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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 PKGIα  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

αvβ3 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
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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,
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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
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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 (E1), estradiol (E2, 17β-

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].
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Estradiol has three known receptors in ostecytes: estrogen receptor α (ERα),

estrogen receptor β (ERβ) and G protein-coupled receptor 30 (GPR30). In contrast to the

well-defined roles of ERα and ERβ 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].

ERα and ERβ 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 ERα and five isoforms for ERβ [48]. Original

gene knockouts for ERα generated by Lubahn et al [49] in 1993 and for ERβ generated

by Dupont et al [50] showed reduced fertility but otherwise normal sexual development.

However, the ERα knockout was created by targeting exon 2, allowing the presence of

the other two splice variants of ERα to contribute to the maintenance of estrogen

responses. A total ERα knockout mouse was subsequently generated by deleting exon 3,

which encodes the first zinc finger of the DNA binding domain [50]. The total ERα

knockout mice show overall decreased bone density [51] and both ERα knockout mice

are unable to respond to mechanical stimulation, as measured by strain-induced

proliferation, NO production and transcriptional response [52-54]. ERβ knockout mice

show increased bone density [55]. The response of these mice to mechanical strain is
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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 ERα 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 ERα [58] and at cysteine 399 on ERβ [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 ERα

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 ERα 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
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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.
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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 Bcl-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 c 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
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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].

cGMP-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: PKGIα and PKGIβ. 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.



10

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

PKGIα and PKGII are independently required to protect cells against an apoptotic

stimuli. Both PKGs function through different mechanisms with PKGIα 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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Chapter 2:

The NO/cGMP Pathway Mediates the Osteocyte-protective

Effects of Estrogen via Differential Actions of cGMP-

dependent Protein Kinases I and II
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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 Iα 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 Ser136 and Ser155, 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 Iα 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 Iα and Iβ, 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)-α-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 PKGIα and PKGII, and

involved activation of Akt and ERK via PKG II, and BAD phosphorylation by Akt and

PKG Iα.
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MATERIALS AND METHODS

Reagents. 17β-estradiol and etoposide were purchased from Sigma. Antibodies

specific for phospho-ERK1 (Tyr204), total ERK 1/2, α-tubulin and β-actin were from

Santa Cruz Biotechnology. Antibodies specific for phospho-Akt (Ser473), total Akt,

cleaved caspase-3, phospho-BAD (Ser112, Ser136, or Ser155) 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)- β -

phenyl-1,N2-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 αMEM 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 αMEM 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 PKGIα/β was 5’-CCGGACAUUUAAAGACAGCAA-3’ (PKGI) and
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for PKGII was 5’-CTGCTTGGAAGTGGAATACTA-3’ (PKGIIa) and 5’-

CCGGGTTTCTTGGGGTAGTCAA- 3’ (PKGIIb). 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 pr imer  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 100µM

Rp-8-pCPT-PET-cGMPS for 1 h prior to stimulation with 100nM estradiol or 100µM 8-

pCPT-cGMP for 1 h. Subsequently, cells were treated with 50µM 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 µCi [γ32P]ATP 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 ImageJ

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 µM 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.

PKGIα 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 PKGIα and Iβ 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 PKGIα, PKGIβ, or PKGII. While

reconstituting PKGIα 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 PKGIβ 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 PKGIα or Iβ 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

PKGI activity, as shown by phosphorylation of vasodilator-stimulated protein on Ser259 (a

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

PKGIα 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 cGMP Requires BAD

Phosphorylation on Ser136 and Ser155, but Not Ser112. Osteoblast and osteocyte survival is

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 Ser112 or Ser136

enables binding of 14-3-3 proteins and allows for the subsequent phosphorylation of

Ser155 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 S155A constructs appear to act in a dominant-negative

fashion likely by dimerizing with endogenous Bcl-2 or Bcl-XL, and preventing estradiol-

and cGMP-induced protection from cell death. These results suggest that BAD

phosphorylation on Ser136 and Ser155 are crucial for the effects of estradiol and cGMP on

osteocyte apoptosis.

PKG I Phosphorylates BAD on Ser155. Previous in vitro studies suggest that PKGIα is

able to phosphorylate BAD on Ser155 [31]. Using wild type and mutant BAD constructs

isolated from 293T cells, we confirmed that PKGI directly phosphorylated BAD Ser155,

since alanine substitution for Ser155 completely prevented in vitro phosphorylation of the

immunoprecipitated BAD protein by the purified kinase (Fig. 4C). Mutation of Ser112 or

Ser136 slightly reduced 32PO4 incorporation, possibly because phosphorylation of these

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

Ser155 phosphorylation by PKG, as has been shown for BAD Ser155 phosphorylation by

cAMP-dependent protein kinase [32]. To examine the kinetics of BAD Ser155

phosphorylation in intact cells, we used a phospho-specific antibody. We confirmed

specificity of the antibody for BAD phosphorylated on Ser155 (data not shown), but

detection of BAD phosphorylation required transfection of wild type BAD; cells were

infected with the PKGIα adenovirus to enhance PKG activity corresponding to the
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increase in substrate level. Using this system, we found that BAD Ser155 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 PKGIα, but not PKGIβ,

enhanced cGMP-induced BAD Ser155 phosphorylation in intact cells (Fig. 4E).

Treatment of MLO-Y4 cells with cGMP also increased BAD phosphorylation on

Ser112 and Ser136 (Fig. 4F); this was most likely through cGMP/PKGII-mediated

activation of ERK and Akt (Fig. 3B), since BAD Ser112 and Ser136 are targets of RSK

(acting downstream of ERK) and Akt, respectively [33]. Consistent with this hypothesis,

siRNA-mediated depletion of PKGII prevented Ser112 and Ser136 phosphorylation of BAD

(Fig. 4E). Ser155 phosphorylation was also undetectable in PKGII siRNA-transfected

cells, consistent with previous studies that indicate BAD must be phosphorylated on

Ser136 and bound to 14-3-3 proteins, before final phosphorylation of Ser155 by cAMP-

dependent protein kinase can occur [30].

Since BAD phosphorylation on both Ser136 and Ser155 were required for estradiol

and cGMP-mediated protection from apoptosis, and both PKGIα  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 Ser136

phosphorylation by Akt, which precedes direct phosphorylation of Ser155 by PKGIα.
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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 PKGIα and PKGII performed independent anti-apoptotic functions converging on

the regulation of BAD. While PKGIα directly phosphorylated BAD on Ser155, PKGII

indirectly increased BAD phosphorylation on Ser112 and Ser136 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 Ser136, 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-α exposure [41, 42]. In contrast, PKG

activation promotes apoptosis in intestinal epithelial cells. MC3T3 osteoblast-like cells

are protected from TNF-α-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-α-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 Iα or Iβ, we found that only PKG Iα, but not Iβ 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 Iα-specific functions for which PKG Iβ 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 Iα and Iβ bind to some isoform-specific G-

kinase interaction proteins (GKIPs), which may target the kinases to unique subcellular

localizations and substrates. For example, PKGIα specifically binds to the regulator of G-

protein signaling and the myosin-targeting subunit of myosin phosphatase [45, 46],

whereas PKGIβ specifically binds to the inositol 1,4,5-trisphosphate receptor-associated

G-kinase substrate IRAG and the transcriptional regulator TFII-I [47, 48]. PKGIα may be

targeted to a subcellular compartment that favors its ability to phosphorylate BAD Ser155

in intact cells.

In conclusion, we identified PKG Iα 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 E2 and
cGMP and is mediated through PKG. A. MLO-Y4 cells were treated with vehicle, 100
nM E2, or 100 µM 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 µM Rp-8-CPT-PET-cGMPS (Rp-cGMPS) for 1 h where indicated
followed by 100 nM E2 or 100 µM 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: PKGIα and PKGII are required for E2- 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. A.
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 E2 or 100 µM cGMP for 1 h followed by an 8 h treatment with
50 µM 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. E. MLO-Y4
cells were infected with siRNA-resistant PKGIα or PKGIβ adenovirus 24 h post-
transfection. Cells were treated with 100 nM E2 or 100 µM cGMP for 1 h prior to
treatment for 8 h with 50 µM etoposide. Trypan blue uptake was measured as in B. F.
Cells were treated as in E 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:E2-induced Akt and ERK phosphorylation and ERK nuclear translocation
is mediated by PKGII. A. Serum-starved MLO-Y4 cells were pretreated with 4 mM L-
NAME, 10 µM ODQ, or 100 µM Rp-8-CPT-PET-cGMPS (Rp-cGMPS) for 1 h then
stimulated with 100 nM E2 for 5 min. B. MLO-Y4 cells were transfected with siRNA
targeting GFP, PKGI, or PKGII (PKGIIa and PKGIIb). Twenty-four h post-transfection,
cells were serum-starved for 12 h then stimulated with 100 nM E2 for 5 min. C. Twenty-
four h after GFP or PKGII siRNA transfection, MLO-Y4 cells were infected with
adenoviruses encoding β-galactosidase (LacZ) or PKGII as indicated, for 10 h and then
serum-starved for 18 h. Cells were then treated with 100 nM E2 for 5 min. D. Cells were
treated with 100 nM E2 or 100 µM cGMP 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 E2 or 100 µM 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 Ser155 is mediated by PKGIα and is necessary to
prevent apoptosis. A. 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 E2 or 100 µM cGMP prior to treatment with 50 µM 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 A. 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 [32P]-γ-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 PKGIα adenovirus. Twenty-four h post-
infection, cells were treated with 100 µM cGMP for the indicated times. BAD
phosphorylation was on Ser155 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, PKGIα, or PKGIβ adenoviruses. Twenty-four h post-infection, cells were treated
with 100 µM cGMP for 1 h. Note that the endogenous PKGIα 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 PKGIα virus for 24 h
prior to 100 µM cGMP 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. A. 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 β-galactosidase (LacZ), PKGIα , or
PKGIβ  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 µM cGMP for 30 min and blotted
with an antibody specific for pVASP259, 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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Apoptosis in Bone
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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-α or TR-β)

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-α null mice show a transient growth delay, and as adults have osteosclerosis

with increased trabecular bone volume due to impaired osteoclast resorption [5]. TR-β

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 (TNFα ) 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- 17β-estradiol, etoposide, and dexamethasone were purchased from Sigma.

The cGMP agonist 8-(4-chlorophenylthio)-GMP (8-pCPT-cGMP) and cGMP antagonist

8 - ( 4 - c h l o r o p h e n y l t h i o ) -  β - p h e n y l - 1,N2-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 αMEM

supplemented with 2.5% enriched calf serum and 2.5% heat-inactivated fetal bovine

serum. The UMR106 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 µM 8-pCPT-

cGMP. Subsequently, cells were treated with 50 µM etoposide or 10 µM 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

1µg was reversed transcribed using Superscript reverse transcriptase (Invitrogen). gapdh

was used as an internal control. qRT-PCR values were analyzed using the 2–ΔΔCt 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 µM ODQ (sGC inhibitor),

100 µM Rp-8-pCPT-PET-cGMPS (PKG inhibitor), 10 µM PP2 (Src family inhibitor), or

10 µM 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 µM dexamethasone treatment alone for 8 hours did

not affect cell death but, in conjunction with 1 µM 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 µM DETA-NONOate (an NO donor) or 100 µM 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 bim 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
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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 µM ODQ, 100 µM Rp-8-pCPT-
cGMPS (Rp), 10 µM PP2, or 10 µM PP3 for 1 h prior to 1 nM T3 stimulation for 1 h and
50 µM 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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Figure 2: cGMP regulates mRNA expression of bim, bad, and bax. Where indicated,
MLO-Y4 cells were pretreated with 100 µM 8-pCPT-cGMP for 1 h prior to treatment
with 50 µM 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 µM
8-pCPT-cGMP (cGMP) pretreatment for 1 h, sensitization with 1 µM PP2 or PP3 for 30
min, and treatment with 1 µM 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 µM ODQ or 100 µM Rp-8-pCPT-
cGMPS (Rp) prior to stimulation with 3 µM DETA-NONOate or 100 µM 8-pCPT-cGMP
and treatment with 1 µM PP2 and 1 µM dexamethasone (dex). Cell death was measured
by trypan blue uptake. *, p< 0.05. (n≥ 2 experiments)
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Chapter 4:

Type II cGMP-dependent Protein Kinase Mediates Osteoblast

Mechanotransduction
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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/ΔfosB, 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 β3 integrins and SHP-2; fluid shear stress

triggered the recruitment of PKGII, Src, SHP-1, and SHP-2 to β3 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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Chapter 5:

Discussion
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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 PKGIα 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 PKGIα as having differential effects on osteocyte survival; PKGII stimulated the Akt

and ERK pro-survival pathways while PKGIα  inhibited BAD through direct

phosphorylation at Ser155. Interestingly, PKGIβ 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 PKGIα with

BAD or prevent the interaction of PKGIβ with BAD. These interacting proteins may

influence the subcellular localization allowing for PKGIα to be in the optimal placement

for BAD phosphorylation. Alternately, PKGIβ may be sequestered away from active

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

PKGIβ  from intact cells and identifying unique interacting proteins with mass
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spectrometry, we may determine novel binding partners of PKGIα versus PKGIβ. This

will allow a better understanding of how PKGIα, and not PKGIβ, 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 PKGIα knockout mice would be crucial to examine bone

characteristics. The PKGIα osteoblast-specific knockout would also determine if the

observed differential effects of PKGIα and PKGIβ 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 αvβ3 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,
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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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