation in the
medium using a two-step colorimetric assay kit according to
the manufacturer’s protocol (Active Motif), but the assay was
scaled down 10-fold, and samples were read using a Nano-
Drop™ spectrophotometer (NanoDrop Technologies, Inc.).
Experiments were performed in phenol red-free medium, with
5 % 10° cells/slide in the parallel plate flow chamber described
above. cGMP production was measured in cell lysates using a
competitive enzyme immunoassay from Cayman according to
the manufacturer’s protocol.

DNA and siRNA Transfections—MC3T3 cells (1.5 % 10°)
were transfected with 2 pg of expression vector encoding
human VASP in 100 pl of solution V using the Amaxa
Nucleoporator program D-24. After overnight recovery in
full growth medium, cell from several transfections were
pooled, and equal numbers of cells were plated on glass slides
for shear experiments.

The sequence targeted by siRNA in the C terminus of PKG
la/p was 5'-CCGGACAUUUAAAGACAGCAA-3" (siRNA
PKG-1). The sequences targeted in PKG II were 5'-CTGCTT-
GGAAGTGGAATACTA-3" (siRNA PKG-2a) and 5'-CCG-
GGTTTCTTGGGTAGTCAA-3' (siRNA PKG-2b). siRNA oli-
goribonucleotides, including a control siRNA targeting green
fluorescent protein (GFP), were produced by Qiagen. MC3T3
cells were plated at 1.3 X 10° cells per well of a 6-well dish or at
5 % 10° cells per glass slide and were transfected 18 h later (at
~40% confluency) with 100 pmol of siRNA and 3 pl of Lipo-
fectamine 2000"™ (Invitrogen) in 1 ml of 10% FBS-containing
media. The medium was replaced 5 h later, and 18 h later, cells
were transferred to medium containing 0.1% FBS.

Adenovirus Infection—Adenoviral vectors encoding either
B-galactosidase (LacZ) or rat PKG II (53) were produced using
the pAd/CMV/V5-DEST™ Gateway® system (Invitrogen).
Cells were infected in full growth medium at an multiplicity of
infection of ~30.

Western Blot Analyses, Cell Fractionation, and PKG Activity
Assay—Western blots were generated using horseradish perox-
idase-coupled secondary antibodies and enhanced chemilumi-
nescence as described (45). To determine PKG II activity,
MC3T3 cells were extracted by Dounce homogenization, and
nuclei and cell debris were removed by centrifugation at 300 <
g for 10 min, and the supernatant was subjected to centrifuga-
tion at 50,000 X g for 30 min to generate “cytosolic” (superna-
tant) and “membrane” (pellet) fractions. PKG II activity in the
membrane fraction was determined in the presence of 1% Tri-
ton-X-100 and 500 mm NaCl, as described previously (40). For
Western blotting, membranes were solubilized in 1% Triton
X-100, 60 mm B-octyl glucoside. Films were scanned using
Image] software (nih.gov).

Statistical Analyses—Pairwise comparison of data groups
was done by two-tailed Student’s £ test and comparison of mul-
tiple groups by analysis of variance, with a Dunnett's post test
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FIGURE 1. Effect of fluid shear stress on osteoblast c-fos, fra-1, fra-2, and
fosB/AfosB mRNA expression. A, serum-deprived hPOBs were incubated in
a parallel plate flow chamber for the indicated times; cells were exposed to
laminar flow for the first 20 min (lanes 2-4) or kept under static conditions
(lane 1, Sham). At the indicated times, which include the initial 20 min of
laminar flow, total cytoplasmic mRNA was isolated, and c-fos, fra-1, fra-2, fosB/
AfosB, or gapd mRNA levels were determined by semi-quantitative RT-PCR as
described under “Experimental Procedures.” PCR products were separated by
nondenaturing agarose gel electrophoresis and visualized by ethidium bro-
mide staining. Sham-treated cells were harvested at 30 min, but similar
results were obtained with sham-treated cells harvested at 120 min. B, MC3T3
cells were treated as described for hPOBs in A, but c-fos, fra-1, and fra-2 mRNA
levels were quantified by real time RT-PCR and normalized relative to gapd
mRNA levels as described under “Experimental Procedures”; the relative
mRNA levels found in static controls were assigned a value of 1. p < 0.05 for
the comparison between shear-stressed and sham-treated cells for all time
points.

analysis to the control group; a p value of << 0.05 was considered
statistically significant. Results shown in bar graphs represent
the mean = S.D. of at least three independent experiments,
unless stated otherwise. All other results are representative
experiments that were reproduced at least three times.

RESULTS

Fluid Shear Stress Induces c-fos, fra-1, fra-2, and fosB/AfosB
mRNA Expression in Osteoblasts—Qsteoblast c-fos and fosB/
AfosB mRNA and protein are induced rapidly by mechanical
loading in rat vertebrae and mouse limb bones in vivo and by
fluid shear stress in osteoblast cell lines or primary rodent
osteoblasts (13-18, 54). Genetic experiments have implicated
fra-1and fra-2 in regulating osteoblast differentiation and bone
mass (6). We found that c-fos, fra-1, fra-2, and fosB/AfosB
mRNAs were strongly induced 30 min after the onset of flow in
both MC3T3 cells and hPOBs and remained elevated for at least
2 h (Fig. 14 shows hPOBs, results for MC3T3 cells are shown in
supplemental Fig. 14). The housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (gapd) was not affected by fluid
shear in either cell type. Real time RT-PCR analysis in MC3T3
cells showed that c-fos mRNA increased 30— 40-fold at all time
points, and that fra-1 and fra-2 mRNA levels increased progres-
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FIGURE 2. Effect of fluid shear stress on osteoblast NO and cGMP production, eNOS and VASP phospho-
rylation. A, MC3T3 cells were placed in the flow chamber as described in Fig. 1; they were kept either under
static conditions (gray bars) or were exposed to laminar flow (black bars) for the indicted times. At the end of
flow (or static incubation), cells were kept in the chamber for 3 additional min, and nitrate plus nitrite (NO,)
concentrations were measured in the media collected from the chamber. Thus, NO, production was measured
over a 3-min interval after the cessation of flow. p < 0.05 was the comparison between shear-stressed and
sham-treated cells for the 5- and 20-min time points. B, cells were kept under static conditions for 20 min or
were exposed to fluid shear stress for the indicated times, and cell lysates were analyzed by SDS-PAGE/Western
blotting using antibodies specific for eNOS phosphorylated on Ser''”” (upper panel) or recognizing eNOS
irrespective of its phosphorylation state (lower panel). C, cells were extracted by Dounce homogenization and
fractionated by differential centrifugation; cytoselic (Cyto, lane 1) and membrane (Mem, lane 2) fractions were
analyzed by SDS-PAGE/Western blotting using antibodies specific for soluble guanylate cyclase g1 subunit
(sGC, upper panel), PKG | (middle panel), or PKG Il (lower panel). D, cells were placed into the flow chamber and
incubated for 15 min in the presence of 0.5 mm IBMX; cells were then either kept under static conditions (gray
bars) or were exposed to fluid shear stress (black bars), both in the presence of IBMX. Cells were harvested atthe
indicated times, and the intracellular cGMP concentration was determined as described under “Experimental
Procedures.” £, MC3T3 cells expressing human VASP were treated as described in B, but Western blots were
probed with antibodies specific for VASP phosphorylated on Ser”®® (upper panel) or a-tubulin (lower panel).

40 min after the cessation of flow,
suggesting a sustained activation of
NOS (supplemental Fig. 1C).

To determine whether fluid shear
stress increased eNOS activity in
MC3T3 cells, we used an antibody
specific for eNOS phosphorylated
on Ser''””; phosphorylation of this
site by multiple kinases increases
enzyme activity (59). Little Ser*'””
phosphorylation was detectable in
sham-treated cells, but as early as 5
min after the onset of flow, phos-
phorylation increased and remained
elevated at 20 min (Fig. 2B, upper
panel; the lower panel shows total
eNOS expression that was not
changed by fluid shear).

To document presence of the full
NO/cGMP/PKG signal transduc-
tion pathway in osteoblasts, we
examined MC3T3 cells for sGC and
PKG. We found that sGC protein
was easily detectable in cytosolic
extracts of MC3T3 cells, and that
PKG I and Il were present in cytoso-
lic and membrane fractions of
MC3T3 cells, respectively (Fig. 2C).
Fig. 2D shows that the increased NO
in shear-stressed MC3T3 cells dra-
matically increased the intracellular

sively up to 50- and 10-fold, respectively, at 2 h compared with
sham-treated control cells (Fig. 1B). Basal mRNA levels of all
four fos genes were somewhat variable in sham-treated cells,
explaining the relatively large standard deviations in Fig. 1B;
this may be due to the sensitivity of the cells to even small
changes in fluid flow that can occur during mounting of the
slides. Similar results were obtained in UMR106 rat osteosar-
coma cells (data not shown).

Fluid Shear Stress Induces NO and cGMP Production, eNOS,
and VASP Phosphorylation—Mechanical stimulation of osteo-
blasts or osteocytes induces NO synthesis and increased shear
rates correlate with increased NO production (55-58). To
determine the amount of NO produced in our system, we meas-
ured the concentration of stable NO oxidation products
(nitrites and nitrates, referred to as NO,) in media collected 3
min after the end of flow, allowing calculation of the rate of NO,.
production during this 3-min period (Fig. 24). In MC3T3 cells
exposed to 5 min of fluid shear, NO, production nearly doubled
compared with sham-treated cells, and it reached 1.5 = 0.1
nmol/min/10° cells after 20 min. In contrast, 20 min of fluid
shear stress increased NO,, production to 3.4 = 0.4 nmol/min/
10 cells in human umbsilical vein endothelial cells (supplemen-
tal Fig. 1B). The rate of NO, production in MC3T3 cells is
comparable with that of primary mouse osteoblasts exposed to
pulsating fluid flow (58). The NO, concentration in the
medium of shear-stressed MC3T3 cells continued to rise up to
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cGMP concentration; cGMP was
measured in cells treated with the phosphodiesterase inhibitor
isobutylmethylxanthine (IBMX) to block cGMP catalysis. To
determine whether the shear-induced increase in cGMP acti-
vated PKG in intact osteoblasts in the absence of phosphodies-
terase inhibitors, we used a phospho-specific antibody to exam-
ine VASP phosphorylation on Ser?®®, a preferred PKG
phosphorylation site (61). VASP Ser®* phosphorylation was
undetectable in sham-treated cells but increased within 5 min
of initiating fluid shear stress and reached a maximum level at
10-20 min (Fig. 2E shows MC3T3 cells transfected with a vec-
tor expressing human VASP, but similar results were obtained
in hPOBs, which express endogenous VASP, as shown in sup-
plemental Fig. 1D).
Inhibition of NO/cGMP Signaling Blocks Shear-induced c-fos,
fra-1, fra-2, and fosB/AfosB mRNA Expression—The experi-
ments in Figs. 1 and 2 show that fluid shear stress leads to rapid
NO, and ¢cGMP accumulation, PKG activation, and induction
of fos family members but do not establish a causal relationship
between NO/cGMP/PKG signaling and increased gene expres-
sion. To address this question, we treated MC3T3 cells and
hPOBs for 1 h with L-NAME (to inhibit NOS), ODQ (to inhibit
sGC), or (RP)—S—pCPT—PET—CGMPS (to inhibit PKG) prior to
fluid shear stress. We found that all three agents severely
reduced shear induction of c-fos, fra-1, fra-2, and fosB/AfosB
mRNA, without affecting gapd mRNA (Fig. 34 shows semi-
quantitative RT-PCR results for hPOBs, and Fig. 3B summa-
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FIGURE 3. Inhibition of NO/cGMP signaling prevents shear-induced c-fos, fra-1, fra-2, and fosB/AfosB
mRNA expression. A, serum-deprived hPOBs were placed in a flow chamber and were incubated for 1 h with
either culture medium alone (lanes 1 and 2) or with medium containing 4 mm L-NAME (lane 3), 10 um 0DQ (lane
4), or 100 um (R,)-8-pCPT-PET-cGMPS ((Rp)-cGMPS, lane 5). Cells were then either kept under static conditions
(lane 1) or were exposed to laminar flow for 20 min (lanes 2-5). Ten minutes after the cessation of flow, total RNA
was extracted, and c-fos, fra-1, fra-2, fosB/AfosB, or gapd mRNA levels were determined by semi-quantitative
RT-PCR as described in Fig. 1A. B, MC3T3 cells were treated as described for hPOBs in A, but c-fos, fra-1,and fra-2
mRNA levels were quantified after 60 min by real time RT-PCR as described in Fig. 1B. p << 0.05 for the compar-
ison between control cells receiving no drug and cells treated with L-NAME (L-N), ODQ, or (R,)-cGMPS (Rp).
C, MC3T3 cells were kept under static conditions (gray bars) or were exposed to laminar flow for 20 min (black
bars); 5 min after the cessation of flow, media were collected from the chamber, and nitrate plus nitrite (NO,)
concentrations were measured. D, MC3T3 cells expressing human VASP were incubated for 1 h with medium
alone (lanes T and 2) or with medium containing 4 mm L-NAME (lane 3), 10 um ODQ (lane 4), or 100 uM (R,)-8-
pCPT-PET-cGMPS (Rp-cGMPS, lane 5). Cells were kept under static conditions (lane 1) or were exposed to 20 min
of fluid shear stress (lanes 2-5), and 10 min after the cessation of flow, cell lysates were analyzed by SDS-PAGE/
Western blotting using antibodies specific for VASP phosphorylated on Ser**° (upper panel) or a-tubulin (lower
panel).
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fluid shear-stressed cells to the level
found in sham-treated control cells
(Fig. 3C); all three agents blocked
shear-induced VASP Ser*™® phos-
phorylation (Fig. 3D); and ODQ and
(Rp)—S—pCPT—PET—CGMPS blocked
VASP phosphorylation in cells
treated with the NO donor PAPA-
NONOQOate (data not shown).
These results suggest that fluid
shear stress induction of fos family
genes requires PKG activation by
NO/cGMP.

c¢GMP Parily Mimics the Effects of

Fluid Shear Stress on c-fos, fra-1,
fra-2, and fosB/AfosB mRNA
Expression, and ¢GMP Cooperates
with  Calcium—To  determine
whether direct PKG activation can
reproduce the effects of fluid shear
stress on fos family gene expression,
we treated cells with a membrane-
permeable cGMP agonist. Exposure
of serum-starved MC3T3 cells or
hPOBs to 8-pCPT-cGMP for 30
min, 1 h, or 2 hincreased c-fos, fra-1,
fra-2, and fosB/AfosB mRNA
expression, but when cells were pre-
treated with the PKG inhibitor (Rp)r
8-pCPT-PET-cGMPS, the effects of
8-pCPT-cGMP on all four fos family
genes were abolished (Fig. 44 shows
hPOBs, and Fig. 4B summarizes real
time RT-PCR results for c-fos, fra-1,
and fra-2 in MC3T3 cells, with
black and gray bars representing
cells treated with 8-pCPT-cGMP
in the absence and presence of the
PKG inhibitor, respectively). (Rp)r
8-pCPT-PET-cGMPS prevented
VASP Ser* phosphorylation in
cells treated with 8-pCPT-cGMP,
demonstrating effective inhibition
of PKG activity by the cGMP antag-
onist (Fig. 4C).

When MC3T3 cells were treated
with the NO donor sodium nitro-
prusside to activate PKG through
sGC stimulation, c-fos, fra-1 and
fra-2 mRNAs were induced to a

rizes real time PCR results for c-fos, fra-1 and fra-2 in MC3T3
cells). The three inhibitors almost completely prevented shear
induction of c-fos and fra-2 mRNAs; however, there was some
residual shear induction of fra-1 mRNA, suggesting that some
NO/cGMP/PKG-independent mechanism may contribute to
the mechanical stimulation of fra-1. Control experiments dem-
onstrated that the drugs inhibited NO/cGMP/PKG signaling
effectively; L-NAME reduced the rate of NO, production in
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similar extent as seen with 8-pCPT-cGMP (compare Fig. 4D to
Fig. 4B). However, we noticed that sodium nitroprusside and
8-pCPT-cGMP induced the fos genes to a lesser extent than
observed in fluid shear-stressed MC3T3 cells (compare the y
axis in Fig. 4, B and D, with that in Fig. 1B), suggesting that the
NO/cGMP/PKG signaling pathway cooperates with other
pathways to induce fos family genes in mechanically stimulated
osteoblasts.
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FIGURE 4. cGMP partly mimics the effects of fluid shear stress on osteoblast c-fos, fra-1, fra-2, and fosB/
AfosB mRNA expression. A, serum-deprived hPOBs were incubated for 1 h in the absence (lanes 1-4) or
presence of 100 um (R_)-8-pCPT-PET-cGMPS (Rp-cGMPS, lanes 5 and 6) before adding 50 um 8-pCPT-cGMP
(cGMP) to all cells for the indicated times. c-fos, fra-1, fra-2, fosB/AfosB or gapd mRNA levels were determined by
semi-quantitative RT-PCR as described in Fig. 1A. B, MC3T3 cells were incubated in the absence (black bars) or
presence (gray bars) of (R,)-8-pCPT-PET-cGMPS and then stimulated with 8-pCPT-cGMP as described in A for
hPOBs, but c-fos, fra-1, and fra-2 mRNA levels were quantified by real time RT-PCR. Relative mRNA levels
(normalized to gapd) measured in mock-treated cells were assigned a value of 1. p < 0.05 for the comparison
between cells treated with (R_)-cGMPS plus cGMP versus cGMP alone for all time points. C, hPOBs were prein-
cubated inthe absence (lanes 1 and 2) or presence (lane 3) of 100 um (Rg)-8-pCPT-PET-CGMPS for1hand treated
with 50 um 8-pCPT-cGMP (lanes 2 and 3) for 30 min. VASP phosphorylation on Ser?®® was assessed using a
phosphorylation site-specific antibody; a duplicate Western blot was probed with an anti-a-tubulin anti-
body. D, MC3T3 cells were treated for 1 h with 10 wm sodium nitroprusside, and ¢-fos, fra-1, and fra-2 mRNA
levels were quantified by real time RT-PCR. E, MC3T3 cells were treated for 1 h with either cGMP (100 pm
8-pCPT-cGMP), calcium ionophore (0.3 M A23187), or both agents, and fos family gene expression was
measured as in B.

Fluid shear stress rapidly increases the intracellular calcium
concentration in MC3T3 cells and primary osteoblasts/osteo-
cytes through calcium release from intracellular stores and cal-

MAY 29, 2009-VOLUME 284-NUMBER 22

cium influx via mechano-sensitive
and/or L-type voltage-gated cal-
cium channels; calcium chelation
prevents fluid shear stress-induced
c-fos and fosB/AfosB expression (17,
19, 54, 62— 65). We confirmed these
latter results, and we found that
treating MC3T3 cells with 1,2-
bis(2-aminophenoxy) ethane-N,
NN',N'-tetraacetic acid or EGTA
to chelate intra- or extracellular cal-
cium, respectively, also reduced
fluid shear stress induction of fra-1
and -2 mRNA (supplemental Fig.
2A). We previously showed that cal-
cium and cGMP cooperate to
increase c-fos mRNA expression
(40, 47). Therefore, we examined
the effect of the calcium ionophore
A23187 alone and in combination
with 8-pCPT-cGMP on the expres-
sion of all four fos family genes in
MC3T3 cells and hPOBs. Increasing
the intracellular calcium concen-
tration with A23187 stimulated
expression of ¢-fos, fra-1, fra-2, and
fosB/AfosB mRNA to a similar
extent as treatment with 8-pCPT-
cGMP; together the effect was at
least additive (Fig. 4E and supple-
mental Fig. 2B show results for
MC3T3 cells, but similar results
were obtained in hPOBs). Com-
bined treatment with calcium iono-
phore plus cGMP induced c-fos and
fra-1/2 mRNAs to levels compara-
ble with those found in shear-
stressed osteoblasts (compare Fig.
4F and Fig. 1B). These results sug-
gest that induction of fos family
genes in shear-stressed osteoblasts
is due to a combined effect of
increased intracellular calcium and
cGMP, although calcium and cGMP
signaling may be partly inter-
dependent, as discussed below.
Shear- and cGMP-induced c-fos,
fra-1, fra-2, and fosB/AfosB mRNA
Expression Is Mediated by PKG II
and Not PKG I—Having established
that fluid shear stress induces fos
family gene expression in osteo-
blasts via NO/cGMP/PKG signal-
ing, we examined whether gene
induction occurred via PKG [, PKG

II, or both. Because there are no specific inhibitors for PKG [
versus 11, we used an siRNA approach. In MC3T3 cells trans-
fected with an siRNA targeting a C-terminal PKG I sequence
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FIGURE 5.Effect of siRNA-mediated PKG or PKG Il knockdown on shear- and cGMP-induced c-fos, fra-1, fra-2,
and fosB/AfosB mRNA expression. MC3T3 cells were transfected with siRNAs specific for GFP (control), or received
siRNAs targeting sequences in PKG | (siRNA PKG-1) or PKG Il (siRNAs PKG-2a and -2b) as described under “Experi-
mental Procedures.” A, at 48 h after transfection, mRNA levels of PKG | (black bars) and PKG Il (gray bars) were
quantified by real time PCR; levels were normalized to gapd mRNA, which was not affected by any of the siRNAs.
Relative PKG mRNA levels measured in GFP (control) siRNA-transfected cells were assigned a value of 100%. %, p <
0.05 for the comparison between control siRNA and PKG siRNA-treated cells. B, in parallel experiments, cells were
extracted by Dounce homogenization and fractionated by differential centrifugation; cytosolic fractions (upper two
panels) and membrane fractions (lower two panels) were analyzed by SDS-PAGE/Western blotting using an antibody
specific for the C terminus of PKG | common to PKG le and I3 (upper panel), an anti-a-tubulin antibody (2nd panel), an
antibody specdific for PKG Il (3rd panel), and an anti-33 integrin antibody (lowest panel). G, siRMA-transfected cells
were fractionated as described in B, and PKG activity was determined in the membrane fractions as described under
“Experimental Procedures.” *, p < 0.05 for the comparison between control siRNA and PKG siRNA-treated cells.
D, cells transfected with the siRNAs targeting GFP, PKG |, or PKG Il (PKG-2a siRNA) were kept either under static
conditions or were subjected to fluid shear stress for 20 min. Cells were harvested 60 min afterthe onset of flow, and
cfos, fra-1, and fra-2 mRNA levels were determined by quantitative RT-PCR; relative mRNA levels (normalized to
gapd) measured in GFP siRNA-transfected static control cells were assigned a value of 1.E, cells transfected with the
indicated siRNAs were either mock-treated or were treated with 50 pm 8-pCPT-cGMP for 1 h, and c-fos, fra-1, or fra-2
mRNA levels were determined by quantitative RT-PCR. Relative mRNA levels (normalized to gapd) measured in GFP
siRNA-transfected mock-treated cells were assigned a value of 1. %, p < 0.05 for the comparison between GFP and
PKG Il siRNA-treated cells (D and E).
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(siRNA PKG-1, targeting both PKG
la and PKG I splice variants), PKG
I mRNA levels were reduced by 68%,
compared with the levels found in
control siRNA-transfected cells,
whereas PKG Il mRNA levels were
unaffected (Fig. 54; PKG I and II
mRNA levels are shown in blackand
gray bars, respectively). Using an
antibody specific for the common C
terminus of PKG Ia and IB, we
found that PKG I protein in cytoso-
lic extracts was reduced in propor-
tion to the mRNA knockdown (Fig.
5B, top panel; the 2nd panel shows a
duplicate Western blot probed with
a tubulin antibody to demonstrate
equal loading). In MC3T3 cells
transfected with siRNA sequences
targeting PKG 1I (siRNAs PKG-2a
and -2b), PKG II mRNA levels were
reduced by 60 and 68%, respectively,
compared with control siRNA-
transfected cells, but PKG I mRNA
levels were not altered (Fig. 54).
PKG II protein levels in the mem-
branes of cells transfected with con-
trol or PKG I-specific siRNAs were
similar, but levels were below detec-
tion in cells transfected with PKG
II-specific siRNAs (Fig. 5B, 3rd
panel; loading was shown by
re-probing the blot with an antibody
specific for B3 integrin, as shown in
the bottom panel). We measured
similar PKG activities in membrane
preparations of control siRNA- and
PKG I siRNA-transfected MC3T3
cells and significantly reduced activ-
ity in PKG II siRNA-transfected
cells (Fig. 5C). The residual mem-
brane-bound PKG activity in PKG II
siRNA-transfected cells is likely
explained by the higher sensitivity
of the activity assay compared with
Western blotting. Because siRNA
knockdown of PKG 1 did not affect
membrane-associated PKG activity,
and Western blots failed to detect
PKG I in membrane preparations,
we conclude that membrane-asso-
ciated PKG activity in MC3T3 cells
represents predominantly PKG 1I,
which is consistent with results in
other cell types (40, 53, 66, 67).
When we examined the effects of
siRNA-mediated down-regulation
of PKG I and PKG 1I on shear-in-
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duced fos family gene expression in MC3T3 cells, we were sur-
prised to find that knockdown of PKG I had no significant effect
on gene expression, whereas knockdown of PKG II significantly
diminished fluid shear stress-induced c-fos, fra-1, and fra-2
mRNA expression (Fig. 5D; results for PKG-2a siRNA are
shown, but similar results were obtained with PKG-2b siRNA).
We also examined 8-pCPT-cGMP-induced fos family gene
expression in siRNA-transfected MC3T3 cells. Neither basal
nor cGMP-induced c-fos, fra-1 or fra-2 mRNA levels were
altered in PKG I siRNA-transfected cells, whereas cGMP-in-
duced mRNA levels were severely reduced in cells transfected
with the PKG 1l-specific siRNA (Fig. 5E). Similar results were
obtained for fosB/AfosB (supplemental Fig. 3). Thus, fluid shear
stress- and cGMP-induced c-fos, fra-1, fra-2 and fosB/AfosB
mRNA expression in osteoblasts requires PKG II but not PKG 1.

To confirm these results, we used a second PKG Il-specific
siRNA (PKG-2b) and an adenoviral vector encoding rat PKG 11,
which is resistant to the effects of this siRNA. In MC3T3 cells
transfected with the mouse PKG Il-specific siRNA, infection
with rat PKG [l virus, but not with a control LacZ virus, restored
c¢GMP-induced fos family gene expression to the levels found in
control GFP siRNA-transfected cells (Fig. 6A). Viral transduc-
tion of PKG II in control siRNA-transfected cells did not fur-
ther enhance cGMP-induced c-fos or fra-2 mRNA expression,
suggesting that endogenous PKG II levels, although low, were
not rate-limiting. However, cGMP stimulation of fra-1 mRNA
was enhanced in cells with elevated PKG II levels (Fig. 64, p <
0.05 for the comparison of GFP siRNA-treated cells infected
with LacZ versus PKG 1I virus). Viral PKG II expression was
demonstrated by Western blotting of membranes prepared
from PKG Il virus-infected MC3T3 cells (Fig. 6B; again, endog-
enous PKG I levels in PKG II siRNA-transfected cells were
below detection).

Induction of c-fos, fra-1, fra-2, and fosB/AfosB mRNA Expres-
sion by Fluid Shear Stress Is MEK/Erk-dependent—Mechanical
stimulation enhances osteoblast proliferation via activation of
the MEK/Erk pathway (20, 54, 62, 68). Whether MEK inhibition
prevents c-fos mRNA expression appears to depend on the type
of mechanical stimulus and/or the source of osteoblasts, with
variable results also reported for the effect of p38 MAPK inhib-
itors on mechanically induced c-fos expression (20-22, 24, 54).
We therefore investigated the effects of MEK and p38 inhibi-
tors in fluid shear-stressed osteoblasts.

We found that fluid shear stress rapidly increased Erk1/2
phosphorylation on a site that correlates with Erk1/2 activation
(Fig. 7A shows results in MC3T3 cells, but similar results were
obtained in hPOBs and UMR106 cells). Maximal induction of
Erk phosphorylation after 10 min of shear stress was 11.4-fold
compared with sham-treated cells. Pretreating cells with the
MEK inhibitor U0126 blocked Erk phosphorylation and almost
completely prevented shear induction of c-fos, fra-1, fra-2, and
fosB/AfosB mRNAs (Fig. 7, B and C; U0126 inhibition of fosB/
AfosB mRNA induction was measured by semi-quantitative
RT-PCR; data not shown). The p38 inhibitor SB203580, how-
ever, did not affect Erk or fos family genes (Fig. 7, B and C;
SB203580 inhibited UV stress-induced p38 activation in con-
trol experiments; data not shown). A similar effect of U0126 on
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FIGURE 6. Rescue of PKG Il siRNA-transfected cells with a virus encoding
siRNA-resistant PKG II. A, MC3T3 cells were transfected with either GFP
siRNA or the mouse PKG Il-specific siRNA (PKG-2b), and 24 h later, cells were
infected with either control virus encoding B-galactosidase (LacZ) or virus
encoding siRNA-resistant rat PKG Il as indicated. Forty eight hours later, cells
were either mock-treated or were treated with 8-pCPT-cGMP for 1 h, and fos
family gene expression was determined as described in Fig. 5E. *, p < 0.05 for
the comparison between GFP versus PKG Il siRNA-treated cells infected with
LacZ virus and the comparison between PKG Il siRNA-treated cells infected
with LacZ versus PKG Il virus. B, cells were transfected with GFP siRNA (lanes 1,
2, 5, and 6) or PKG-2b siRNA (lanes 3, 4, 7, and 8) and were infected with LacZ
virus (odd lanes) or PKG Il virus (even lanes) as described in A. Levels of endog-
enous murine PKG Il and virally expressed rat PKG Il were examined by West-
ern blotting of membrane and cytosolic proteins.

fluid shear stress-induced fosB mRNA expression was reported
in primary rat osteoblasts (54).

Fluid Shear Stress-induced Erk Activation Requires NO/
c¢GMP/PKG II Signaling—Because fluid shear stress induction
of the four fos family genes required signaling through
NO/cGMP/PKG 1II and the MEK/Erk pathway, we asked
whether Erk activation occurred through NO/cGMP/PKG IL
Pretreating osteoblasts with L-NAME, ODQ, or (Rp)—S—pCPT-
PET-cGMPS prevented shear-induced Erk1/2 phosphorylation
in MC3T3 cells (Fig. 84); similar results were obtained in
hPOBs (supplemental Fig. 44; L-NAME not shown in hPOBs).
Fluid shear stress-induced Erk phosphorylation was abolished
in MC3T3 cells transfected with a PKG II-specific siRNA, but
transfection of a PKG I-specific siRNA was without effect (Fig.
8B; results similar to those shown for PKG-2a siRNA were
obtained with PKG-2b siRNA). Thus, Erk activation by shear
stress, like shear-induced fos family gene expression, required
NO/cGMP activation of PKG IL
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FIGURE 7. Induction of ¢-fos, fra-1, and fra-2 mRNA expression by fluid shear stress is MEK/Erk-dependent. A, serum-deprived MC3T3 cells were kept
under static conditions for 30 min (sham-treated, lane 1) or were subjected to laminar flow for 5 min (lane 2), 10 min (lane 3), or 20 min (lanes 4 and 35); cells in
lane 5 were kept in the flow chamber for an additional 10 min after the 20- min exposure to flow. Cell lysates were analyzed by Western blotting using a
phospho-Erk1/2-specific antibody (clone E-4, upper panel); duplicate blots were probed with an antibody recognizing Erk1/2 irrespective of their phosphoryl-
ation state (lower panel). The bar graph below summarizes results of three independent experiments; phospho-Erk1 bands were scanned, and the intensity of
the band found in sham-treated cells was assigned a value of 1. B, serum-deprived MC3T3 cells were preincubated for 1 h in the flow chamber under static
conditions with either culture medium alone or with medium containing 10 uM U0126 or 10 uM SB203580, and cells were exposed to laminar flow for 10 min;
Erk phosphorylation was assessed as described in A, with phospho-Erk levels in shear-stressed cells incubated with media alone assigned a value of 100%.
C, cells were treated as described in B; they were exposed to laminar flow for 20 min and were harvested 10 min later for determination of c-fos, fra-1, fra-2, and
gapd mRNA levels by quantitative RT-PCR, as described in Fig. 1B. *, p << 0.05 for the comparison between cells treated with U0126 (U) versus control cells
receiving no drug (in 8 and C). S, SB203580.
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FIGURE 8.Fluid shear stress-induced Erk activation requires NO/cGMP/PKG Il signaling. MC3T3 cells were . .
serum-deprived for 24 h prior to the indicated treatments, and Erk phosphorylation was assessed as described These results are consistent with the
in Fig. 7. A, cells were treated for 1 h with 4 mm L-NAME, 10 um ODQ, or 100 um (R,)-8-pCPT-PET-cGMPS  combined effects of calcium and
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(R)-cGMPS. B, cells were transfected with control siRNAs specific for GFP or received siRNAs targeting PKG | supplementa] Fig. 2, Aand B).
(siRNA PKG-1) or PKG Il (siRNA PKG-2a) as described in Fig. 5. Cells were either kept under static conditions (—) Inhibiti £ MEK by U 6
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FIGURE 9. NO/cGMP activation of PKG Il is sufficient to activate Erk1/2.Erk phosphorylation was assessed in serum-deprived MC3T3 cells as described in Fig.
7A. A, cells were treated with 50 pm 8-pCPT-cGMP for the indicated times. The bar graph summarizes three independent experiments. B, cells were preincu-
bated for 1 hin medium alone or in medium containing 10 pum U0126 or 10 uM SB203580 as indicated, prior to receiving 50 pM 8-pCPT-cGMP (cGMP) for 10 min;
phospho-Erk levels in cells treated with cGMP alone were assigned a value of 100%. C, cells were transfected with a control siRNA specific for GFP (lanes 1-4),
or an siRNA targeting PKG | (siRNA PKG-1, lanes 5-8), or PKG Il (siRNA PKG-2a, lanes 9—12) as described in Fig. 5 and were treated with 50 pm 8-pCPT-cGMP for
the indicated times. The bar graph on the right summarizes phospho-Erk1 levels measured in cells treated with cGMP for 5 min; p < 0.05 was used for the
comparison between cells transfected with PKG-2a siRNA versus GFP siRNA. D, cells were transfected with either GFP siRNA (lanes 1-4) or the mouse PKG
Il-specific siRNA PKG-2b (lanes 5-10); 8 h later, cells were infected with control virus (LacZ, lanes 1, 2, 5, and 6), virus encoding siRNA-resistant rat PKG Il
(lanes 3, 4, 7, and 8), or virus encoding PKG | (lanes 9 and 10). Forty eight hours later, cells were treated with 8-pCPT-cGMP for 10 min. The bar graph on
the right summarizes cGMP-induced phospho-Erk1 levels; *, p << 0.05 for the comparison between LacZ and PKG Il virus-infected cells transfected with

PKG-2a siRNA.

pCPT-PET-cGMPS blocked ¢cGMP-induced Erk phospho-
rylation in MC3T3 cells (Fig. 9B). ODQ inhibited Erk phos-
phorylation induced by the NO donor PAPA-NONOate, and
(R,)-8-pCPT-PET-cGMPS inhibited ¢cGMP-induced Erk
phosphorylation in hPOBs (supplemental Fig. 4B).
Consistent with PKG IT mediating cGMP effects on fos family
gene expression (Figs. 5 and 6), siRNA-mediated suppression of
PKG II prevented cGMP-induced Erk activation, whereas sup-
pression of PKG I was without effect (Fig. 9C). To confirm the
role of PKG Il in regulating Erk1/2, we transfected cells with the
mouse-specific siRNA PKG-2b and restored PKG Il expression
by infecting cells with adenovirus encoding rat PKG IL Viral
expression of PKG II restored ¢cGMP-induced Erk phosphoryl-
ation in PKG-2b siRNA-transfected cells (Fig. 9D; viral expres-
sion of rat PKG Il is shown in Fig. 6B). In contrast, infecting cells
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with a LacZ- or PKG l-expressing adenovirus was without
effect (viral expression of PKG I was confirmed by Western
blotting and activity assay; data not shown). We conclude that
c¢GMP activation of PKG II is necessary and sufficient to medi-
ate Erk activation in osteoblasts and that PKG I cannot replace
PKG Il in this function.

DISCUSSION

We found that fluid shear stress induced a rapid and sus-
tained increase in c-fos, fra-1, fra-2, and fosB/AfosB mRNA in
human primary osteoblasts, MC3T3, and UMR106 cells. These
fos family genes encode members of the AP-1 transcription fac-
tor family that regulate osteoblast proliferation and differenti-
ation (6, 8, 10, 11). We determined that mechanical stimulation
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FIGURE 10. NO/cGMP and calcium signaling in osteoblast mechanotrans-
duction. Osteoblast exposure to fluid shear stress leads to a rapid increase in
intracellular calcium through activation of mechanosensitive and voltage-
gated calcium channels (MSCC and VGCC, respectively), and possibly through
calcium release from intracellular stores (17, 54, 62, 63, 69). An initial burst of
NO synthesis may require calcium activation of NO synthase (NOS), but sus-
tained NO synthesis is calcium-independent and may involve activation of
NO synthase by phosphorylation (57, 59). NO activates sGC and the resulting
cGMP activates membrane-bound PKG Il, which phosphorylates substrates
leading to activation of the MEK/Erk pathway. The MEK/Erk pathway
increases transcription of c-fos, fra-1, fra-2, and fosB/AfosB through the follow-
ing: (i) RSK-mediated phosphorylation and activation of the CREB; (i) direct
phosphorylation of Elk that forms a complex with and activates serum-re-
sponse factor (SRF); and (iii) recruitment of AP-1 (Fos/Jun) complexes to the
promoters (79). Calcium activates the MEK/Erk pathway through Ras/Raf acti-
vation of MEK, and can directly activate CREB through calmodulin-dependent
protein kinase (CamK) (89). Inhibitors used in this study are indicated in gray.
BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid.

of all four fos family genes was mediated by the NO/cGMP/PKG
11 signaling pathway and required PKG II-dependent Erk acti-
vation (Fig. 10).

One of the earliest effects of fluid shear stress on osteoblasts
is an increase in the intracellular calcium concentration. In
both MC3T3 cells and human osteoblasts, the increase is
detectable within seconds of flow onset, and is sustained for at
least several minutes (17, 63, 69). Increased intracellular cal-
cium leads to activation of constitutively expressed NO syn-
thases, and increased NO production in osteoblasts occurs
within 5 min of flow onset (55, 56, 70) (Fig. 24). However, only
the initial burst of NO synthesis is calcium-dependent, whereas
the later sustained phase of NO production is calcium-indepen-
dent (57). Our results suggest that the sustained stimulation of
NO synthase activity may occur through eNOS phosphoryla-
tion by multiple kinases, as observed in fluid shear-stressed
endothelial cells (59, 71).

We found that fluid shear stress stimulates osteoblasts to
produce sufficient NO to increase the intracellular cGMP con-
centration and activate PKG, based on increased VASP phos-
phorylation on Ser®*, a site targeted by both PKG I and II.
Using an siRNA approach, we showed that PKG II, but not PKG
1, isrequired for shear-induced c-fos, fra-1, fra-2 and fosB/AfosB
mRNA expression. This was surprising, because osteoblasts
contain ~5-fold more cytosolic PKG activity (PKG I) than
membrane-bound PKG activity (PKG II),*> and PKG I and II
share many substrates in vitro (72). However, PKG II may be
uniquely situated for activation by shear-induced NO. In neu-

?s. Zhuang and R. Pilz, unpublished results.
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ronal cells, PKG 11, NO synthase, and sGC localize to special-
ized synaptic membrane domains that contain glutamate
receptors (66, 73). A similar co-localization of eNOS, sGC, and
PKG II may occur in osteoblast membranes, near mechanore-
ceptors that transduce biophysical stimuli into biochemical sig-
nals. Possible mechanoreceptors include mechanosensitive
calcium channels, G-proteins activated by membrane deforma-
tion, and integrin adhesions and cytoskeletal structures (3, 5,
74). We previously showed in osteoblasts that PKG II phospho-
rylates and inactivates glycogen synthase kinase-3, leading to
increased DNA binding activity of CAAT enhancer-binding
protein B (C/EBP-B); the latter cooperates with CREB in medi-
ating cGMP regulation of c-fos (40, 75). In contrast, cGMP
stimulation of interleukin-6 transcription in osteoblasts
requires PKG I (41). Thus, PKG I and II have different roles in
osteoblasts, consistent with our finding that PKG II, but not
PKG I, mediates mechanotransduction.

Mice with a targeted deletion of PKG II and rats with a spon-
taneous deletion in the PKG II gene develop dwarfism because
of impaired chondroblast differentiation (38, 76). In chondro-
blasts, PKG Il regulates the switch from proliferation to hyper-
trophic differentiation by inhibiting the transcription factor
Sox9 and by phosphorylating and inactivating glycogen syn-
thase kinase-3; the latter suppresses p-catenin degradation,
leading to increased differentiation (39, 77). Our results suggest
that defective PKG II regulation of c-fos, fra-1, fra-2, and fosB/
AfosB in osteoblasts and/or chondroblasts may contribute to
the developmental bone defects observed in PKG Il-deficient
rodents. No obvious skeletal abnormalities have been observed
in PKG I-deficient mice, but their life span is too short to deter-
mine whether PKG I contributes to post-natal skeletal homeo-
stasis (78).

We found that fluid shear stress induction of c-fos, fra-1,
fra-2, and fosB/AfosB mRNAs required signaling through the
MEK/Erk but not the p38 MAPK pathway. These findings are
consistent with previous work showing that the MEK inhibitor
U0126 largely prevents c-fos induction in MC3T3 cells exposed
to gravitational force and fosB/AfosB induction in mechanically
stimulated primary rat osteoblasts, whereas the p38 inhibitor
SB203580 has no effect (20, 24, 54). The MEK/Erk signal trans-
duction pathway regulates transcription of all four fos family
genes by targeting common cis-acting promoter elements, .e.
the serum-response element, cAMP-response element, and
phorbol ester-response element(s) (AP-1-binding sites) (Fig.
10) (79). Erk phosphorylates the ternary complex factor Elk-1,
causing it to associate with and activate serum-response factor
at the serum-response element, and Erk activation recruits
c-Jun/Fra-2-containing AP-1 complexes to the fra-I and fra-2
promoters (80— 85). The Erk-activated kinases of the RSK fam-
ily phosphorylate and activate CREB, which plays a major role
in fluid shear stress-induced transcription of fosB/AfosB (54, 84,
86). Erk regulation of c-fos, fra-1, fra-2, and fosB/AfosB expres-
sion may explain why Erk is essential for osteoblast growth and
differentiation (20, 68, 87).

The mechanism of Erk1/2 activation in mechanically stimu-
lated osteoblasts is only partly understood. In fluid shear-
stressed MC3T3 cells, Erk activation is calcium-dependent and
inhibited by chelation of intra- or extracellular calcium;
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whether it requires calcium entry through mechano-sensitive
cation channels and/or L-type voltage-gated calcium channels
is unclear (Fig. 10) (54, 62, 63). We found that fluid shear stress-
induced Erk1/2 phosphorylation was blocked by pharmacolog-
ical inhibition of either NO/cGMP synthesis or PKG activity,
and siRNA experiments demonstrated that both shear- and
cGMP-induced Erk activation was mediated by PKG II. Possi-
ble targets of PKG II leading to Erk activation include MEK,
focal adhesion kinase, and Src family kinases. Consistent with
our results, Kapur et al. (88) found that .L-NAME blocked fluid
shear stress-induced Erk phosphorylation in hPOBs, leading to
decreased shear-induced DNA synthesis, but signaling down-
stream of NO was not examined. Chelation of extra- or intra-
cellular calcium prevents fluid shear stress-induced NO synthe-
sis at early time points (57) and blocks Erk activation (54, 62, 63)
and c-fos, fra-1, fra-2, and fosB/AfosB mRNA expression (sup-
plemental Fig. 24) (17, 54). These data suggest a linear pathway
from calcium through NO/cGMP/PKG II to Erk activation and
expression of fos family genes (Fig. 10). However, we found that
calcium and cGMP cooperate to increase expression of the four
Jos genes. Calcium is known to regulate the c-fos promoter
through multiple mechanisms, including Ras/Raf/MEK/Erk/
RSK- and calcium/calmodulin-dependent protein kinase phos-
phorylation of CREB (89) (Fig. 10).

Fra-1, Fra-2, and AFosB are important for osteoblast prolif-
eration and differentiation, as demonstrated in vitro, and by the
dramatic osteosclerotic or osteoporotic phenotypes of mice
that either overexpress or lack these proteins, respectively (6, 8,
10, 11). c-Fos is required for osteoblast cell cycle control, and all
four fos genes are coordinately regulated during osteoblast dif-
ferentiation (90-92). Fos proteins cooperate with the osteo-
blast-specific transcription factor Runx/Cbfal to regulate
genes involved in osteoblast differentiation and extracellular
matrix synthesis (93, 94). In addition, c-Fos, together with
CREB and C/EBP-f, mediate fluid shear stress induction of
cyclooxygenase-2, a gene implicated in the adaptive response of
bone to mechanical stimulation (95). Induction of ¢-fos and
fosB/AfosB mRNA by mechanical loading of bones in intact
animals correlates with increased bone formation, and c-fos
mRNA induction and bone formation in vivo are at least partly
prevented by NO synthase inhibitors, consistent with the pos-
itive effects of NO donors on osteoblast growth and differenti-
ation in vitro and bone formation in vive (14, 16, 25, 30, 31, 33,
34, 54). We conclude that NO/cGMP/PKG II-mediated induc-
tion of c-fos, fra-1, fra-2, and fosB/AfosB likely plays an essential
role in the anabolic response of bone to mechanical stimulation.
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Gene

gapd (murine)

c-fos (murine)

Jfra-1 (murine)

fra-2 (murine)

JfosB (murine)

pkg I (Inurine)

pkg IT (murine)

gapd (human)

c-fos (human)

fra-1 (human)

fra-2 (human)

JfosB (human)

Sense (5'-3")

TGTCTTCACCACCATGGAGAACG

CGCAGAGCATCGGCAGAAGG

TGCGAGCAGATCAGCCCAGAG

GGAGGAGAAGCGTGCAATCC

AAAAGGCAGAGCTGGAGTCGG

GTCACTAGGGATTCTGATGTATGA

GTGACACAGCGCGGTTGTT

AACGGATTTGGTCGTATTGGG

GTGCCAACTTCATTCCCACG

TGTGAACAGATCAGCCCGGAG

ATTATCCCGGGAACTTTGACAC

AAAAAGCAGAGCTGGAGTCGG

PCR Primers

Anti-Sense (5'-3")

GTGGATGCAGGGATGATGTTICTG

TCTTGCAGGCAGGTCGGTGG

CTGGAGAAAGGGAGATGCAAGG

GGGGCTGATTTTGCACACG

TGTACGAAGGGCTAACAACGG

AGAATTTCCAAAGAAGATTGCAAA

TGGGAATGGAAAAGGACAAC

TGGAAGATGGTGATGGGATTTC

GAGATAACTGTTCCACCTTGCCC

CTGGGGAAAGGGAGATACAAGG

ATGTGTCCAGGGACAGAGGCC

TGTACGAAGGGTTAACAACGG

Product Size (bp)

217

324

129
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Suppl. Fig. 1
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Supplemental Fig. 1:

A. Serum-deprived MC3T3 cells were incubated in a parallel plate flow chamber for the indicated times:
cells were exposed to laminar flow for the first 20 min (lanes 2-4), or kept under static conditions (lanes 1
and 5). At the indicated times, c-fos, fira-1, fia-2, fosB/AfosB, or gapd mRNA levels were determined by
semi-quantitative RT-PCR as described in Experimental Procedures.

B. In parallel experiments. MC3T3 cells and HUVEC cells were kept either under static conditions (grey
bars) or were exposed to laminar flow (black bars) for 20 min. After that, cells were kept in the chamber
for three additional minutes, and nitrate plus nitrite (NOy) concentrations were measured in the media
collected from the chamber. NOy production was calculated as nmol/min/10° cells over the three min
interval.

C. M(C3T3 cells were kept under static conditions for 60 min (grey bar), or were exposed to laminar flow
(black bars) for 20 min; media was harvested from the flow chamber at the indicated times after the onset
of flow to measure NO, concentrations (expressed in LM).

D. hPOBs were kept under static conditions (lane 1) or were exposed to laminar flow for up to 20 min
(lanes 2-4): cells in lane 5 were exposed to 20 min of flow and harvested 10 min later. Cell lysates were
analyzed by SDS-PAGE/Western blotting using antibodies specific for VASP phosphorylated on Ser™™
(upper panel). or for c-tubulin (lower panel).
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Suppl. Fig. 2

Supplemental Fig, 2:
A. MC3T3 cells were preincubated for 1 h in the presence of media alone (lanes 1 and 2). 10 pM

BAPTA-AM (lane 3), or 5 mM EGTA (lane 4). After that, cells were either kept under static conditions
(lane 1), or were exposed to laminar flow for 20 min (lanes 2-4). and 10 min later, c-fos, fra-1, fra-2,
fosB/AfosB and gapd mRNA levels were determined by semi-quantitative RT-PCR as described in
Experimental Procedures.

B. Cells were treated for 30 min with the calcium ionophore A23187 (0.3 pM. lanes 2 and 4) and/or 8-
pCPT-cGMP (50 pM, lanes 3 and 4). and c-fos, fra-1, fra-2, fosB/AfosB and gapd mRNA levels were
determined as in panel A.

C. Cells were incubated for 20 min with the calcium ionophore A23187 (0.3 pM., lanes 2 and 4) and/or
8-pCPT-cGMP (50 pM., lanes 3 and 4). and cell lysates were analyzed by Western blotting using a
phospho-Erk1/2-specific antibody (upper panel); duplicate blots were probed with an antibody
recognizing Erk1/2 irrespective of their phosphorylation state (lower panel).
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Suppl. Fig. 3

siRNA: GFP PKG-2b

Virus: LacZ PKG LacZ PKG
¢cGMP: . + . + . + - +
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Supplemental Fig. 3:

MC3T3 cells were transfected with either GFP siRNA (lanes 1-4) or the mouse PKG II-specific siRNA
PKG-2b (lanes 5-8): 8 h later, cells were infected with control virus encoding [3-galactosidase (LacZ,
lanes 1. 2, 5. and 6) or virus encoding siRNA-resistant rat PKG II (lanes 3, 4. 7. and 8). Forty-eight hours
later, cells were treated with 8-pCPT-cGMP for 1 h. and fos family gene expression was determined by
semiquantitative RT-PCR as described in Experimental Procedures.
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Suppl. Fig. 4
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Supplemental Fig. 4:
A. Serum-deprived hPOBs were incubated for 1 h without drug, with 10 uM ODQ, or Rp-8-pCPT-PET-

¢GMPS as indicated. prior to a 10 min exposure to laminar flow (lanes 2-4); cells in lane 1 were kept
under static conditions (sham-treated). Erk phosphorylation was assessed as described in Figs.7-10 and
Supplemental Fig. 2C. using an antibody specific for Tyr-phosphorylated Erk1 (pTyr™*, clone E-4).

B. Serum-deprived hPOBs were incubated for 1 h with ODQ or Rp-8-pCPT-PET-cGMPS as indicated on
top. prior to receiving 10 uM PAPA-NONOate (NO. left panels) or 50 pM 8-pCPT-cGMP (cGMP, right
panels) for 10 min as indicated: cells in lane 1 were mock-treated. Erk phosphorylation was assessed
using an antibody specific for dually-phosphorylated Erk1 (pThr*®/pTyr’®).
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Cyclic GMP and Protein Kinase G Control
a Src-Containing Mechanosome in Osteoblasts
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Mechanical stimulation is crucial for bone growth and remodeling, and fluid shear stress promotes
anabolic responses in osteoblasts through multiple second messengers, including nitric oxide (NO).
NO triggers production of cyclic guanosine 3',5-monophosphate (¢GMP), which in turn activates
protein kinase G (PKG). We found that the NO-cGMP-PKG signaling pathway activates Src in me-
chanically stimulated osteoblasts to initiate a proliferative response. PKGIl was necessary for Src acti-
vation, a process that also required the interaction of Src with B; integrins and dephosphorylation of Src
by a complex containing the phosphatases SHP-1 (Src homology 2 domain—containing tyrosine phospha-
tase 1) and SHP-2. PKGII directly phosphorylated and stimulated SHP-1 activity, and fluid shear stress
triggered the recruitment of PKGll, Src, SHP-1, and SHP-2 to a mechanosome containing B3 integrins.
PKGIl-null mice showed defective Src and ERK (extracellular signal-regulated kinase) signaling in osteo-
blasts and decreased ERK-dependent gene expression in bone. Our findings reveal a convergence of
NO-cGMP-PKG and integrin signaling and establish a previously unknown mechanism of Src activation.
These results support the use of PKG-activating drugs to mimic the anabolic effects of mechanical stim-

ulation of bone in the treatment of osteoporosis.

INTRODUCTION

Mechanical stimulation induces bone growth and remodeling, which is
cntical for maintaining bone mass and strength (/). Compressive forces
generated by weight bearing and locomotion induce small bone deforma-
tions 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 (/, 2). Mechanoreceptors on osteoblasts and osteocytes
include integrins associated with cytoskeletal proteins and mechanosensi-
tive calcium channels (2). Mechanical stimulation rapidly and transiently
increases intracellular calcium concentrations and production of nitric oxide
(NO) and prostaglandin E; (3, 4). These second messengers activate various
signal transduction pathways, including the Raf-MEK [mitogen-activated
protein (MAP) kinase or extracellular signal-regulated kinase (ERK)
kinase]-ERKI1/2 cascade, which leads to changes in gene expression (3).

NO synthesis in mechanically stimulated osteoblasts and osteocytes
occurs in part through activation of endothelial NO synthase (eNOS)
and increased abundance of inducible NOS (iNOS) (5, 6). NO is impor-
tant for bone modeling and remodeling, as evidenced by in vitro and in
vivo studies. Low doses of NO donors promote osteoblast proliferation
and differentiation in vitro and increase bone formation in response to
mechanical stimulation (7, 8). Furthermore, young eNOS-deficient mice
have reduced bone mass due to defects in osteoblast number and matu-
ration, and adults show impaired bone adaptation to interstitial fluid flow
(9, 10). Moreover, iNOS-deficient mice and rodents treated with NOS
inhibitors fail to increase bone formation after mechanical stimulation
(6, 7, 11).

'Department of Medicine, University of California, San Diego, La Jolla, CA
92093, USA. ZInstitute for Pharmacology and Toxicology and Biomedical
Center, University of Bonn, 53105 Bonn, Germany.

*To whom correspondence should be addressed. E-mail: rpilz@ucsd.edu

NO produced in mechanically stimulated osteoblasts and osteocytes
activates soluble guanylate cyclase, which produces cyclic guanosine 3',5'-
monophosphate (¢cGMP), which in tun activates both soluble type I and
membrane-bound type II protein kinase G (PKG); other ¢cGMP targets in-
clude phosphodiesterases and cyclic nucleotide-gated ion channels (3, /2).
PKGII-deficient mice are dwarfs because of a block in chondrocyte differenti-
ation in bone growth plates, whereas PKGI-deficient mice have no obvious
skeletal abnormalities (/3). We have shown that NO and cGMP cooperate with
a calcium-dependent pathway to activate ERK in response to fluid shear stress,
but the mechanism (or mechanisms) whereby shear stress activates ERK are
unknown (5). Here, we establish that the NO-cGMP-PKG pathway activates
ERK through SHP-1 [Src homology 2 (SH2) domain—containing tyrosine
phosphatase 1], SHP-2, and Src in shear-stressed osteoblasts and show defec-
tive signaling in PKGIl-deficient mice. We uncover a link between the
NO-cGMP-PKG pathway and B, integrins, thereby explaining the require-
ment of both pathways for ERK activation in osteoblasts and osteocytes.

RESULTS

PKGII 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, as shown by the
differential osteogenic response to mechanical stress in different inbred
strains of mice (/6). Because we previously showed that the NO-<GMP-
PKG signaling pathway is necessary for fluid shear stress-induced ERK
activation (5), we examined the role of PKGII in early osteoblast prolif-
eration with a small interfering RNA (siRNA) approach. We found that
15 min of laminar fluid shear stress (at 12 dynes/cm?) stimulated incor-
poration of bromodeoxyuridine (BrdU) in replicating DNA by a factor of
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~3 in MC3T3-E1 murine osteoblast-like cells (referred to as MC3T3), a  keeping Src in a “closed” (inactive) conformation. Dephosphorylation of
response that was prevented by siRNA-mediated depletion of PKGII (Fig. Tylj29 is a key event in Src activation because it changes the protein to an
1, A and B, and fig. S1A). Treatment with 8-(4-chlorophenylthio)-cGMP  “open” conformation and enables autophosphorylation of Tyr 1% in the
(8-CPT-cGMP; referred to as cGMP) mimicked the effects of fluid shear  kinase domain activation loop (Fig. 1C) (/7). Exposing primary human
stress on cell proliferation in cells ransfected with an siRNA targeting green  osteoblasts (hPOBs), murine MC3T3 osteoblast-like cells, and MLO-
fluorescent protein (GFP) but had no effect in PKGII siRNA-transfected Y4 osteocyte-like cells to fluid shear stress for up to 30 min rapidly in-
cells (Fig. 1, A and B). Thus, PKGII activity is required for shear- and  duced Src dephosphorylation on Tytj29 and phosphorylation on Tyr‘m‘,

c¢GMP-induced early osteoblast proliferation. However, fluid shear re- indicating Src activation. Src activation peaked slightly before ERK ac-

sponses may vary with the degree of osteoblast differentiation (/). tivation, and treatment of 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). Results
Fluid shear stress— or cGMP-induced ERK obtained with an antibody specific for Src phosphorylated at Tyr™>” (Sre-
activation requires Src pTyr>") mirrored those obtained with antibody specific for Sre that is not

Src activity is regulated by phosphorylation. In unstimulated cells, the  phosphorylated at Tyr529 (Src—noinyrﬂg)A The Src family kinase inhib-
C-terminal Tyr529 is phosphorylated and interacts with the SH2 domain, itor PP2, but not the inactive analog PP3, prevented fluid shear stress—

Fig. 1. Fluid shear stress— and cGMP- s ML
induced osteoblast proliferation and ERK

activation. (A and B) MC3T3-E1-fransformed GFP

murine osteoblast-like cells (MC3T3) were siRNA.

transfected with GFP or PKGII siRNAs

and kept static, exposed to fluid shear

stress (FSS; 12 dynes/cm?), or treated with

100 pM 8-CPT-cGMP (cGMP) for 10 min.

BrdU incorporation into DNA was detected PKGII

by immunoflucrescence, with >300 cells ~ siRNA T T

analyzed per condition. (B) represents

the mean of four experiments = SEM;

*P < 0.05. (C) Schema depicting Src ac-

tivation. (D and E) hPOBs were sham- C Inactive Sre Aetine Sre D WPOB E WPOB

treated, subjected to FSS, or treated with 0 5 (min) cGMP: 0 1 2 5 10 20 30 (min)
100 pM cGMP for the indicated times.
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induced Src autophosphorylation and ERK activation; similarly, PP2, but
not PP3, prevented cGMP-induced ERK activation (Fig. 1, G and H, and
fig. S1E). siRNA directed against Src, but not a control siRNA, blocked
fluid shear stress— and ¢cGMP-induced activation of ERK1/2 (Fig. 1, Tand
J, and fig. SIF). Thus, Src is required for ERK activation in fluid shear
stress— or cGMP-stimulated osteoblasts.
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Fig. 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 pretreated with 4 mM L-NAME, 10 p
0DQ, or 100 pM 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 pretreated as in (B) and exposed to FSS
for 5 min. Mean = SEM; n= 3. P < 0.05, drug-treated cells exposed to fluid shear compared to FSS alone.
(D) MC3T3 cells were transfected with siRNAs specific for GFP, PKGI, or PKGII; exposed to either FSS or
100 pM cGMP for 5 min; and analyzed as in Fig. 1F. Mean + SEM; n= 3. P < 0.05, PKGII siRNA compared
to GFP siRNA. (E to G) MC3T3 cells were transfected with PKGII (or GFP) siRNA and infected with ade-
noviral vectors encoding LacZ (control), siRNA-resistant wild-type (WT) or myristoylation-deficient PKGII
(PKGII G2A), and WT or membrane-targeted PKGI (PKGI swap). The Western blot in (E) shows expres-
sion of PKGI and PKGII constructs in PKGII siRNA-transfected MC3T3 cells (whole-cell lysates); mem-
brane 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, PKGII WT or PKGI swap compared to LacZ virus in PKGII siRNA-
transfected cells.

Membrane-localized PKG mediates Src activation

To determine whether fluid shear stress-induced Src activation was
mediated by the NO-cGMP-PK.G pathway, we used pharmacologic inhib-
itors of NOS [L-NC-nitroarginine methyl ester (L-NAME)], soluble gua-
nylate cyclase (ODQ), or PKG [Rp-8-CPT-PET-cGMPS (Rp)] (Fig. 2A).
Each of these agents almost completely prevented fluid shear stress—

induced Sre Tyr*'® autophosphorylation
and Tyr™>® 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 selec-
tively deplete cytosolic PKGI or membrane-
bound PKGII (fig. S1A). siRNAs directed
against PKGII, but not against PKGI, pre-
vented fluid shear stress— and cGMP-
induced Src activation (Fig. 2D).

To assess whether the differing abili-
ty of PKGI and PKGII to regulate Src
activity was due to differences in sub-
cellular localization or substrate recogni-
tion, we reconstituted PKGII-depleted
MC3T3 cells with siRNA-resistant PKG
constructs. Expression of wild-type PKGIL
but not a membrane binding—deficient
PKGII-G2A mutant, in PKGII-deficient
cells restored cGMP-induced Src activa-
tion (Fig. 2, E to G). [The mutant PKGII-
G2A is cytosolic because it lacks the
N-terminal myristoylation signal that tar-
gets PKGII to the plasma membrane
(18).] A membrane-targeted PKGI/TI chi-
mera containing the N-terminal 39 amino
acids of PKGII fused to the N terminus
of PKGI (PKGl-swap) restored cGMP-
induced Src activation in PKGIT siRNA—
treated MC3T3 cells, whereas similar
amounts of wild-type PKGI did not
(Fig. 2, E to G). All four PKG constructs
produce similar total cellular PKG activ-
ities, but in different subcel lular compart-
ments (/8). We conclude that membrane
targeting of PKG activity is essential for
c¢GMP-induced Src activation and that it
involves a substrate recognized by both
PKGI and PKGIIL.

Src is not directly activated

by PKGII

Cyclic adenosine 3',5'-monophosphate
(cAMP)-dependent protein kinase (PKA)
activates Src directly by phosphorylating
Ser'”, a site that could also be recognized
by PKG (19). Purified PKGII did not af-
fect Src phosphorylation or autophos-
phorylation and did not phosphorylate
the PKA recognition site (or sites) in Src
under conditions in which a known PKG
and PKA substrate was efficiently phos-
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phorylated (fig. 32, A to C). Some phosphorylation of the PKA recogni-
tion site (or sites) in Src was detectable in untreated MC3T3 cells; this
phosphorylation was not increased in ¢GMP-treated cells, but was
increased when PKA was activated with 8-Br-cAMP (fig. S2D). Thus,
Sre is not a PKGII substrate and is not activated by direct PKGII phospho-
rylation or interaction with PKGIL
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Fig. 3. Fluid shear stress— and cGMP-induced Src activation mediated by SHP-1 and
SHP-2. (A) MC3T3 cells were treated with 10 uM vanadate for 1 hour before a 5-min
exposure to fluid shear stress (FSS; 12 dynesfcmz) or 100 uM 8-CPT-cGMP (cGMP).
Src phosphorylation was analyzed as in Fig. 1F. Mean + SEM; n= 3. P< 0.05, vanadate
compared to control. (B) hPOBs were treated with vanadate and cGMP as in (A)
(images are representative of two experiments). (C and D) MC3T3 cells were transfected
with siRNAs targeting GFP, SHP-1, SHP-2, RPTP-a, or PTP-1B, and phosphatase abun-
dance was guantified by Westemn blctting (whole-cell lysates for SHP-1, SHP-2, and
PTP-1B and membrane lysates for RPTP-a). In (D), cells were exposed to FSS or treated
with 100 pM ¢GMP for 5 min, and Src phosphorylation was analyzed as in Fig. 1F.
Mean + SEM; n = 3. P < 0.05, SHP-1 or SHP-2 siRNA compared to GFP siRNA. (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 pM cGMP for 5 min (representative of three experiments).

Fluid shear stress— and cGMP-induced Src
activation is mediated by SHP-1 and SHP-2
Rapid dephosphorylation of Src pTyr™ in fluid shear stress— or cGMP-
treated osteoblasts (Fig. 1, D to F) implies a role for a protein tyrosine
phosphatase (PTP) (or phosphatases). The PTP inhibitor vanadate did not
affect Src phosphorylation at Tyr™>” in unstimulated osteoblasts, suggest-

ing low activity of PTPs that catalyze Src pTyr'> dephospho-
rylation. However, vanadate blocked fluid shear stress— and
¢GMP-induced Sre pTyr'>> dephosphorylation and prevented
Src Tyr*'® autophosphorylation (Fig. 3, A and B, and fig.
S3A). These results suggest that PKG regulates Src through
activation or recruitment of a PTP (or PTPs) that catalyzes
Src pTyr’>* dephosphorylation (or both).

Several PTPs are present in osteoblasts that can dephospho-
rylate Src Tyr'>? in vitro, including the tandem SH2 domain—
containing PTPs SHP-1 and SHP-2, PTP-1B, and the receptor-type
phosphatase RPTP-at. All four proteins contain potential PKG
phosphorylation sites and may activate Src in cells (20, 21). De-
pleting either SHP-1 or SHP-2 by siRNAs prevented fluid shear
stress— and cGMP-induced dephosphorylation of Src pTr™ in
MC3T3 cells, whereas depleting PTP-1B or RPTP-a had no ef-
fect (Fig. 3, C and D, and fig. S3, B and C). Reconstitution of
siRNA-resistant human SHP-1 or SHP-2 in SHP-1- or SHP-2—
depleted MC3T3 cells restored cGMP-induced Sre |:iTyr529
dephosphorylation and Tyr*'"* autophosphorylation, as well
as ERK activation (Fig. 3, E and F). These results indicate that
SHP-1 and SHP-2 are both required for fluid shear stress— and
oGMP-induced Src activation. SHP-1 and SHP-2 also cooperate in
epidermal growth factor—induced ERK activation, with SHP-2
acting as a scaffold that recruits SHP-1 to the receptor (22).

PKGII phosphorylates SHP-1 and stimulates
PTP activity

The phosphatase activities of SHP-1 and SHP-2 are regulated
by interactions between their SH2 and PTP domains and by
phosphorylation of Tyr in the C termini, where the sequences
of the two phosphatases diverge the most (27). We found that
PKGII phosphorylated purified full-length SHP-1 wild-type
and N-terminally truncated SHP-1 (ASH2, missing the two
SH2 domains), but not the isolated catalytic domain (CAT); this
localized the PK.G phosphorylation site (or sites) 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 with a phospho-
Tyr’*—containing Src peptide as a substrate. The specific
activity of purified SHP-1ASH2 was similar to that of the
isolated CAT domain and was higher than that of the full-
length enzyme by a factor of ~5 (Fig. 4C), consistent with
results reported for other substrates (27). PKGII phospho-
rylation of full-length SHP-1 or SHP-1ASH2 stimulated phos-
phatase activity, but PKGII did not stimulate SHP-1 CAT
activity (Fig. 4C). Thus, PKGII phosphorylation of the SHP-
1 C-terminal tail stimulates SHP-1 PTP activity toward Src
phospho-Tyr™” in vitro.

Phosphorylation of Flag-tagged, full-length SHP-1 in human
embryonic kidney (HEK) 293T cells was modestly enhanced
by wild-type, but not kinase-dead PKGII, and SHP-1 phospho-
rylation occurred on a serine residue (or residues) (Fig. 4D and
fig. S4A). An SHP-1 construct lacking the C-terminal 74 amino
acids (SHP-1ACT) showed neither basal nor PKGII-stimulated
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phosphorylation, and a construct containing alanines substituted for Ser*-,
Ser®®, and Ser”’ in a potential PKG recognition sequence (SHP-1AAA)
showed reduced basal phosphorylation, which was not increased in the
presence of PKGII (Fig. 4E). Thus, PKGII targets at least one of these ser-
ines, which are conserved across species but are not present in SHP-2 (fig.
S4B). Flag-SHP-1 isolated from HEK 293T cells expressing wild-type
PKGII displayed about twice as much PTP activity as SHP-1 from cells
cotransfected with empty vector or kinase-dead PKGII; in these experi-
ments, wild-type PKGII expression did not alter the amount of Flag—

SHP-1 protein in the cell (Fig. 4F). The PTP activities of SHP-1ACT
and SHP-1AAA were not affected by PKGII expression, consistent with
their lack of PKG phosphorylation. Wild-type SHP-1, but not SHP-1ACT
or SHP-1AAA, restored cGMP-induced Src activation in SHP-1 siRNA—
treated MC3T3 cells (Fig. 4G). Thus, SHP-1 phosphorylation and activa-
tion by PKGII 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 coimmunoprecipitated with SHP-2 (Fig. 4H), which suggests the
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Fig. 4. PKGIl phosphorylation of SHP-1 and SHP-2 and regulation of PTP activity. (A) SHP-1
constructs; AAA denotes alanine substitutions for Ser®>®, Ser**®, and Ser®*". (B) PKGII phosphoryl-
ation of bactenally expressed SHP-1 constructs in the presence of ['nyEPO‘,]ATP in vitro (represent-
ative of three experiments). (C) Effect of PKGII phosphorylation on SHP-1 PTPase activity in vitro
(mean + SEM, n = 3; "P < 0.05). (D and E) HEK 293T cells were cotransfected with Flag epitope—
tagged SHP-1 constructs and empty vector, WT PKGII, or kinase-dead PKGII. Cells were labeled with
32pQ, for 4 hours and treated with 100 pM 8-CPT-cGMP (cGMP) for 10 min. Immunoprecipitates were
analyzed by SDS-PAGE and autoradiography, and protein abundance was determined by Western
blotting (representative of two experiments). (F) PTP activity of Flag-tagged SHP-1 constructs immuno-
precipitated from HEK 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= 4; *P < 0.05). (G) MC3T3 cells were
transfected with SHP-1 siRMA and infected with adenovirus encoding LacZ or siRNA-resistant human
SHP-1 WT, ACT, or AAA. Cells were exposed to 100 pM cGMP for 5 min, and Src phosphorylation or
dephosphorylation was analyzed as in Fig. 1E (representative of three experiments). (H) Coimmuno-
precipitation of SHP-1 and SHP-2 from MC3T3 cells freated 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 con-
trol MC3T3 cells and from cells treated with 100 uM cGMP for 5 min. Mean + SEM; n=6. *P < 0.05.
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possibility of direct interaction between the
two proteins (22). We used SHP-2 anti-
bodies to isolate a complex of endogenous
SHP-1 and SHP-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 endoge-
nous SHP-1 and SHP-2 (fig. S4D).

Src and ERK activation

by cGMP and PKGII requires
B3 integrin 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 o, B; (2). ERK activation in fluid
shear— or stretch-stimulated osteoblasts is
prevented by B; integrin—blocking antibodies
and siRNAs directed against fi; integrin
(24, 25). We found that siRNA depletion
of B, integrin prevented ¢cGMP-induced
Src and ERK activation in MC3T3 cells
(Fig. 5, A and B) without affecting B, in-
tegrin abundance or MC3T3 cell adhesion,
the latter effect likely because cells adhere
to secreted extracellular matrix proteins
through multiple integrins. cGMP-induced
Src and ERK activation was restored by
expressing siRNA-resistant human B in-
tegrin in By integrin—depleted cells, but not
by a B3ACT mutant [lacking the last three
C-terminal amino acids (26)], which does
not bind Src (Fig. 5, C and D). Thus, Src
activation by PKGII requires Src interaction
with the cytoplasmic tail of B integrin.

To determine whether cGMP-PKGII
activation of Src and ERK requires ligand
binding to 5 integrins, we either placed os-
teoblasts in suspension or allowed them to
adhere to fibrinogen-coated plates for 1 hour
(fibrinogen was used as a specific ligand
for o,B; integrin, and waiting 1 hour en-
sured that ERK activation triggered by cell
spreading had subsided) (27). cGMP ac-
tivated Src and ERK in cells plated on
fibrinogen but had no effect on cells in sus-
pension, unless MnCl, was added to di-
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rectly activate o, B3 integrin and enable binding to soluble fibrinogen (Fig.
5E and fig. S5). Similar results were obtained with fibronectin (fig. S5).
Thus, cGMP-PKGII activation of Src and ERK in osteoblasts requires ad-
hesive ligand (such as fibrinogen or fibronectin) binding to a, B, integrin.

Fluid shear stress triggers PKGll, SHP-2, and Src
recruitment to B; integrin—containing focal adhesions
Osteoblast stimulation by fluid shear stress induces assembly of actin
stress fibers and B, integrin—containing focal adhesions (23). We found
that fluid shear stress promoted clustering of f; integrin with SHP-2 in
the periphery of osteoblasts (fig. S6) and increased coimmunoprecipita-
tion of SHP-2 and B integrin (fig. STA). Similarly, Kapur ef al. reported
that SHP-1 and SHP-2 association with B; integrin is enhanced by fluid
shear stress in human osteosarcoma cells (28). Fluid shear stress in-
creased the colocalization of PKGII and Src with SHP-2 in the plasma
membrane (fig. S6) and the amount of PKGII and vinculin associated
with a detergent-insoluble fraction containing cytoskeletal and focal ad-
hesion proteins (Fig. 6, A and B); there was no change in the amount of
B-actin or caveolin-1 associated with the detergent-insoluble fraction.
With vinculin serving as a focal adhesion marker, triple immunofluo-
rescence staining showed that the percentage of focal adhesions contain-
ing PKGII 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 PKGII with B; integrin—containing integrins
by bimolecular fluorescence complementation (BiFC). Two chimeras were
cotransfected with human B, integrin into MC3T3 cells: PKGII-VN, with
the N-terminal half of the Venus fluorophore between the N-terminal
membrane localization signal and the leucine zipper of PKGII, and
onp-VC, with the C-terminal half of Venus fused to the C terminus of
human oy, integrin (Fig. 6E). We observed Venus fluorescence in the pe-
riphery of cells coexpressing ap,-VC and B; integrin with wild-type

A B

PKGII-VN, but not with mutant PKGII(G2A)-VN missing the N-terminal
myristoylation signal, suggesting that membrane-bound PKGII directly or
indirectly interacts with oy, or B; integrin (Fig. 6E and fig. S7B). We also
demonstrated interactions among PKGIL, B, integrin, SHP-2, and Src in
reciprocal coimmunoprecipitation experiments (fig. S7C). On the basis of
these data and the fact that SHP-1 and SHP-2 coimmunoprecipitate (Fig.
4H), we conclude that PKGII, B integrin, Src, SHP-1, and SHP-2 may be
present in a large complex and that fluid shear stress promotes assembly of
this complex at focal adhesions. Because B integrin—containing focal ad-
hesion complexes have been implicated as mechanosensors in osteoblasts
and osteocytes and other cells (27, 29), we propose that this PKGII-, B3
integrin-, Src-, SHP-1-, and SHP-2—containing complex represents a
mechanosome modulated by PKGIL The term “mechanosome™ was pre-
viously coined to describe a hypothetical signaling complex composed
of focal adhesion—associated proteins assembled and activated by me-
chanical stimulation (30).

Src and ERK signaling is impaired in osteoblasts from
PKGIl-null mice

PKGlI-deficient mice (Prkg2™") exhibit abnormalities in chondroblast
differentiation, but osteoblasts from these mice were not previously ex-
amined (/3). Primary osteoblasts from calvariae of Prkg2” mice and
their wild-type littermates were morphologically similar; as expected,
Prkg2™'" osteoblasts lacked messenger RNA (mRNA) encoding PKGII,
but not PKGI (Fig. 7C). Sre activation in response to fluid shear stress or
¢GMP was impaired in Prkg2 " osteoblasts, whereas cells from wild-type
littermates showed robust Src Tyr*'® autophosphorylation and phospho-
Tyr*>® dephosphorylation (Fig. 7, A and B). A similar difference was seen
in fluid shear stress— or cGMP-induced ERK phosphorylation. Because
Jos family genes are targets of PKGII and ERK (5), we assessed the effect
of NO-cGMP-PKGII signaling in 1-week-old mice by measuring ¢-fos and
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(A). Cells in (B) were exposed to 100 pM 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 integrin were infected with lentivirus
encoding siRNA-resistant human BWT or Src binding—deficient BACT. Cells were
treated with 100 pM cGMP for 5 min and analyzed as in Fig. 1E. Abundance of
human B3 integrin constructs was analyzed by Westem blotting of whole-cell ly-

sates; the amount of endogenous mouse Bs integrin is below detection limits. The
bar graph shows the mean + SEM of three experiments. P < 0.05, for BsWT compared to LacZ virus in s siRNA-transfected, cGMP-treated cells. (D)
Coimmunoprecipitation of Src with human BaWT but not BzACT from MC3T3 cells infected with pz-expressing lentivirus (representative of two
experiments). Endogenous murine Bs is not efficiently immunoprecipitated. (E) hPOBs were kept in suspension (Susp.), allowed to attach to fibrinogen
(FB)—coated dishes, or kept in suspension and stimulated with soluble FB (250 pg/ml) plus MnCl, (2 mM) (Susp. + FBMn). After 1 hour, some cells
received 100 pM cGMP for 5 min. Cells were analyzed as in Fig. 1E (representative of three experiments).
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Fig. 6. Characterization of a Src-containing mechanosensitive
complex in osteoblasts. (A and B) Western blots of detergent- Fs§
insoluble fractions isolated from static MC3T3 cells and from

cells exposed for 5 min to orbital fluid shear stress (FSS; 120 rpm)

(A). Bar graphs summarize four separate experiments. Mean +

SEM; n = 4. *P < 0.05, static compared to shear-stressed cells D
(B). (C and D) PKGII {white) and SHP-2 (red) (C) or Src (white)
and SHP-2 (red) (D) colocalization with vinculin (green) was
examined in static and shear-stressed (FSS) MC3T3 cells. Focal
adhesions (FAs) were defined as vinculin-positive membrane
complexes >0.5-um size, and colocalization of PKGIl and SHP-
2 or Src and SHP-2 with FAs was scored as a percentage of total
FAs. The graphs show the mean + SE of proportion for three
experiments, with ~35 cells evaluated per condition. *P < 0.05,
static compared to shear-stressed cells. Scale bars, 5 pm. (E)
Colocalization of ay, and Bs integrins with PKGII monitored by
bimolecular fluorescence complementation (BiFC) between
ay-VC and WT PKGII-VN (VN-WT) or the membrane binding— E
deficient G2A mutant PKGII-VN (VN-G2A) in MC3T3 cells. Cells
were transfected with human Bz and ay,-VC. Representative con-
focal images of three separate experiments. Scale bars, 5 pm.
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fra-2 mRNA abundance in tibial diaphyses. The amount of c-fos and fra-2
transcripts was significantly lower in the tibial shafts of Prkg2™" mice
relative to those of wild-type mice (Fig. 7D). These results indicate that
PKGI deficiency affects c-fos and fra-2 expression in bones of intact
animals. Fos family transcription factors play a key role in skeletal devel-
opment and maintenance (3/).

DISCUSSION

We have identified a previously unknown mechanosensitive signaling
system in osteoblasts, defining the events leading from shear stress ac-
tivation of eNOS to Src activation. B; Integrins function as mechano-
sensors (29), and the cytoplasmic tail of B integrin serves as a scaffold for
a signaling complex that includes Src, SHP-1, and SHP-2 (26, 28, 32). We
discovered that PKGII is recruited to the B3 integrin-SHP—Src complex in
shear-stressed osteoblasts and that PKGII activated by ¢<GMP phosphorylates
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and thereby activates SHP-1; the latter dephosphorylates and activates Src
(Fig. 7E). Activated Src phosphorylates and recruits the adaptor She, 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, such as osteoblast proliferation and osteocyte survival
(25). Other mechanisms of ERK activation in shear-stressed osteoblasts in-
clude calcium- and focal adhesion kinase-dependent pathways (3, 35).

PKGII and integrins converge on the Src-ERK pathway
Current models for mechanotransduction propose that cells sense and
respond to forces at their points of attachment to the extracellular matrix,
for example, at integrin-containing focal adhesion complexes (36). Osteo-
cytes are tethered to the canalicular wall through o5 integrin (29). In re-
sponse 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 remains unclear (2, 36).
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Consistent with studies in other cell types (26, 37), we found that Src
was associated with the cytoplasmic tail of B; integrins, and this associ-
ation was necessary for Sre activation by ¢cGMP and PKGIL Clustering of
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Fig. 7. Signaling defect in PKGII-null osteoblasts. (A and B) WT and PKGI-
null primary osteoblasts were stimulated with either fluid shear stress (FSS;
12 dynesfcmz) or 100 pM 8-CPT-cGMP (cGMP) for 5 min, and Src and
ERK activation were analyzed as in Fig. 1E [representative of two (A) or
three (B) experiments]. (C) Semiguantitative RT-PCR for PKGI and PKGII
expression in primary calvarial osteoblasts isolated from 1-week-old Prkg2” i
mice and their WT littermates (representative of two experiments). (D) Tibial
diaphyses were isolated from 1-week-old WT and Prkg2™ mice, and c-fos,
fra-2, and gapdh mRNA abundance was measured by guantitative RT-PCR.
Mean + SEM; n= 5. P < 005, WT compared to knockout mice. (E) Model of
Src and ERK activation by FSS through NO-cGMP-PKGIl, depicting the
assembly of a mechanosensitive complex (shaded) containing PKGII,
SHP-1, SHP-2, and Src bound to the cytoplasmic tail of s integrin (x =
docking protein). Activation of the Ras-Raf-MEK-ERK cascade by Src
occurs through Shc-dependent and -independent pathways (33).

o, B3 integrin in response to adhesive ligand binding (or shear stress, or
both) may juxtapose Src molecules and allow partial activation through trans-
autophosphorylation, but full Src activation downstream of integrins re-
quires action of a protein tyrosine phosphatase, such as PTP-1B in platelets
and RPTP-q in fibroblasts (2¢)). We show that SHP-1 and SHP-2, as part of
a larger complex, are necessary for fluid shear stress— and cGMP-induced
Src activation. Consistent with our finding that Src and ERK activation by
the cGMP-PKGII pathway required ligand binding to B integrins, others
found that ERK activation by fluid shear stress is prevented by B3 integrin
function—blocking antibodies (24). Some colocalization of SHP-2, Src, and
PKGII with B integrin—containing complexes was apparent in the plasma
membrane of static osteoblasts, but fluid shear stress increased SHP-2,
Sre, and PKGII recruitment to focal adhesions. In contrast, NO and ¢cGMP
activation of PKG induces disassembly of focal adhesions in chondro-
blasts and endothelial cells (38, 39).

PKGII selectively targets SHP-1 and SHP-2 to activate Src
and ERK
Sre binds to the SH2 domains of SHP-1 and SHP-2 in vitro and is a substrate
for both phosphatases (34, 40). SHP-1 and SHP-2 serve nonredundant
functions in Src and ERK activation, and SHP-2 appears to function
as a scaffold, coupling SHP-1 or Src (or both) 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 stim-
ulation (47), and SHP-1-deficient mice develop osteopenia due to com-
bined effects of decreased bone formation and increased resorption (42).
We found that SHP-1 and SHP-2 associate and that SHP-2 binding to
PBs integrins is increased by fluid shear stress. The SHP-1-SHP-2 com-
plex might bind to B3 integrin indirectly, through SHP-2 binding to the
Tyr-phosphorylated adaptor protein DOK-1 (32). SHP-1 and SHP-2 are
autoinhibited by interaction between their SH2 and PTP domains, but
interaction of the SH2 domains with other Tyr-phosphorylated proteins
results in partial phosphatase activation (27). We found that PKGII ac-
tivation of SHP-1 is mediated by phosphorylation of Ser’®, Ser®*®, or
Ser™” in the C terminus of SHP-1; in contrast, protein kinase C phospho-
rylates SHP-1 on Ser”' and appears to inhibit phosphatase activity, al-
though reports are conflicting (27). Tyr phosphorylation of SHP-1 and
SHP-2 increases phosphatase activity (2/), but we found no effect of PK.GII
activation by ¢GMP on the Tyr phosphorylation of SHP-1 and SHP-2.
Our results suggest that the main mechanism of PKGII activation of
Src is through SHP-1- and SHP-2-mediated Src pTyr'>> dephospho-
rylation, but additional mechanisms could exist, such as Src activation
by interaction with other SH2 or SH3 domain-binding proteins or dis-
placement of CSK (C-terminal Src kinase) (/7). We did not find evidence
for direct Src activation by PKGII, in contrast to Src activation by PKA
(19). While this manuscript was in preparation, Leung er al. reported that
Sre activity in ovarian cancer cells depends on basal activity of PKGla,
with reciprocal phosphorylation between Src and PKGla (43). We found
no role of PKGI in Src activation in osteoblasts.

PKGlI-deficient mice have skeletal defects
PKGllI-deficient mice have no general metabolic disturbances and ap-
pear grossly normal at birth, but develop dwarfism because of abnormal
endochondral ossification from defective chondroblast differentiation (13).
In chondroblasts, PKGII promotes differentiation through regulation of
Sox9 nuclear translocation and B-catenin stability (/2) and antagonizes
growth factor activation of the Raf-1-MEK-ERK cascade (44).

We found defective Src and ERK signaling in PKGII-deficient pri-
mary osteoblasts and decreased amounts of c-fos and fiu-2 mRNA in
tibial diaphyses of Prkg2 " mice relative to wild-type littermates. Be-
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cause c-fos and fra-2 are target genes of PKGII signaling, these data sug-
gest that c-fos and fra-2 mRNA abundance is regulated by PKGII activity
in vivo. c-fos is involved in osteoblast cell cycle regulation (45), and in-
duction of c-fos expression in bone by mechanical loading correlates
with new bone formation (7). Because the global PKGII knockout phe-
notype is dominated by impaired endochondral ossification leading to
abnormal architecture of long bones and vertebrae, we plan to generate
osteoblast- and osteocyte-specific PKGII knockout mice to evaluate the
in vivo consequences of defective osteoblast mechanotransduction.

NO-cGMP-PKGII 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 (7, 2). NO is crucial to
the anabolic response to mechanical stimulation in vivo. In models of
bone adaptation to loading, NOS inhibitors prevent loading-induced c-fos
mRNA expression and impede osteogenesis (7, /7). In a hindlimb suspen-
sion model, mice deficient in eNOS (n0s3~") or iNOS (nos! ~") exhibit the
same bone loss in unloaded limbs as wild-type mice. However, interstitial
fluid flow induced by venous ligation protects wild-type but not nos3™"~
mice from bone loss in the suspended limb, and reloading induces new
bone formation in wild-type but not nos! ™~ mice (6, 10).

We have identified a link between mechanical stimulation and acti-
vation of Src and ERK, establishing a central role of NO-cGMP-PKGIT
signaling in osteoblast mechanotransduction. Preclinical 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 agents that increase cGMP concentrations, such as NO-
independent soluble guanylate cyclase activators and phosphodiesterase
inhibitors, could have favorable “mechanomimetic™ effects on bone.

MATERIALS AND METHODS

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

Cell culture, transfections, and exposure to drugs and
fluid shear stress

MC3T3-El-transformed murine osteoblast-like cells (from the American
Type Culture Collection, used at <12 passages) and hPOBs (established
from surgical specimens according to an institutionally approved protocol)
were cultured, transfected with Lipofectamine 2000 (Invitrogen), and char-
acterized by histochemical staining for the presence of alkaline phosphatase
activity and reverse transcription polymerase chain reaction (RT-PCR) quanti-
fication of vitamin D-induced osteocalcin mRNA 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.) for 5 min unless noted other-
wise. 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 preincubated with pharmacological inhibitors for 1 hour and treated
with 100 pM 8-CPT-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
the Supplementary Materials.

Phosphorylation assays

Recombinant SHP-1 and SHP-2 were purified from bacteria as glutathi-
one 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-**PO,Jadenosine 5'-triphosphate (ATP), 10 uM ¢cGME, 10 mM MgCl,,
and 50 ng of Flag-tagged PKGII (purified from HEK 293T cells). To
examine SHP-1 phosphorylation in intact cells, we transfected 293T
cells with Flag-tagged SHP-1 constructs and incubated them with **PO,
(100 nCi/ml) for 4 hours, with 100 pM 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—polyacrylamide
gel electrophoresis (SDS-PAGE) and autoradiography.

PTP assays

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

Immunofluorescence staining, BrdU incorporation,

and BiFC

Osteoblasts were either exposed to laminar fluid shear stress as described
above or plated on glass coverslips 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 pro-
vided in the Supplementary Materials. Cells were viewed with a confocal
microscope (Olympus FV1000), a 40/1.3 oil-immersion objective, and
2x to 4= 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.

RT-PCR

RNA was extracted in TRI Reagent, and 1 pg of total RNA was subjected
to reverse transcription and real-time PCR using previously described
primers; gapd served as an internal reference with the 27 method (5).

Prkgz”~ mice

Homozygous Prkg2”’~ mice were generated as described (/3); 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-day-old mice by sequential collagenase digestion, and cells were
characterized as described for hPOBs.

Statistical analyses

Pairwise comparisons were done by two-tailed Student’s ¢ test and
comparison of multiple groups by analysis of variance (ANOVA) with
Dunnett’s posttest analysis to the control group; a P value of <0.05 was
considered statistically significant. Where appropriate, such as for re-
sults of immunofluorescence staining and for normalized results, the
Wilcoxon rank test was used for pairwise comparison and the Friedman
test with Dunn’s posttest analysis for comparison of multiple groups.
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SUPPLEMENTARY MATERIALS
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Materials and Methods

Fig. S1. siRNA knockdown of PKGI or PKGII; effects of fluid shear stress and cGMP on
Src and ERK phosphorylation in MLO-Y4 and MC3T3 cells.

Fig. S2. PKGII does not directly phosphorylate Src.

Fig. S3. Effect of vanadate- and phosphatase-specific siRNAs on Src phosphorylation and
dephosphorylation.

Fig. 54. Analysis of SHP-1 phosphorylation and function in MC3T3 cells.

Fig. S5. cGMP activation of Src requires ligation of fs integrins.

Fig. S6. Colocalization of By integrins, PKGil, and Src with SHP-2-containing membrane
complexes.

Fig. S7. Interactions among PKGII, SHP-2, Sre, and B; integrins.

Table S1. siRNA target sequences.
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Reagents. Antibodies were obtained from the following sources: total Sre, Src pTyr*'®, Src pTyr’™,

Sre non-pTyr' ™, and PKA/PKG substrate antibody (anti-RRXpS) from Cell Signaling; total ERK1,
ERK1/2 phosphorylated on Tyr*** (clone E-4), SHP-1 (SC287), SHP-2 (SC7384), B; integrin (SC6627),
a-tubulin, and B-actin from Santa Cruz Biotechnology; rabbit monoclonal antibodies for SHP-2 and Ps
integrin from Epitomics; PTP-1B from Upstate Biotechnology Inc., RPTP-o and caveolin-1 from BD
Transduction Laboratories; PKGI from Calbiochem/EMD; PKGII from Abgent; and BrdU from Sigma.

The ¢GMP agonist 8-(4-chlorophenylthio)-guano-sine-3",5’-cyclic monophosphate (8-CPT-cGMP,
referred to as cGMP) and the cGMP antagonist 8-(4-chlorophenylthio)-B-phenyl-1,N*-ethenoguanosine-
3°,5-cyclic monophosphorothioate, Rp isomer (Rp-8-CPT-PET-cGMPS) were from Biolog. The NOS
inhibitor N-nitro-L-arginine methyl ester (L-NAME), the soluble guanylate cyclase mhibitor 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one  (ODQ), and  1-propanamine,3-(2-hydroxy-2-nitroso-
propylhydrazino) (PAPA-NONOQate) were from Cayman. The Src kinase family inhibitor PP2 and its
inactive cogener PP3 were from Calbiochem/EMD. Human fibrinogen and fibronectin were from
Enzyme Research Ltd.

DNA Constructs. Vectors encoding variants of human PKGI, rat PKGIIL, and human fs integrin
were described previously (1,2). Bacterial expression vectors encoding glutathione-S-transferase (GST)-
tagged human SHP-1 and SHP-2 were from Addgene: truncated versions were generated by PCR. For
mammalian SHP-1 expression vectors, SHP-1 variants were fused in-frame with the N-terminal peptide
DYKDDDDKG. Site-directed mutagenesis was performed using the QuickChange kit (Stratagene) as
per the manufacturer’s mstructions. Venus vectors for bimolecular fluorescence complementation
(B1iFC) were provided by C.-D. Hu (Purdue University); am-VC integrin, containing the C-terminal half
of Venus fused to the C-terminus of human oy, integrin, was described previously (3). The N-terminal
half of Venus was inserted between amino acids 39 and 40 of PKGII to generate PKGII-VN. All PCR
products were sequenced to assure absence of unwanted mutations.

SiRNA Transfections and Viral Infections. Sequences targeted by siRNAs are summarized in
Table S1; the oligoribonucleotides were produced by Qiagen. MC3T3 cells were plated at 1.3 x 10°
cells per well of a 6-well dish or at 5 x 10° cells per glass slide, and were transfected 18 hours later (at
~40% confluency) with 100 pmol of siRNA and Lipofectamine 2000™ (Invitrogen) in 1 ml of 10%
FBS-containing media.

Adenoviral vectors encoding p-galactosidase (LacZ), PKGI, PKGII, and SHP-1 variants were
produced using the pAd/CMV/V5-DEST™ Gateway® system (Invitrogen) (1,4). Lentiviral vectors
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encoding human s integrin variants were produced as described previously (3). At 24 hours after
siRNA transfection, cells were infected in full growth medium at an MOI of ~10; 24 hours later cells
were transferred to medium containing 0.1% FBS for an additional 24 hours until harvest.

Cell Fractionation. Cells were extracted in hypotonic buffer by Dounce homogenization, nuclei
and cell debris were removed by centrifugation at 300 x g for 10 min, and the supernatant was subjected
to centrifugation at 50,000 x g for 30 min to generate a “cytosolic” (supematant) and a “membrane”
(pellet) fraction. To isolate detergent-insoluble fractions, MC3T3 cells were plated on 150 mm dishes
and infected with adenovirus encoding rat PKGIT at an MOI of -5 to increase PKGII expression by
about 2-fold. Confluent cells were subjected to orbital flow for 5 min (120 rpm) or kept under static
conditions. Triton-insoluble fractions were prepared as described (5). Lysates were concentrated to a
minimal volume using trichloroacetic acid/acetone precipitation.

Immunoprecipitation and Western Blot Analyses. For Fig. 4H, MC3T3 cells were lysed in 50 mM
Tris/HCI pH 7.5, 100 mM NaCl, | mM EDTA, 10 mM dithiotreitol, 0.5% NP-40, and a protease
inhibitor cocktail (Calbiochem/EMD). Lysates were cleared by centrifugation (16,000 x g for 15 min)
and subjected to immunoprecipitation using a SHP-2-specific monoclonal antibody on protein G agarose
beads. For Fig. 5C and fig. S7TA, MC3T3 cells were infected with lentivirus expressing wild-type or
mutant human fs integrin; cells were lysed as above, and cleared lysates were subjected to
immunoprecipitation with a rabbit monoclonal antibody which recognizes human p; integrin more
efficiently than murine B; integrin. Western blots were generated using the indicated antibodies from a
different species. Western blots were developed with horseradish peroxidase-coupled secondary
antibodies or Clean-Blot IP Detection Reagent™ (Thermo Scientific) and enhanced chemiluminescence
detection (6). For fig. S7C, HEK 293T cells were cotransfected with DNA vectors encoding human B;
integrin and rat PKGII using Lipofectamine 2000™. For immunoprecipitation of PKGII, cells were
lysed in 1% Triton X-100, 50 mM Tris/HCl pH 7.4, 500 mM NaCl, 5 mM sodium vanadate, and
protease inhibitor cocktail to solubilize PKGII (1). For immunoprecipitation of Bs integrin, cells were
lysed in 0.1% SDS, 0.1% sodium deoxycholate, 100 mM Tris/HCI pH 7.4, 150 mM NaCl, 5 mM sodium
vanadate, 2 mM PMSF and protease inhibitors, which partly solubilizes PKGIL.

PTP Assays. PTP assavs were performed in 50 mM Tris/HC1 pH 7.5, 100 mM NaCl. 1 mM EDTA,
10 mM dithiotreitol, 0.1% NP-40 using the C-terminal Src¢ peptide TSTEPQ(pY)QPGENL as a
substrate. Inorganic phosphate was measured with a modified malachite green/ ammonium molybdate
method (7). Blank samples included HEK 293T cells transfected with empty vector (+/- PKGII)
subjected to immunoprecipitation with anti-Flag antibody, and control IgG immunoprecipitates from

MC3T3 cells.
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Immunofluorescence Staining and BrdU Incorporation. Cells were fixed in 4%
paraformaldehyde and permeabilized in 0.5% Triton-X-100. After blocking with 3% BSA. cells were
stained using the indicated primary antibodies, and FITC- and Texas Red-conjugated secondary
antibodies (Jackson ImmunoResearch). For friple staining, secondary antibodies conjugated to
AlexaFluor 555 and 647 (Invitrogen), and a FITC-conjugated anti-vinculin antibody (Sigma-Aldrich)
were used. For BrdU incorporation, cells received 200 uM BrdU for 18 hours. were fixed,
permeabilized, and incubated with 0.5 U/ul DNAse I (Sigma-Aldrich) for 30 min at 37°C, prior to
staining with anti-BrdU antibody (Sigma-Aldrich) and Hoechst 33342; cells were visualized with a
Leica fluorescent microscope at 10-20x, and at least 300 cells were scored per condition.

BiFC assay. Cells were cotransfected with human o, integrin-VC and s integrin, and either wild-
type PKGII-VN or PKGII (G2A)-VN. At 24 hours post transfection, cells were allowed to spread on
fibrinogen-coated cover slips for 2 hours. After fixation and permeabilization, cells were stained for
PKGIT and human B; integrin using secondary antibodies conjugated to Alexa Fluor 555 and 647

(Invitrogen).
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Figure S1: siRNA knockdown of PKGI or PKGII; effects of fluid shear stress and cGMP on Src
and ERK phosphorylation in MLO-Y4 and MC3T3 cells. (A) MC3T3 cells were transfected with
siRNAs targeting GFP (control), PKGI, or PKGII, and cell membranes (top two panels) or cytosolic
extracts (bottom two panels) were analyzed by Western blotting for the presence of PKGII and caveolin-
1. or PKGI and o-tubulin, respectively. (B and C) Serum-starved MC3T3 osteoblast-like cells (B) and
MLO-Y4 osteocyte-like cells (C, provided by Dr. L. Bonewald) were sham-treated or exposed to fluid
shear stress (FSS; 12 dynes/em’) for the indicated times; some cells were kept static without being
mounted into the flow chamber (B, last lane). Cell lysates were analyzed by Western blotting with
antibodies specific for Sre phosphorylated on Tyr*'® (Sre-pTyr*'®), Sre with unphosphorylated Tyr™™
(Sre-nonpTyr**), total Sre (Sre). and ERK1/2 phosphorylated on Tyr*™ (pERK). (D) MC3T3 cells were
treated with the NO donor PAPA-NONOQate (10 uM) for the indicated times; some cells were pre-
treated for 1 hour with the soluble guanylate cyclase inhibitor ODQ (10 uM). (E) MC3T3 cells were
treated as in (B); some cells were pre-treated for 1 hour with the Sre family kinase inhibitor PP2 (10
uM) or the inactive analog PP3 (10 pM), prior to stimulation with fluid shear stress for 5 min. (F)
MC3T3 cells were transfected with siRNAs targeting GFP or two different sequences in Src; after serum
starvation for 24 hours, some cells were treated with 100 pM 8-CPT-cGMP (¢cGMP) for 5 min. Western
blots shown in A to F are representative of at least two independent experiments.
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Figure S2: PKGII does not directly phosphorylate Src. (A) Src and VASP were immunoprecipitated
from HEK 293T cells that were transfected with expression vectors encoding murine Src or human
VASP, respectively. Washed immunoprecipitates were incubated for 15 min at 37°C in kinase buffer
containing 100 uM [y-“PO4]JATP and 10 mM MeCl, in the absence or presence of 100 ng purified
PKGIT and 10 puM 8-CPT-cGMP; proteins were analyzed by SDS-PAGE/autoradiography
(representative of three experiments). (B) Bands corresponding to in vitro phosphorylated Src in (A)
were excised and subjected to acid hydrolysis followed by phospho-amino acid analysis using two-
dimensional high voltage electrophoresis. Spots corresponding to ninhydrin-stained phospho-amino
acid standards are circled (representative of two experiments). (C) GST-tagged Src (1-251), containing
the first 251 amino acids of murine Src, was purified from bacteria and incubated for 15 min at 37°C
with kinase buffer containing 100 pM ATP and 10 mM MgCl, in the absence or presence of purified
PKGII and ¢cGMP or the catalytic subunit of PKA. Proteins were analyzed by Western blotting using a
PKA/PKG substrate antibody which recognizes the sequence RRXpS (representative of two
experiments). (D) Serum-deprived MC3T3 cells were treated for 5 min with 100 pM 8-CPT-cGMP
(¢cGMP) or 1 mM 8-Br-cAMP (cAMP) as indicated. Cell lysates were subjected to immunoprecipitation
with anti-Src antibody or control IgG, and immunoprecipitates were analyzed using the PKA/PKG
substrate antibody described in (C) or rabbit anti-Src antibody (representative of two experiments).
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Figure S3: Effect of vanadate- and phosphatase-specific siRNAs on Src phosphorylation and

dephosphorylation.

(A) MC3T3 cells were pre-treated for 1 hour with 10 uM vanadate prior to

stimulation with fluid shear stress (FSS; 12 dynes/cm®) for 5 min. Src phosphorylation was assessed as
in fig. S1B (representative of three experiments). (B and C) MC3T3 cells were transfected with the
indicated siRNAs, serum-starved, and exposed to fluid shear stress (B) or treated with 100 nM 8-CPT-

¢GMP (cGMP; C) for 5 min (representative of three experiments).
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Figure S4: Analysis of SHP-1 phosphorylation and function in MC3T3 cells. (A) HEK 293T cells
were cotransfected with Flag-tagged SHP-1 and empty vector or PKGII, and labeled with *PO,. Some
cells were treated with 100 uM 8-CPT-cGMP (¢cGMP). and SHP-1 was isolated by immunoprecipitation
as described in Fig. 4D. Bands corresponding to SHP-1 were excised, and subjected to phospho-amino
acid analysis as described in fig. S2B. Migration of phospho-amino acid standards is indicated
(representative of two experiments). (B) SHP-1 sequences from human, mouse, chicken, and Xenopus
were aligned using BLAST (8), and a putative PKG consensus sequence is underlined. The indicated
serine residues were mutated to alanines to generate SHP-1 AAA. (C) Serum-deprived MC3T3 cells
were stimulated with 100 pM c¢GMP for 5 min or left untreated; cell lysates were subjected to
immunoprecipitation using a SHP-2-specific antibody or control IgG as described in Fig. 4H. To
examine SHP-mediated dephosphorylation of full-length Src, the immunoprecipitates containing SHP-1
and -2 (Fig. 4H) were incubated with MC3T3 cell lysates for 20 min at 37°C. The lysate and bead
mixture was analyzed by Western blotting using an antibody specific for Src-nonpTyr’?, total Sre, and
SHP-2. The bar graph summarizes three experiments (mean +/- SEM. p< 0.05 for the comparison of
immunoprecipitates obtained from control compared to ¢cGMP-treated cells). (D) MC3T3 cells were
mock-treated or treated with 100 pM c¢GMP for 3 or 5 min; some cells received 30 ng/ml platelet-
derived growth factor (PDGF) for 3 min. Cell lysates were subjected to immunoprecipitation as in Fig.
4H, and immunoprecipitates were analyzed by Western blotting using a phospho-Tyr-specific antibody.
Note that Tyr-phosphorylated SHP-2 in PDGF-treated cells migrates with a slightly higher apparent
molecular weight (representative of two experiments).
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Figure S5: ¢GMP activation of Src requires ligation of B; integrins. MC3T3 cells were allowed to
adhere to fibrinogen-coated dishes (FB. left panel) or fibronectin-coated dishes (FN, right panel); some
cells were kept in suspension (on bovine serum albumin-coated dishes) or received soluble fibrinogen
and MnCl, as described for hPOBs in Fig. SE. After 1 hour, cells were stimulated with 100 uM 8-CPT-
¢GMP (cGMP) for the indicated times, and Src and ERK phosphorylation was assessed as in fig. SIB
(representative of two experiments).
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Figure S6: Colocalization of B; integrins, PKGII, and Src with SHP-2-containing membrane
complexes. hPOBs (left) and MC3T3 cells (right) were infected with PKGII adenovirus to increase
PKGII expression by about 2-fold; cells were held static or exposed to orbital fluid shear stress (FSS;
120 rpm) for 5 min, and PKGII, SHP-2, Src, and Bs integrin were detected by immunofluorescence
staining using rabbit antibodies specific for PKGIL, Src, or B integrin, and mouse antibodies for SHP-2.
Representative confocal images of three experiments are shown; the bar represents 5 pm.
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Figure S7: Interactions among PKGII, SHP-2, Src, and B; integrins (A) MC3T3 cells infected
with lentivirus expressing human f; integrin were exposed to orbital fluid shear stress (FSS; 120 1pm)
for 5 min or held static. [; integrin was immunoprecipitated, and precipitates were analyzed by Western
blotting for the presence of SHP-2 (representative of two experiments). (B) MC3T3 cells were
transfected with vectors encoding VN-PKGII and ay,-VC chimeras, and human f; integrin, as indicated,
and cell lysates were analyzed by Western blotting for the presence of PKGII-fusion proteins, PBs
mntegrin, and oy integrin. (C) Coimmunoprecipitation of B; integrin and SHP-2 with PKGIL and of
PKGII, SHP-2, and Src with [; integrin (representative of two experiments). Note that under conditions
allowing commmunoprecipitation, the amount of solubilized PKGII 1s low.
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Gene: siRNA Target Sequence (5°-3°) Comments

PKGI CCGGACAUUUAAAGACAGCAA Target sequence in the
C-terminus of PKG Io

_ and

PKGIT* CTGCTTGGAAGTGGAATACTA

PKGII™- CCGGGTTTCITGGGTAGTCAA Mismatched with rat

3 Inte rin * 'CGC . 7/ Al

B; Integrin ** CCGCTTCAATGAAGAAGTGAA

3 Integrin # "AC £ . . ATCG: {ismatched with human

Bs1 in * CACGGTGAGCTTTAGTATCGA M hed with 1

SHP-17 CTGGACATTTCTTGTGCGTGA

SHP-17 CTGGATCAGATCAACCAGCGA Mismatched with human

SHP-27 CAGAAGCACAGTACCGGTTTA

SHP-2" AAGGACATGAATATACCAATA Mismatched with human

PTP-1B TCGGATTAAATTGCACCAGGA

RPTP-« TTCACGGATGCCATAACAGAA

GFP AAGCTGACCCTGAAGTTCATC

Src™! TTCCCTTGTGTCCATATTTAA

Src™? CCCAGACTTGTTGTACATATT

Table S1. siRINA target sequences.
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This dissertation has investigated the molecular mechanisms whereby cGMP-
dependent protein kinases regulate cell survival and proliferation in osteoblasts and
osteocytes. We found that PKGIa and PKGII are essential for estradiol-mediated cell
survival and the PKGII is responsible for Src activation in response to fluid shear stress.
Estrogens and load-bearing exercise have long been known to help support healthy bone
function but the mechanisms by which they act were incompletely understood [1]. Here,
we fill a gap in knowledge of osteoporosis prevention.

In the second chapter, we analyzed the role of PKGs in extragenomic estrogen
signaling. cGMP was shown to mimic the estradiol-protective effects on osteocyte
survival and the protection was abolished using NO/cGMP/PKG pathway inhibitors. This
indicated a role for the pathway in estrogen signaling. We additionally identified PKGII
and PKGla as having differential effects on osteocyte survival; PKGII stimulated the Akt
and ERK pro-survival pathways while PKGlo inhibited BAD through direct

phosphorylation at Ser'”

. Interestingly, PKGIf was unable to phosphorylate BAD in
intact cells, most likely due to lack of proper subcellular localization.

In future studies in our laboratory, this finding may be further investigated to
identify one or more binding partners which allow for the association of PKGla with
BAD or prevent the interaction of PKGIf with BAD. These interacting proteins may
influence the subcellular localization allowing for PKGIa to be in the optimal placement
for BAD phosphorylation. Alternately, PKGIf may be sequestered away from active

BAD or it may be otherwise inhibited by associated proteins. By purifying PKGIla and

PKGIP from intact cells and identifying unique interacting proteins with mass
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spectrometry, we may determine novel binding partners of PKGlo versus PKGIf. This
will allow a better understanding of how PKGla., and not PKGI, is able to regulate BAD
phosphorylation.

Characterization of the bone phenotype in PKGI knockout mice would provide
further evidence of the importance of PKGI in osteocyte cell survival. However, total
PKGI knockout mice have a severely shortened life span due to intestinal dysfunction
and their bone phenotype has not yet been characterized [2]. Therefore, generation of
osteoblast-specific PKGI or PKGIa knockout mice would be crucial to examine bone
characteristics. The PKGIa osteoblast-specific knockout would also determine if the
observed differential effects of PKGIa and PKGIf from cultured osteocytes translate into
physiological significance.

In Chapter 4, we investigated the role of PKGII in mechanotransduction. We
characterized a novel complex containing PKGII, Src, SHP-1, SHP-2, and a.,; integrins
required to translate the mechanical energy of external fluid shear stress into internal
biochemical signals. PKGII, through its indirect activation of Src via SHP-1, controlled
downstream ERK activation and fos family gene expression.

In light of these findings, it would be of value to examine the bone
characterization of PKGII-deficient mice. In preliminary studies, we show that PKGII-
deficient primary osteoblasts isolated from calvariae are unable to activate Src or ERK in
response to fluid shear stress or cGMP. Additionally, mRNA examined from the tibial
diaphyses showed reduced levels of c-fos and fra-2 mRNA, as compared to wildtype
littermates. This indicates that PKGII is required for c-fos and fra-2 expression in resting

cells as well as fluid shear-stimulated cells. Further characterization of bone morphology,



113

including calcein labeling of calvariae to determine the rate of new bone formation and
mRNA expression of other osteoblast specific genes, is currently being examined in the
laboratory.

Furthermore, osteoblast-specific PKGII knockout mice will help evaluate the
physiological role of PKGII in a mechanical loading model. Mechanical loading is
imperative to retaining bone mass as evidenced by both weightlessness and bed rest [3-5].
Unloaded limbs lose bone mass due to a decrease in osteoblast bone formation and
increased osteoclast resorption [3]. Hindlimb suspension studies could demonstrate the
role of PKGII in osteoblast mechanotransduction.

Taken together, the results of this dissertation help understand the role of PKGs in
estradiol- and fluid shear stress-mediated signaling pathways in osteocytes and
osteoblasts. Further exploration of the roles of these proteins in skeletal biology will
advance our knowledge of the genesis and progression of osteoporosis. Ultimately,
research in this area may lead to improved therapeutics for the increasing number of

individuals affected by these disorder.
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