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Background: Estrogens prevent bone loss in part by preventing osteocyte apoptosis.
Results: Anti-apoptotic effects of 17�-estradiol in osteocytes require NO/cGMP-mediated stimulation of Akt and Akt- and
cGMP-dependent protein kinase (PKG)-dependent phosphorylation of BAD.
Conclusion: PKG types I and II serve independent anti-apoptotic functions in 17�-estradiol-treated osteocytes, converging on
BAD.
Significance: These novel mechanisms of 17�-estradiol-mediated bone protection provide a rationale for developing
NO/cGMP-based therapies for osteoporosis.

Estrogens promote bone health in part by increasing osteo-
cyte survival, an effect that requires activation of the protein
kinases Akt and ERK1/2, but the molecular mechanisms
involved are only partly understood. Because estrogens increase
nitric oxide (NO) synthesis and NO can have anti-apoptotic
effects, we examined the role ofNO/cGMP signaling in estrogen
regulation of osteocyte survival. Etoposide-induced death of
MLO-Y4 osteocyte-like cells, assessed by trypan blue staining,
caspase-3 cleavage, and TUNEL assays, was completely pre-
vented when cells were pre-treated with 17�-estradiol. This
protective effectwasmimickedwhen cells were pre-treatedwith
a membrane-permeable cGMP analog and blocked by pharma-
cological inhibitors of NO synthase, soluble guanylate cyclase,
or cGMP-dependent protein kinases (PKGs), supporting a
requirement for NO/cGMP/PKG signaling downstream of 17�-
estradiol. siRNA-mediated knockdown and viral reconstitution
of individual PKG isoforms demonstrated that the anti-apo-
ptotic effects of estradiol and cGMP were mediated by PKG I�
and PKG II. Akt and ERK1/2 activation by 17�-estradiol
required PKG II, and cGMPmimicked the effects of estradiol on
Akt andERK, including induction of ERKnuclear translocation.
cGMP induced BAD phosphorylation on several sites, and
experiments with phosphorylation-deficient BAD mutants
demonstrated that the anti-apoptotic effects of cGMP and 17�-
estradiol required BAD phosphorylation on Ser136 and Ser155;
these sites were targeted by Akt and PKG I, respectively, and
regulate BAD interaction with Bcl-2. In conclusion, 17�-estra-
diol protects osteocytes against apoptosis by activating the
NO/cGMP/PKG cascade; PKG II is required for estradiol-in-

duced activation of ERK and Akt, and PKG I� contributes to
pro-survival signaling by directly phosphorylating BAD.

Skeletal integrity andmaintenance of bonemass require con-
tinuous 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 (1–4). Estrogens prevent
bone loss by prolonging the life span of osteoblasts and osteo-
cytes while shortening osteoclast survival (2–4). Previous work
has shown that 17�-estradiol protects osteoblasts and osteo-
cytes from apoptosis by activating c-Src and the extracellular
signal-responsive protein kinases (ERK-1/2) via a plasmamem-
brane-bound estrogen receptor; these effects do not require
nuclear localization or DNA binding of the estrogen receptor
but nuclear translocation of ERK (5–7).
In a variety of cell types, including osteoblasts, estrogens

increase NO synthesis through transcriptional and post-tran-
scriptional regulation of endothelial NO synthase (8–11).
Estrogen-induced NO synthesis has also been demonstrated in
vivo (12, 13). Among other effects, NO activates soluble guany-
late cyclase, generating cGMP, which in turn regulates cGMP-
dependent protein kinases (PKGs)2 and phosphodiesterases
(14). The PKG I gene (prkg1) encodes two splice variants differ-
ing in the N-terminal �100 amino acids, PKG I� and I�, that
are largely cytosolic enzymes, whereas the PKG II gene (prkg2)
encodes a membrane-bound enzyme (15). PKGs I and II differ
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in their tissue distribution, but both genes are expressed in
osteoblasts and osteocytes (15, 16). We recently showed that
stimulation of osteoblasts and osteocytes by fluid shear stress
increases NO and cGMP levels, activating PKG II, which leads
to Src and ERK activation, induction of fos family genes, and
increased osteoblast proliferation (16, 17). PKG II-null mice
show defective Src and ERK signaling in osteoblasts and
decreased c-fos expression in bone (17); these mice also exhibit
dwarfism caused by defective chondroblast differentiation (18).
NO/cGMP signaling has been implicated in regulating apo-

ptosis in different cell types (19, 20). Fluid shear stress-induced
NO production or treatment with NO donors protect osteo-
cytes and osteoblasts from tumor necrosis factor (TNF)-�-in-
duced apoptosis, but the downstream targets of NO are unclear
(21, 22). NO donors counteract estrogen deficiency-induced
osteopenia in ovariectomized rats and show promise in amelio-
rating osteoporosis in post-menopausal women (23–26).
Experiments in endothelial NO synthase-deficient mice sug-
gest that at least some of the bone-protective effects of estro-
gens are mediated by the NO pathway (27, 28). We, therefore,
decided to study the role of NO/cGMP signaling in 17�-estra-
diol regulation of osteocyte survival.

EXPERIMENTAL PROCEDURES

Reagents—17�-Estradiol, referred to subsequently as estra-
diol, and etoposide were from Sigma-Aldrich. Phospho-ERK-1
(pTyr204), total ERK-1/2, �-tubulin, and �-actin antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). Phos-
pho-Akt (pSer473), total Akt, cleaved caspase-3, phospho-BAD
(pSer112, pSer136, or pSer155), and total BAD antibodies were
from Cell Signaling Technology (Beverly, MA), and the HA-
epitope antibody was from Roche Applied Science (Indianapo-
lis, IN). The cGMP agonist 8-(4-chlorophenylthio)-cGMP
(8-pCPT-cGMP) and antagonist 8-(4-chlorophenylthio)-�-
phenyl-1,N2-ethenoguanosine-3�,5�-cyclic phosphothioate, Rp
isomer (Rp-8-pCPT-PET-cGMPS) were from Biolog, Inc., Bre-
men, Germany. The NOS inhibitor N-nitro-L-arginine methyl
ester (L-NAME), the soluble guanylate cyclase inhibitor
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), and the
NO-releasing drug 2,2�-hydroxynitrosohydrazino)bis-ethana-
mine (DETA-NONOate) were from Cayman Chemical Co.
(Ann Arbor, MI). LY294002 was from Calbiochem/EMD (San
Diego, CA). HA-tagged BAD constructs were a gift from Dr.
Tom Chittenden (ImmunoGen) (29).
Cell Culture—The murine osteocyte-like cell line MLO-Y4

was a gift from Dr. Lynda Bonewald (University of Missouri,
Kansas City) and was maintained on collagen-coated plates in
�-minimal essential medium (�-MEM) supplemented with
2.5% enriched calf serum and 2.5% heat-inactivated fetal bovine
serum (30). For most experiments, cells were incubated over-
night in phenol red-free �-MEM with 0.1% charcoal-stripped
fetal bovine serum prior to estradiol stimulation. MC3T3 cells
were from the American Tissue Culture Collection, and pri-
mary osteoblasts were isolated from the calvariae of 3- to 5-day-
old mice and cultured as described before (17).
DNA and siRNA Transfections and RT-PCR—MLO-Y4 cells

were transiently transfected in 6-well dishes at 60–80% conflu-
ency using 5 �l of Lipofectamine 2000TM (Invitrogen) and a

total of 1 �g of DNA (0.25 �g of BAD expression vector) or 100
pmol of siRNA in 1 ml of serum-containing �-MEM. Experi-
mental treatments occurred 48 h post-transfection for
DNA-transfected cells and 24–48 h post-transfection for
siRNA-transfected cells. siRNA oligoribonucleotides were
from Qiagen. The siRNA target sequence for PKG I�/� was
5�-CCGGACAUUUAAAGACAGCAA-3� (PKG I), and for
PKG II 5�-CTGCTTGGAAGTGGAATACTA-3� (PKG IIa) and
5�-CCGGGTTTCTTGGGGTAGTCAA-3� (PKG IIb). mRNA
knockdown and protein depletion were quantified by real-time
RT-PCR and Western blotting, respectively. Quantitative RT-
PCRwas performed, andPKGmRNA levelswere normalized to
gapdh mRNA levels as described (16). PCR primer sequences
for PKG I were (forward) 5�-GTCACTAGGGATTCTGATG-
TATGA-3� and (reverse) 5�-AGAATTTCCAAAGAAGATT-
GCAAA-3�. The PKG II primers were (forward) 5�-GTGACA-
CAGCGCGGTTGTT-3� and (reverse) 5�-TGGGAATGG-
AAAAGGACAAC-3�.
Measurement of Cell Death—MLO-Y4 cells received the

indicated pharmacological inhibitor or vehicle for 1 h prior to
receiving 100 nM estradiol, 100 �M 8-pCPT-cGMP, or addi-
tional vehicle for 1 h. Subsequently, cells were treated with 50
�M etoposide for 8 h, which induces apoptosis by forming a
ternary complex with topoisomerase II and DNA, preventing
DNA religation, and causing double-stranded DNA breaks. A
minimum of 200 cells for each condition was examined by
trypan blue uptake, and etoposide-induced cell death was cal-
culated by subtracting the percentage of trypan blue-positive
cells in untreated cells from the percentage in the etoposide-
treated samples. Apoptosis was quantified by TUNEL staining
after 6 h of etoposide treatment, using the DeadEndTM Color-
imetric TUNEL System according to the manufacturer’s
instructions (Promega,Madison,WI). Apoptotic cells were also
visualized by immunofluorescence staining with an antibody
against cleaved caspase-3.With both assays, a minimum of 100
cells from three randomly selected fields were assessed for each
condition, and the percentage of apoptotic cells was calculated
by subtracting the percentage of TUNEL- or cleaved caspase-
3-positive cells in untreated control cultures from the percent-
age in the etoposide-treated samples. All microscopic results
were confirmedby an independent observer, who counted sam-
ples in a blinded fashion. Cleaved caspase-3 levels were also
assessed by Western blotting.
NO Production Assay—NO production was measured based

on nitrite and nitrate accumulation in themedium using a two-
step colorimetric assay kit (Active Motif), as described (16).
In Vitro Phosphorylation of BAD—293T cells were tran-

siently transfected with vectors encoding HA-tagged wild-type
or mutant BAD constructs. After 24 h, 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.
BAD proteins were isolated by immunoprecipitation with
anti-HA-agarose beads (Sigma-Aldrich) and incubated in
the presence of 5 �Ci of [�-32P]ATP and purified catalytic
domain of PKG I. Phosphorylation was analyzed by using
SDS-PAGE and autoradiography.
Western Blot Analyses—Western blots were developed with

horseradish peroxidase-conjugated secondary antibody and
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enhanced chemiluminescence as described (31). The bar
graphs were generated by densitometry scanning using ImageJ
software.
Statistical Analyses—Data were analyzed by using one-way

analysis of variance with a Bonferroni post-test. A p value of
�0.05 was considered statistically significant. Bar graphs are
shown as the mean � S.E. of at least three independent exper-

iments. All other data are shown as representative results of at
least three independent experiments.

RESULTS

Anti-apoptotic Effects of Estradiol in Osteocytes and Osteo-
blasts Are Mediated by NO/cGMP/PKG—In the first set of
experiments, we asked if the anti-apoptotic effects of estradiol

FIGURE 1. Estradiol protects MLO-Y4 osteocytic cells and primary murine osteoblasts from serum starvation- or etoposide-induced apoptosis
through NO/cGMP/PKG signaling. A, MLO-Y4 cells were treated with vehicle (black bar), 100 nM estradiol (E2, gray bar), or 100 �M 8-pCPT-cGMP (cGMP, white
bar) and serum-starved for 18 h. Starvation-induced cell death was measured by trypan blue uptake as described under “Experimental Procedures.” B, MLO-Y4
cells were treated with 4 mM L-NAME or 10 �M ODQ for 1 h as indicated, and then received vehicle, 100 nM estradiol, 3 �M DETA-NONOate (D), or 100 �M

8-pCPT-cGMP (cG) for 1 h, followed by an 8-h exposure to 50 �M etoposide. Etoposide-induced cell death was measured by trypan blue uptake as in A.
C, MLO-Y4 cells were treated with 100 �M Rp-8-CPT-PET-cGMPS (Rp-cG) for 1 h as indicated (�), followed by 100 nM estradiol (gray bars) or 100 �M cGMP (white
bars) for 1 h; cells were then exposed to etoposide for 8 h (trypan blue, left graph) or 6 h (TUNEL assay, right graph). D, representative images of TUNEL staining;
cells were treated as in C. E, primary murine osteoblasts received vehicle (black bar), estradiol (gray bars), or cGMP (white bar) and were serum-starved for 18 h
as in A. Some cells were pre-treated with vehicle, 4 mM L-NAME (L-N) or 100 �M Rp-8-CPT-PET-cGMPS (Rp) for 1 h prior to receiving estradiol as indicated. Cell
death was measured by trypan blue uptake. A–C and D: *, p � 0.05 compared with apoptotic stimulus alone; **, p � 0.05 for the comparison between the
presence and absence of pharmacological inhibitor.
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FIGURE 2. PKG I� and PKG II are independently required for estradiol- and cGMP-mediated protection against apoptosis. MLO-Y4 cells were transfected
as described under “Experimental Procedures” with siRNA targeting GFP (control), PKG I, or PKG II. A, mRNA levels of PKG I (striped bars) and PKG II (cross-hatched
bars) were measured by quantitative RT-PCR 24 h after transfection and normalized to gapdh mRNA levels as described under “Experimental Procedures.” PKG
mRNA levels in GFP siRNA-transfected cells were considered 100%; *, p � 0.05 compared with GFP control. B, cells were pretreated with vehicle (black bars), 100
nM estradiol (E2, gray bars) or 100 �M 8-pCPT-cGMP (cGMP, white bars) for 1 h, followed by an 8-h treatment with 50 �M etoposide. Etoposide-induced cell death
was measured by trypan blue uptake as described under “Experimental Procedures.” C and D, cells were treated as in B but cells were fixed, permeabilized, and
stained for cleaved caspase-3 to mark apoptotic cells. Nuclei were counterstained with Hoechst 33342. D shows the percentage of cells staining positive for
cleaved caspase-3. E, 24 h after GFP or PKG I siRNA transfection, cells were infected with adenovirus expressing �-galactosidase (LacZ, control), siRNA-resistant
PKG I�, or PKG I� for 24 h. Cells were treated with vehicle (black bars), estradiol (gray bars), or cGMP (white bars) for 1 h prior to exposure to etoposide for 8 h;
cell death was quantified as in B. F, cells were treated as in E, except for transfection with PKG II-specific siRNA and subsequent infection with an adenovirus
expressing siRNA-resistant PKG II. G, cells were transfected with siRNA targeting PKG I, were infected with the indicated virus, and were treated with vehicle or
estradiol prior to etoposide exposure as in E. Cell lysates were analyzed by Western blotting with an antibody specific for cleaved caspase-3; a �-actin-specific
antibody was used as a loading control. B–E: *, p � 0.05 compared with control cells treated with vehicle and then exposed to etoposide.
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on osteocytes require signaling through the NO/cGMP/PKG
pathway. In MLO-Y4 osteocyte-like cells, 100 nM estradiol
increased NO production 2- to 3-fold, and this increase was
completely blocked by L-NAME (supplemental Fig. S1A). Estra-
diol also induced phosphorylation of vasodilator-stimulated
phosphoprotein at Ser259, a preferred PKG phosphorylation

site, indicating that estradiol activates the NO/cGMP/PKG
pathway (supplemental Fig. S1B).
WhenMLO-Y4 cells were serum-starved or treatedwith eto-

poside, the number of trypan blue-positive, dead cells increased
by 5.8% and 8.4%, respectively, over basal levels observed in
untreated cells in full growthmedium (Fig. 1,A andB, first bar).
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These results are similar to those reported by others (6, 7). We
used TUNEL staining to identify early apoptotic cells contain-
ing fragmented DNA and found that etoposide increased the
number of apoptotic cells by 12.6% (Fig. 1,C (right panel) andD,
show typical TUNEL stains). When cells were pre-treated with
100 nM estradiol prior to serum starvation or etoposide expo-
sure, the number of trypan blue- or TUNEL-positive cells was
reduced to near basal levels, similar to previous reports (6, 7)
(Fig. 1, A–C). Pre-treating cells with 100 �M 8-pCPT-cGMP
mimicked the protective effects of estradiol (Fig. 1, A–D).
Estradiol could no longer protect cells from etoposide-in-

duced death when NO synthesis was inhibited by L-NAME; in
contrast, DETA-NONOate provided protection in the pres-
ence of L-NAME (Fig. 1B). Inhibition of soluble guanylate
cyclase by ODQ also blocked the protective effects of estradiol,
but 8-pCPT-cGMP protected osteocytes from etoposide-in-
duced cell death in the presence of either L-NAME or ODQ
(Fig. 1B). These data indicate estradiol signals through
NO/cGMP to protect osteocytes from apoptosis and are con-
sistent with L-NAME and ODQ specifically inhibiting NO and
cGMP synthesis, respectively, rather than enhancing osteocyte
death nonspecifically. L-NAME by itself slightly increased eto-
poside-induced cell death, but this did not reach statistical sig-
nificance (Fig. 1B). Inhibition of cGMP-dependent protein
kinases with Rp-8-pCPT-PET-cGMPS prevented the pro-sur-
vival effects of both estradiol and 8-pCPT-cGMP, suggesting
that osteocyte protection by estradiol and cGMP requires PKG
(Fig. 1C summarizes results for trypan blue and TUNEL stain-
ing, and Fig. 1D shows typical TUNEL stains).
To determine if similar anti-apoptotic effects of estradiol and

cGMP occur in osteoblastic cells, we studied murine primary
osteoblasts and immortalizedMC3T3 pre-osteoblast-like cells.
We found that estradiol and cGMP protected the primary
osteoblasts and MC3T3 cells from death induced by serum
starvation or TNF-�, respectively, and that the protective effect
of estradiol required signaling through NO/cGMP/PKG (Fig.
1E and supplemental Fig. S1C).
PKG I� andPKG IIAre Independently Required for Estradiol-

and cGMP-mediated Protection from Apoptosis—To deter-
mine which PKG isoform was involved in preventing the anti-
apoptotic effects of estradiol and cGMP, we used an siRNA
approach. MLO-Y4 cells were transfected with siRNAs target-
ing either the common C-terminal region of PKG I� and I�, or

PKG II, with an siRNA targeting green fluorescent protein
(GFP) serving as a control. Quantitative RT-PCR showed that
PKG I mRNA levels were reduced by 71% within 24 h in cells
transfected with PKG I siRNA, whereas PKG II mRNA levels
were unaffected. Cells transfected with siRNA targeting PKG II
showed a 76% reduction in PKG IImRNA levels with no change
in PKG I mRNA (Fig. 2A). Expression of PKG I or PKG II pro-
tein was reduced correspondingly in PKG I or PKG II
siRNA-transfected cells (supplemental Fig. S2A and C).
In control siRNA-transfected MLO-Y4 cultures, etoposide

increased the number of trypan blue-positive cells by 12% (Fig.
2B) and the number of apoptotic cells containing cleaved
caspase-3 by 20% (Fig. 2,C andD). The effects of etoposidewere
abrogated by estradiol or 8-pCPT-cGMP, similar to results
obtained for trypan blue and TUNEL assays in untransfected
cells. In cells transfected with either PKG I- or PKG II-specific
siRNA, etoposide increased cell death regardless of whether
estradiol or 8-pCPT-cGMP was present, indicating necessary
and non-redundant roles for both PKG isoforms in estradiol-
and cGMP-induced protection from cell death (Fig. 2B shows
etoposide-induced cell death by trypan blue staining, and Fig. 2,
C and D, show immunofluorescence staining for cleaved
caspase-3).
To ensure these results were not fromoff-target effects of the

siRNAs, we expressed each PKG isoform in siRNA-transfected
cells using adenoviral vectors encoding siRNA-resistant PKG
I�, PKG I�, or PKG II. Reconstituting PKG I� in PKG I-de-
pleted cells, and PKG II in PKG II-depleted cells, restored the
ability of estradiol and 8-pCPT-cGMP to reverse etoposide-
induced cell death; however, reconstituting PKG I� in PKG
I-depleted cells had no effect (Fig. 2, E and F, show viral infec-
tion of PKG I- and PKG II-depleted cells, respectively, with
adenovirus encoding LacZ serving as a negative control; sup-
plemental Fig. S2A and C shows PKG expression from the viral
vectors). Similar results were obtained when apoptotic cells
were analyzed by Western blotting or immunofluorescence
staining for cleaved caspase-3 (Fig. 2G shows a representative
Western blot). Infection of PKG I-depleted MLO-Y4 cells with
adenoviral vectors encoding PKG I� or I� resulted in similar
levels of PKG I protein measured by Western blotting with an
antibody specific for the common C terminus of both PKG I
isoforms (supplemental Fig. S2A), and cGMP treatment of
these cells produced similar levels of PKG I activity, as shownby

FIGURE 3. Estradiol-induced Akt and ERK activation in osteocytes is mediated by NO/cGMP and PKG II. A, serum-starved MLO-Y4 cells were treated with
4 mM L-NAME, 10 �M ODQ, or 100 �M Rp-8-CPT-PET-cGMPS (Rp-cG) for 1 h and then stimulated with 100 nM estradiol (E2) for 5 min as indicated. Akt and ERK
phosphorylation were assessed by Western blotting using antibodies specific for Akt phosphorylated on Ser473 (pAkt) or ERK-1 phosphorylated on Tyr204

(pERK); loading was assessed using antibodies recognizing Akt or ERK-1/2 irrespective of phosphorylation status. Relative amounts of pAkt (white bars) or pERK
(black bars) were quantified by scanning densitometry. In the bar graph on the right, the amounts of pAkt or pERK in cells treated with estradiol alone were
assigned a value of 1; *, p � 0.05 compared with cells treated with estradiol alone. B, MLO-Y4 cells were transfected with siRNAs specific for GFP, PKG I, or PKG
II (PKG IIa and PKG IIb targeted two different sequences in PKG II). At 24 h post-transfection, cells were serum-starved for 12 h and stimulated with 100 nM

estradiol for 5 min. In the bar graph, pAkt and pERK levels in estradiol-treated cells transfected with GFP siRNA were assigned a value of 1; *, p � 0.05 compared
with GFP siRNA-transfected cells. C, 24 h after GFP or PKG II siRNA transfection, MLO-Y4 cells were incubated for 10 h with adenoviruses encoding LacZ or
siRNA-resistant PKG II as indicated, and then serum-starved for 12 h. Cells were treated with 100 nM estradiol for the last 5 min. In the bar graph, pAkt and pERK
levels in estradiol-treated cells transfected with GFP siRNA and infected with LacZ virus were assigned a value of 1; *, p � 0.05 compared with cells transfected
with GFP siRNA and infected with LacZ virus; **, p � 0.05 compared with cells transfected with PKG II siRNA and infected with LacZ virus. D, MLO-Y4 cells were
transfected with GFP- or PKG II-specific siRNAs, and were treated with vehicle, 100 nM estradiol, or 100 �M 8-pCPT-cGMP for 1 h. Cell homogenates were
fractionated by differential centrifugation, and the nuclear fraction was analyzed by Western blotting using antibodies specific for ERK-1/2 and proliferating
cell nuclear antigen (PCNA). In the bar graph, the amount of ERK found in vehicle-treated cells was assigned a value of 1; *, p � 0.05 compared with vehicle-
treated cells. E, MLO-Y4 cells were treated with vehicle or 10 �M LY294002 for 1 h; cells then received 100 nM estradiol (E2) or additional vehicle for 1 h, followed
by exposure to 50 �M etoposide for 8 h as indicated. Lysates were analyzed by Western blotting for cleaved caspase-3 (upper panel), Akt phosphorylated on
Ser473 (middle panel), or �-actin (lower panel).
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phosphorylation vasodilator-stimulated phosphoprotein on
Ser259 (supplemental Fig. S2B). We conclude that estradiol and
cGMP require both PKG I� and PKG II to protect osteocytes
fromapoptosis and that PKG I� cannot substitute for PKG I� in
this function.
Estradiol-induced Akt and ERK Activation in Osteocytes Is

Mediated by NO/cGMP/PKG II, and Akt Is Necessary for the
Anti-apoptotic Effect of Estradiol—We found that estradiol rap-
idly induced both Akt and ERK phosphorylation on activating
sites in MLO-Y4 cells, and pharmacological inhibition of NO

synthase, soluble guanylate cyclase, or PKG largely prevented
both effects (Fig. 3A). Treating cells with 8-CPT-cGMP mim-
icked the effects of estradiol on Akt and ERK phosphorylation,
with similar results obtained in primarymurine osteoblasts and
MC3T3 cells (data not shown). Using the above-described
siRNAs, we determined that only PKG II, but not PKG I, was
required for Akt and ERK activation by estradiol (Fig. 3B).
Reconstitution of PKG II by adenoviral infection restored both
Akt and ERK phosphorylation in PKG II-depleted cells (Fig.
3C).

Anti-apoptotic Effects of 17�-Estradiol and cGMP/PKG in Bone

984 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 2 • JANUARY 6, 2012

http://www.jbc.org/cgi/content/full/M111.294959/DC1


Previous work has shown that the anti-apoptotic effects of
estradiol require transient nuclear localization of ERK (6). We
found that cGMP induced nuclear translocation of ERK in a
PKG II-dependentmanner, againmimicking the effect of estra-
diol (Fig. 3D shows a Western blot of nuclear extracts; supple-
mental Fig. S3 shows nuclear ERK by immunofluorescence
staining). To determine whether the anti-apoptotic effects of
estradiol in osteocytes also require signaling through the phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway, we used the
PI3K inhibitor LY294002. PI3K generates phosphatidylinosi-
tol-3,4,5-triphosphate necessary for Akt recruitment to the
plasma membrane and activation by upstream kinases (32).
LY294002 did not increase apoptosis, but it prevented estradiol
from blocking etoposide-induced apoptosis in MLO-Y4 cells,
as shown by the levels of etoposide-induced caspase-3 cleavage
(Fig. 3E; at this 9-h time point, Akt activation by estradiol had
already subsided, and LY294002 inhibited basal Akt phosphor-
ylation). We conclude that NO/cGMP activation of PKG II is
necessary for estradiol-induced Akt and ERK activation and
that, in addition to ERK (6), PI3K/Akt are necessary for estra-
diol to protect osteocytes from apoptosis.
Anti-apoptotic Effects of Estradiol and cGMP Require BAD

Phosphorylation on Ser136 and Ser155, but Not Ser112—The pro-
apoptotic family member BAD sensitizes cells to apoptosis by
binding and inactivating anti-apoptotic Bcl-2 family members.
BAD function is regulated by phosphorylation: Ser112 or Ser136
phosphorylation enables binding of 14-3-3 proteins and subse-
quent phosphorylation of Ser155 to fully disassociate BAD from
the anti-apoptotic Bcl-2 family member (33, 34). To determine
the role of BADphosphorylation in the anti-apoptotic effects of
estradiol and cGMP, we used mutant BAD constructs contain-
ing serine toalanine substitutions ineachof the threephosphor-
ylation sites (29). Etoposide-treated osteocytes expressing a
BAD S112Amutant 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 cells expressing BAD S136A or BAD S155A
continued to show a high percentage of cell death despite treat-
ment with estradiol or 8-pCPT-cGMP (Fig. 4A). Similar results

for the S155A mutant BAD were obtained when probing for
cleaved caspase-3 (Fig. 4B). Transfection efficiency ofMLO-Y4
cells was �60–70% (data not shown), and all three BAD
mutants were expressed at levels slightly less than wild-type
BAD (Fig. 4A). Thus, BAD phosphorylation on Ser136 and
Ser155 is crucial for the effects of estradiol and cGMP on osteo-
cyte apoptosis.
BADPhosphorylation on Ser136 and Ser155 IsMediated byAkt

and PKG I�, Respectively—Previous studies suggest that PKG
I� phosphorylates BAD on Ser155 (29, 34, 35). Using wild-type
and mutant BAD constructs isolated from 293T cells, we con-
firmed that PKG I directly phosphorylated BADSer155, because
alanine substitution for Ser155 completely prevented in vitro
phosphorylation of BAD by PKG (Fig. 4C). Mutation of Ser112
or Ser136 slightly reduced 32PO4 incorporation, possibly
because phosphorylation of these sites by other kinases nor-
mally enhances the efficiency of Ser155 phosphorylation by
PKG, as has been shown for BAD Ser155 phosphorylation by
cAMP-dependent protein kinase (29, 34). To examine the
kinetics of BAD Ser155 phosphorylation in intact cells, we used
a phospho-specific antibody (specificity of this antibody is
shown in supplemental Fig. S4A). Detection of BAD phosphor-
ylation in MLO-Y4 cells required transfection of wild-type
BAD; cells were infected with the PKG I� adenovirus to
enhance PKG activity corresponding to the increase in sub-
strate level. Using this system, we found that BAD Ser155 phos-
phorylation was increased within 10 min after adding 8-CPT-
cGMP toMLO-Y4 cells and remained elevated at 2 h (Fig. 4D).
Only adenoviral expression of PKG I�, but not PKG I�, pro-
moted cGMP-induced Ser155 phosphorylation of transfected
BAD in intact cells (Fig. 4E).
Treating MLO-Y4 cells with cGMP also increased BAD

phosphorylation on Ser112 and Ser136 (Fig. 4F); this was most
likely through cGMP/PKG II-mediated activation of ERK and
Akt (Fig. 3B), because BAD Ser112 and Ser136 are targets of
ribosomal S6 kinase (acting downstream of ERK) and Akt,
respectively (33). Consistent with this hypothesis, siRNA-
mediated depletion of PKG II prevented BAD phosphorylation
at Ser112 and Ser136 (Fig. 4F), and treatmentwith the phosphati-
dylinositol 3-kinase inhibitor LY294002 blocked Akt phos-
phorylation and prevented BAD phosphorylation at Ser136

FIGURE 4. The anti-apoptotic effects of estradiol and cGMP require BAD phosphorylation on Ser136 and Ser155. A, MLO-Y4 cells were transfected with
empty vector (EV) and HA epitope-tagged wild-type or mutant BAD constructs as indicated. At 48 h post-transfection, cells were treated with vehicle (black
bars), 100 nM estradiol (E2, gray bars), or 100 �M 8-pCPT-cGMP (cGMP, white bar) for 1 h prior to etoposide exposure for 8 h. Etoposide-induced cell death was
measured by trypan blue uptake as described under “Experimental Procedures.” The upper panel shows expression of wild-type and mutant BAD proteins in
MLO-Y4 cells. *, p � 0.05 compared with vehicle-treated cells. B, MLO-Y4 cells were transfected with wild-type (wt) or mutant BAD (S155A) and treated as in A.
Cells were lysed and analyzed by Western blotting with an antibody specific for cleaved caspase-3; BAD expression was shown using an anti-HA antibody.
Mutant BAD S155A migrates slightly faster in SDS-PAGE than the wild-type protein. C, cell lysates from 293T cells transfected with empty vector, wild-type, or
mutant BAD constructs were incubated with anti-HA antibody coupled to agarose beads, and the immunoprecipitated proteins were subjected to in vitro
phosphorylation with purified PKG I in the presence of [�-32PO4]ATP as described under “Experimental Procedures.” D, MLO-Y4 cells were transfected with
empty vector or wild-type BAD as indicated. At 24 h after transfection, cells were infected with PKG I� adenovirus titered to increase PKG levels by �3-fold
above endogenous levels to allow for phosphorylation of the transfected BAD. Twenty-four hours later, cells were treated with 100 �M cGMP for the indicated
times. BAD phosphorylation on Ser155 was detected using a phospho-specific antibody (upper panel). The middle panel shows the amount of transfected BAD
(endogenous BAD was below the limit of detection), and �-actin served as a loading control (lower panel). E, MLO-Y4 cells were transfected with wild-type
BAD as in D, but were infected with adenovirus expressing LacZ, PKG I�, or PKG I�, and 24 h later were treated with 100 �M 8-pCPT-cGMP for 1 h. Note that
endogenous PKG in LacZ-infected cells is not sufficient for phosphorylation of overexpressed BAD. F, MLO-Y4 cells were transfected with siRNA targeting GFP
or PKG II, transfected with wild-type BAD, and infected with PKG I� virus as described in D; they were treated with 100 �M 8-pCPT-cGMP for the last 1 h.
G, primary murine osteoblasts were serum-starved for 16 h and treated with 100 �M 8-pCPT-cGMP for the indicated time. Endogenous BAD phosphorylation
was assessed with phospho-specific antibodies. H, model showing estradiol-induced NO/cGMP signaling converging on BAD phosphorylation through
activation of PKG I� and PKG II for protection from etoposide-induced apoptosis. BAD phosphorylation on Ser136 (by Akt, downstream of PKG II) and on Ser155

(by PKG I�) are sequential, and both phosphorylation events are required for the anti-apoptotic effects of estradiol and cGMP. BAD phosphorylation on Ser112

is mediated by ribosomal S6 kinase downstream of ERK (40), but was not necessary for estradiol- and cGMP-mediated protection from apoptosis.
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(supplemental Fig. S4B). In primary murine osteoblasts, which
express higher amounts of BAD, we found that 8-CPT-cGMP
increased phosphorylation of endogenous BAD on Ser112,
Ser136, and Ser155 (Fig. 4G). We conclude that PKG II is neces-
sary for BAD Ser136 phosphorylation by Akt, allowing direct
phosphorylation of Ser155 by PKG I� (Fig. 4H).

DISCUSSION

Osteoporosis in post-menopausal women is a major public
health issue (2). Besides inhibiting osteoclastic bone resorption,
estrogens enhance bone formation by protecting osteoblasts
and osteocytes from apoptosis (3, 7, 36). Increased numbers of
apoptotic osteoblasts and osteocytes are observed in aging
humans and after pharmacological induction of a hypo-estro-
genic state by administration of gonadotropin-releasing hor-
mone (2–5, 7). Similar findings are reported in animal models
of aging or estrogen deficiency after gonadectomy and are
reversible with estrogen administration (2–5, 7). The anti-apo-
ptotic effects of estradiol in osteocyte-like cells are blocked by
pharmacological or genetic inhibition of Src or ERKand require
nuclear translocation of ERK as well as regulation of Bcl-2 fam-
ily proteins (6, 7, 36, 37). In other cell types, estrogens activate
both ERK and Akt through extranuclear actions of a mem-
brane-bound receptor (38–40), and the anti-apoptotic actions
of estrogens require signaling through Akt (40–42).
We found that estradiol protection of MLO-Y4 osteocyte-

like cells from etoposide- or serum starvation-induced apopto-
sis required NO and cGMP synthesis and PKG activation. Sim-
ilar results were obtained in serum-starved primary osteoblasts.
cGMP mimicked the anti-apoptotic effects of estradiol, and
PKG I� and PKG II performed independent anti-apoptotic
functions converging on BAD. Mutant BAD S136A and S155A
constructs prevented estradiol- and cGMP-induced protection
from cell death; the mutant proteins appeared to act in a dom-
inant-negative fashion, likely by dimerizing with endogenous
Bcl-2 or Bcl-XL (40). PKG I� directly phosphorylated BAD on
Ser155, whereas PKG II indirectly increased BAD phosphoryla-
tion on Ser136 by activating Akt. In other cell types, estradiol-
induced Akt and ERK activation are dependent on Src (38, 39).
We previously showed in osteoblasts and osteocytes that PKG
II activates ERK via Src activation and that the membrane-
bound enzyme is uniquely situated to stimulate Src through
activation of an Shp-1/2 phosphatase complex (16, 17). Akt
activation by PKG II in osteoblasts also requires Src.3 Akt is
upstream of several pro-survival pathways, but one of its most
prominent pro-survival effects is phosphorylation of BAD on
Ser136, which is required for binding of 14-3-3 proteins and a
pre-requisite for BAD phosphorylation on Ser155 and dissocia-
tion from Bcl-2 (34).
The NO/cGMP/PKG pathway can regulate apoptosis in a

positive or negative fashion, depending on the cell type. For
example, NO donors and cGMP analogs protect neuronal and
myocardial cells from cell death induced by ischemia/reperfu-
sion injury, growth factor withdrawal, or TNF-� exposure (19,
43, 44). In contrast, PKG activation promotes apoptosis in
intestinal epithelial cells (45). We found that estradiol and

cGMP protected MC3T3 osteoblast-like cells from TNF-�-in-
duced apoptosis in a PKG-dependent fashion; other workers
reported protection by NO donors, but the effect was not
attributed to cGMP/PKG, because of lack of reversal by the
PKG inhibitor KT5828, which has shown varied efficacy in
other studies (22). MLO-Y4 osteocytes are protected from
TNF-�-induced apoptosis by exposure to fluid shear stress; this
effect is NO-dependent, but downstream effects of NO were
not examined (21).While this report was in preparation,Wong
and Fiscus described a role for cGMP/PKG I in protecting OP9
bone marrow stromal osteoprogenitor cells from spontaneous
apoptosis (46).
Using siRNA-mediated depletion of PKG I and reconstitu-

tion with adenoviral vectors encoding either PKG I� or I�, we
found that only PKG I�, but not I�, mediates the anti-apoptotic
effects of cGMP, despite similar expression levels of both
kinases and comparable activities toward the shared substrate
vasodilator-stimulated phosphoprotein. There are few exam-
ples of PKG I�-specific functions for which PKG I� cannot
substitute. In PKG I-null mice, it appears that either PKG I
isoform can rescue basic vascular and intestinal smoothmuscle
functions (47). However, due to their unique N-terminal
dimerization/leucine zipper domain, PKG I� and I� bind to
some isoform-specific G-kinase interaction proteins, which
may target the kinases to unique subcellular localizations and
substrates. For example, PKG I� specifically binds to the regu-
lator of G-protein signaling and the myosin-targeting subunit
of myosin phosphatase (48, 49), whereas PKG I� specifically
binds to the inositol 1,4,5-trisphosphate receptor-associated
G-kinase substrate and the transcriptional regulator TFII-I (50,
51). PKG I� may be targeted to a subcellular compartment that
favors phosphorylation of BAD Ser155.
In conclusion, we identified PKG I� and PKG II as important

mediators of the anti-apoptotic effects of estradiol in osteo-
cytes. These results help explain why ovariectomized endothe-
lial NO synthase-deficient mice have a defective anabolic
response to exogenous estrogens, L-NAME reduces estradiol-
induced bone formation in intact mice, and NO donors allevi-
ate ovariectomy-induced bone loss in rats (24, 27, 28, 52). Sev-
eral epidemiological studies and clinical trials suggest that NO
donors may be as effective as estrogens in preventing bone loss
in post-menopausal women (25, 26, 53). However, current NO
donors may have detrimental effects due to increased oxidative
stress (54), and our results provide a rationale for using direct
PKG or soluble guanylate cyclase activators as bone-protective
agents.
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