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ABSTRACT
Inappropriate signaling conditions within bone marrow stromal cells (BMSCs) can lead to loss of BMSC survival, contributing to the loss of a

proper micro-environmental niche for hematopoietic stem cells (HSCs), ultimately causing bone marrow failure. In the present study, we

investigated the novel role of endogenous atrial natriuretic peptide (ANP) and the nitric oxide (NO)/cGMP/protein kinase G type-Ia (PKG-Ia)

signaling pathway in regulating BMSC survival and proliferation, using the OP9 BMSC cell line commonly used for facilitating the

differentiation of HSCs. Using an ANP-receptor blocker, endogenously produced ANP was found to promote cell proliferation and prevent

apoptosis. NO donor SNAP (S-nitroso-N-acetylpenicillamine) at low concentrations (10 and 50mM), which would moderately stimulate PKG

activity, protected these BMSCs against spontaneous apoptosis. YC-1, a soluble guanylyl cyclase (sGC) activator, decreased the levels of

apoptosis, similar to the cytoprotective effects of low-level NO. ODQ (1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one), which blocks

endogenous NO-induced activation of sGC and thus lowers endogenous cGMP/PKG activity, significantly elevated apoptotic levels by

2.5- and three-fold. Pre-incubation with 8-Bromo-cGMP or ANP, which bypass the ODQ block, almost completely prevented the ODQ-induced

apoptosis. A highly-specific PKG inhibitor, DT-3, at 20, and 30mM, caused 1.5- and two-fold increases in apoptosis, respectively. ODQ and

DT-3 also decreased BMSCs proliferation and colony formation. Small Interfering RNA gene knockdown of PKG-Ia increased apoptosis and

decreased proliferation in BMSCs. The data suggest that basal NO/cGMP/PKG-Ia activity and autocrine ANP/cGMP/PKG-Ia are necessary for

preserving OP9 cell survival and promoting cell proliferation and migration. J. Cell. Biochem. 112: 829–839, 2011. � 2010 Wiley-Liss, Inc.
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B one marrow stromal cells (BMSCs) have been implicated

in a wide range of clinical applications and regenerative

medicine, such as tissue repair [Kitada and Dezawa, 2009],

myocardial infarction [Psaltis et al., 2008] and neurodegenerative

diseases [Sadan et al., 2009]. BMSCs were first characterized by

Friedenstein et al. [1968] as an adherent, fibroblast-like population

in the adult bone marrow. Multipotent BMSCs are capable of

differentiating along the mesenchymal lineage to form bone, fat,

and cartilage [Caplan, 1991; Hassan and El-Sheemy, 2004] and

potentially could be used to regenerate other tissues. Also, BMSCs

provide a proper micro-environmental niche for the growth/

cultivation of hematopoietic stem cells (HSCs) [Wilson and Trumpp,

2006]. The proper environment for HSCs in the bone marrow

requires several specific groups of cells, including endothelial

cells and BMSCs and, along with the extracellular matrix elements,

interact with HSCs to promote/inhibit their self renewal, differ-

entiation and migration.

Our early studies had identified cGMP-dependent protein

kinase (protein kinase G, PKG) as a key protein kinase mediating

the vasodilatory effects of nitric oxide (NO) and atrial natriuretic

peptide (ANP, ANF, atriopeptin) in blood vessels, specifically by

relaxing the vascular smooth muscle cells (VSMCs) within the walls
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of these vessels [Fiscus et al., 1983, 1985; Fiscus, 1988; Fiscus

and Murad, 1988]. More recent studies from our laboratory have

shown that basal or moderately elevated PKG activity is essential for

the survival of certain neural cell lines, including PC12, N1E-115

and NG108-15 cells [Fiscus et al., 2001, 2002; Fiscus, 2002; Cheng

Chew et al., 2003; Johlfs and Fiscus, 2010]. Our laboratory has

also shown that basal PKG activity plays a similar cytoprotective

role in preventing spontaneous apoptosis in primary murine VSMCs,

immortalized uterine epithelial cells, and human ovarian cancer

cells [Chan and Fiscus, 2003; Fraser et al., 2006; Leung et al., 2008,

2010; Wong and Fiscus, 2010].

Although research on stem cells has increased drastically in

recent years, there are very few studies on the role of the NO/cGMP/

PKG pathway in stem cells [Krumenacker et al., 2006]. Expression of

mRNA and protein levels of the three NOSs and sGC has been

reported in mouse embryonic stem (ES) cells and the expression of

PKG in ES cell-derived cardiomyocytes is known to increase during

differentiation [Krumenacker and Murad, 2006]. Very recently, the

NO/cGMP/PKG signaling pathway has been proposed to promote

stem cell-like characteristics in glioma cells in the tumor

perivascular niche of medulloglioma [Charles et al., 2010].

In the present study, the BMSC cell line OP9 was used to

investigate the role of endogenous ANP/cGMP/PKG and NO/cGMP/

PKG signaling pathways in BMSCs. These cells are mouse BMSCs

lacking the expression of macrophage-colony stimulating factor,

making them especially useful as a feeder layer for hematopoietic

differentiation down a lineage other than monocytes. OP9 cells are

reported to augment the survival of hematopoietic precursors and

progenitors [Ji et al., 2008], and can be used in a coculture system

with mouse ES cells and induced pluripotent stem (iPS) cells to

induce the differentiation of ES cells into endothelial cells [Kelly

and Hirschi, 2009] and blood cells of erythroid, myeloid, and B

cell lineages [Nakano et al., 1994; Nakano, 1995; Kitajima et al.,

2003; Ji et al., 2008], and iPS into hematopoietic cell lineages [Niwa

et al., 2009].

MATERIALS AND METHODS

CELL CULTURE AND TISSUE

OP9 mouse BMSCs were purchased from American Type Culture

Collection (ATCC). BMSCs were cultured in a-Minimum Eagle’s

Medium (aMEM), supplemented with fetal bovine serum (20%),strep-

tomycin (50mg/ml), and penicillin (50units/ml) (all from Lonza), and

cultured at 378C in an atmosphere of 5% CO2/95% air.

The aortas were isolated from mice as previous described

[Wong and Fiscus, 2010]. The mice were obtained from Jackson

Laboratories. The treatment of laboratory animals and the

experimental procedures of the present study adhered to the NIH

Guidelines for Animal Care, and were approved by IACUC at the

Nevada Cancer Institute.

PROTEIN EXTRACTION AND WESTERN BLOTTING USING

INFRARED IMAGING

For protein extraction, the cells were lysed using 858C hot

1� sodium dodecyl sulfate (SDS) lysis buffer (50mmol/L

Tris–HCL, pH 6.8, 2% SDS, 10mmol/L dithiolthreitol, and 10%

glycerol). The supernatant fractions were collected by centrifugation

(15,000g; 10min). The total amount of protein in the lysates was

calculated from the fluorescence-based protein quantitation kit EZQ

(Molecular Probes). Proteins were separated on 4–12% polyacry-

lamide NuPage gels (Invitrogen) and then transferred to nitrocellu-

lose membranes. Membranes were blocked (room temperature, 1 h)

with blocking buffer (Rockland Immunochemicals), then incubated

at 48C overnight with primary antibodies [PKG-Ia/b (1:1,000),

p-(ser-239)-vasodilator-stimulated phosphoprotein (VASP; 1:500),

total VASP (1:1,000), eNOS (1:1,000), p-(ser-1,177)-eNOS (1:1,000),

total PARP (1:1,000), and cleaved PARP (1:1,000) (all from Cell

Signaling Technology), KLF4 (1:1,000) (Chemicon), NPR-A (1:500),

ANP (1:1,000), b-actin (1:1,000) (Santa Cruz Biotechnology)] and

subsequently with secondary antibodies labeled with infrared dyes

(LI-COR Biosciences) (1:25,000 in blocking buffer; room tempera-

ture for 1 h). The membranes were scanned on the Odyssey infrared

imaging system (LI-COR Biosciences).

CLONOGENIC CELL SURVIVAL ASSAY

Clonogenic assays were used to assess the cell survival in cells after

treatment with sGC inhibitor ODQ, sGC activator YC-1, and selective

PKG-Ia inhibitor DT-3 (Calbiochem). Around 500 cells per well were

plated in six-well plates, treated with ODQ (10, 40, and 100mM), YC-

1 (5, 10, 20, 40, and 100mM) and DT-3 (10, 20 and 30mM) for 24 h.

After the incubation period the cells were washed with 1� PBS

(Lonza) twice and once with fresh media. Fresh media was added and

cells were incubated for 7–10 days to form colonies (or until control

wells attain confluency), followed by staining with crystal violet

(5mg/ml crystal violet in 95% ethanol). The number of colonies in

the controls and treatments were counted and compared. Acetic acid

(10%) was used to dissolve the crystal violet, and the amount of color

was quantified with a spectrophotometer at absorbance 570 nm.

ASSESSMENT OF CELL PROLIFERATION BY MTT ASSAY

Proliferation of BMSCs was measured by MTT assay (Roche Applied

Science), following the protocol of the manufacturer.

ASSESSMENT OF DE NOVO DNA SYNTHESIS BY BrdU-(5(Bromo-2-

deoxyuridine) ELISA COLORIMETRIC ASSAY

The rate of DNA synthesis of BMSCs was measured by BrdU ELISA

assay (Roche Applied Science), following protocol of the manu-

facturer. Cells were seeded in 96-well microplates (1� 103 cells per

well) and incubated at 378C in 5% CO2 for 24 h, followed by

treatment for 72 h with BrdU label.

ASSESSMENT OF APOPTOSIS BY CELL DEATH DETECTION

ELISA PLUS

The Cell Death Detection ELISAPLUS assay (Roche Applied Science),

based on quantitative sandwich-enzyme-immunoassay-principle

with monoclonal antibodies directed against DNA and histones,

were used to quantify apoptotic levels in BMSCs treated with ODQ,

SNAP, YC-1, and DT-3 (Calbiochem), 8-Br-cGMP (Sigma) and ANP

(Phoenix Pharmaceuticals). Procedures followed the manufacturer’s

protocol, with the following exception. A longer centrifugation

time (i.e., 30min, instead of the recommended 10min), after cell

permeation for releasing apoptotic fragments of DNA, was used in
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order to obtain a cleaner separation of apoptotic DNA fragments

from genomic DNA in cell nuclei. This modification dramatically

lowered background interference caused by contaminating genomic

DNA and thus allowed better quantification of apoptotic responses.

MEASUREMENTS OF cGMP LEVELS BY

ENZYME-LINKED-IMMUNOASSAY

Levels of cGMP were measured by an enzyme-linked immunoassay

(Assay Designs) as described previously [Wong and Fiscus, 2010].

SMALL INTERFERING RNA (siRNA) GENE KNOCKDOWN

For siRNA-mediated silencing of gene expression, cells were

transfected with 50 nmol/L and 100 nmol/L StealthTM RNAi (siRNA,

5’-GAGGAAGACUUUGCCAAGAUUCUCA-3’) for specifically tar-

geting the expression of PKG-Ia (Invitrogen). Transfection of BMSCs

was conducted using RNAiMAX (Invitrogen). Non-silencing siRNA

(Invitrogen) was used as the negative control. At 72 h after

transfection, the culture medium was changed and fresh medium

was supplied. The cells were used in experiments 16 h later.

IN VITRO CELL MIGRATION (INVASION) ASSAY

Migration of cells was assessed using transwells (Corning) contain-

ing inserts with polycarbonated filter of 8mMpore size. The inserts were

coated with growth factor-reduced matrigel (BD Bioscience) at 378C for

30min. The upper chamber contained 4� 104 cells in 0.1ml complete

medium mixed with inhibitors or DMSO (control). The lower chamber

contained 0.6ml of complete medium with the same concentration of

the inhibitors or DMSO. Migration through the membrane was

determined after 24h of incubation at 378C. Cells remaining on the

topside of the transwell membrane were removed using a cotton swab.

The membrane was washed with ice-cold PBS. Cells that had migrated

to bottom side were stained with 0.5% crystal violet.

STATISTICAL ANALYSIS

Results are expressed as the mean� standard error of at least four

independent experiments. Statistical analysis was performed by

one- or two-way ANOVA using GraphPad (PRISM software).

Bartlett’s tests were used to establish the homogeneity of variance on

the basis of the differences among standard deviations. Differences

between experimental groups were determined by the Dunnett’s test.

A value of P< 0.05 was considered to be significant.

RESULTS

To investigate the role of endogenous ANP and the NO/cGMP/PKG-

Ia signaling pathway in regulating BMSC survival and proliferation,

inhibitors and activators of the signaling pathway as well as gene

knockdown, utilizing siRNA, were used in the present study, as

illustrated in Figure 1.

OP9 CELLS PREDOMINANTLY EXPRESS THE PKG-Ia ISOFORM AND

EXPRESS ENDOGENOUS eNOS AND KLF4

Both PKG-Ia (�76 kDa) and PKG-Ib (�78 kDa) are highly expressed

in freshly isolated aorta, as showed by our recent study [Wong and

Fiscus, 2010], and another report [Geiselhoringer et al., 2004] on

PKG isoforms in mouse tissues. Figure 2A of the present study shows

that OP9 cells express predominantly the PKG-Ia isoform. Freshly

isolated mouse aorta was used as a positive control. BMSCs also

express eNOS and have basal eNOS phosphorylation at serine 1,177,

suggesting that endogenous eNOS in BMSCs may provide endogenous

NO for downstream activation of the sGC/cGMP/PKG-Iasignaling

pathway for protection against spontaneous apoptosis. BMSCs also

express the Kruppel-like factor 4 (KLF4), necessary for survival and

proliferation of stem cells, which has previously been shown to bind to

the Sp1 promoter of the PKG-Ia gene for regulation of PKG-Ia

expression in VSMCs [Zeng et al., 2006].

THE ANP AUTOCRINE LOOP FOR BOTH PROTECTION AGAINST

SPONTANEOUS APOPTOSIS AS WELL AS STIMULATION

OF CELL PROLIFERATION

Figure 2A shows that OP9 BMSCs express both ANP and the ANP

receptor NPR-A, and Figure 2B shows the effects on apoptotic levels

of blocking the NPR-A receptors on the surface of BMSCs with

the specific ANP antagonist, A71915, which caused significantly

higher levels of spontaneous apoptosis. A71915, when used in

combination with sGC inhibitor ODQ (which blocks the cytopro-

tective effects contributed by endogenous NO), causes an even

larger increase in apoptosis. Blocking the NPR-A receptors

also significantly inhibits proliferation and DNA synthesis

(Fig. 2C,D). The data suggest that BMSCs endogenously produce

the natriuretic peptide ANP, which in turn causes downstream

activation of the cGMP/PKG-Ia pathway. BMSCs may utilize the

Fig. 1. The NO/sGC/cGMP/PKG-Ia and ANP/pGC(NPR-A)/cGMP/PKG-Iasignaling pathway are shown, along with the inhibitors and activators used in the present study.
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ANP autocrine loop for both protection against spontaneous apoptosis

as well as stimulation of cell proliferation.

BASAL NO/cGMP LEVELS PROTECT BMSCs AGAINST

SPONTANEOUS APOPTOSIS

Figure 3A–C shows the effects of a soluble guanylyl cyclase (sGC)

inhibitor, ODQ, the NO donor SNAP and the sGC activator YC-1 on

the levels of cGMP in OP9 cells. Figure 3D shows a biphasic

apoptotic curve in response to increasing concentrations of SNAP.

ODQ causes concentration-dependent depletion of basal cGMP

levels (Fig. 3A) and apoptosis (Fig. 3D). SNAP is known to release NO

at a slow rate, generating NO at a concentration at 0.1% [Crow and

Beckman, 1995] to 0.3% [Hirota et al., 2001] of the original SNAP

concentration. SNAP at 10 and 50mM generate NO at 10–50 nM

(physiological levels), significantly decreasing the levels of

apoptosis, whereas SNAP at 500 and 1,000mM would generate

NO at pathological levels, significantly increasing the levels of

apoptosis. YC-1, a sGC activator, at 10mM to 40mM, causes �1.5-

to 2-fold increases in cGMP levels and significantly protects BMSCs

against spontaneous apoptosis (Fig. 3E). Figure 3F shows ODQ-

induced inhibition of endogenous NO-stimulated sGC activity

lowers endogenous PKG kinase activity, indicated by Ser239

phosphorylation of VASP. The level of VASP-serine239 phosphor-

ylation was known to be a representation of intracellular PKG

activity. Cleaved PARP indicated apoptosis, which confirmed

the results from Cell Death ELISA. The data suggest that the basal

activation of the NO/cGMP/PKG-Ia signaling pathway in BMSCs is

important for protecting against spontaneous onset of apoptosis.

Fig. 2. A: Western blot analysis of the expression of eNOS, phosphorylation of eNOS at Ser-1177, and the expression of NPR-A, ANP precursor, KLF4, and PKG-Ia and PKG-Ib

in OP9 BMSCs and freshly isolated mouse aorta. Total protein (60mg) was loaded for BMSCs and 20mg of total protein for the aorta. b-actin was used for normalization.

B: Effects on apoptotic levels of blocking the NPR-A receptors with the ANP antagonist A71915 and in combinations with ODQ. �Treatment groups compared with control

(�P< 0.05, ��P< 0.01, ���P< 0.001). #Treatment groups of A71915 used with ODQ compared to the corresponding concentration of A71915 without ODQ (#P< 0.05,
##P< 0.01). C and D: Effects on proliferation and DNA synthesis observed from blocking the NPR-A receptors with A71915. Proliferation rates of BMSCs were significantly

decreased by A71915 at 1mM (�P< 0.05) and 10mM (��P< 0.01). The data represent the mean� SEM of four observations per treatment group.
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These results are consistent with our data in VSMCs [Wong and

Fiscus, 2010].

BASAL cGMP LEVELS STIMULATE CELL PROLIFERATION/COLONY

FORMATION/MIGRATION

Figure 4A shows that depletion of cGMP by the sGC inhibitor ODQ

decreased cell proliferation in MTT assay at 10, 40, 100mM

(���P< 0.001). ODQ also inhibits cell migration (Fig. 4C) and colony

formation (Fig. 4E,G), suggesting that endogenous PKG-Ia kinase

activity (Ser239 phosphorylation of VASP) may play a role in cell

migration. The sGC activator YC-1 also inhibited cell proliferation

(Fig. 4B), migration (Fig. 4D), and colony formation (Fig. 4F,H),

likely via effects unrelated to cGMP (see Discussion).

PRETREATMENT WITH ANP OR 8-Br-cGMP, WHICH BYPASS THE

ODQ BLOCK, REVERSES THE ODQ-INDUCED INCREASE IN

APOPTOSIS IN BMSCs

The role of PKG-Ia as an important part of the anti-apoptotic/

cytoprotective mechanism was confirmed by Figure 5A, showing

Fig. 3. A: ODQ significantly decreased cGMP levels at 40 and 100mM (�P< 0.05) in BMSCs. B and C: SNAP and YC-1 significantly elevated cGMP levels in BMSCs in a

concentration-dependent manner. D: Biphasic apoptotic curve in BMSCs treated with ODQ and SNAP. ODQ, a sGC inhibitor, depleted basal cGMP levels and caused apoptosis at

40mM (���P< 0.001) and 100mM (���P< 0.001), respectively. SNAP, a NO donor, protected cells from apoptosis at 10mM (�P< 0.05) and 50mM (��P< 0.01) and caused

apoptosis at 500mM (���P< 0.001). E: YC-1, a sGC activator, protects cells from apoptosis dose dependently from 10mM to 40mM (���P< 0.001). The data represent the

mean� SEM of six observations per treatment group. F: Western blot analysis showing decreased VASP-phosphorylation at serine239 and increased PARP cleavage in BMSCs

treated with ODQ. �P< 0.05, ��P< 0.01, ���P< 0.001.
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that simultaneous addition by 8-bromo-cGMP, a cell-permeable

direct activator of PKG-Ia, could almost completely reverse the pro-

apoptotic effects of ODQ. Figure 5B shows that exposure of the

BMSCs to the natriuretic peptide ANP also causes nearly complete

reversal of the ODQ-induced apoptosis. The data further confirm

that ANP-induced activation of the NPR-A/cGMP/PKG-Ia signaling

pathway can protect (almost completely) the BMSCs from the

pro-apoptotic effects of ODQ. The data suggest that BMSCs utilize

both sGC, which is stimulated by endogenously-produced NO, and

NPR-A (a particulate guanylyl cyclase), which is stimulated by

endogenously-produced ANP, to protect against spontaneous onset

of apoptosis.

BASAL PKG-Ia ACTIVITY IN BMSCs PROTECTS AGAINST INDUCTION

OF APOPTOSIS

To further investigate the anti-apoptotic role of PKG-Ia in BMSCs,

a specific PKG-Iainhibitor, DT-3, was used. DT-3 can effectively

inhibit not only stimulated PKG activity, but also basal PKG activity

Fig. 4. Cell proliferation, migration, and colony formation were decreased in BMSCs by ODQ and YC-1. A: ODQ inhibits cell proliferation in MTT assay at 10mM (���P< 0.001),

40mM (���P< 0.001), and 100mM (���P< 0.001). B: YC-1 inhibits cell proliferation in MTT assay at 5mM (��P< 0.01), 10mM (��P< 0.01), 20mM (���P< 0.001), and 40mM

(���P< 0.001). C and D: Pictures of the cells that have migrated to the bottom of transwell inserts, using staining with crystal violet. The data show inhibition of cell migration

by treatment with ODQ and YC-1. E and F: Pictures of colonies formed in six-well plates follows the staining with crystal violet. G and H: Left panel, number of colonies counted

(only colonies larger than 500 cells were counted); Right panel, quantification of the crystal violet dye dissolved with 10% acetic acid at 570 nm. The data represent the

mean� SEM of eight observations per treatment group. �P< 0.05, ��P< 0.01, ���P< 0.001.
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[Dostmann et al., 2002; Taylor et al., 2004]. Western blot analysis in

Figure 6 shows DT-3 effectively decreased VASP-phosphorylation

at serine239, an indication of intracellular PKG kinase activity. DT-3

also significantly induced apoptosis at 20mM (�P< 0.05) and 30mM

(���P< 0.001), apoptosis results confirmed by increased PARP

cleavage (Fig. 6A). PKG-Ia-siRNA at 100 nM increased apoptosis

(Fig. 7B). Apoptosis results were confirmed by increased PARP

cleavage (Fig. 7D). PKG-Ia-siRNA at 50 nM and 100 nM cause

approximately 40% and 60% knockdown of PKG expression, as

shown by Western blot analysis (Fig. 7C). PKG-Ia-siRNA at 50 nM

and 100 nM both effectively decreased intracellular PKG kinase

activity (VASP-phosphorylation at serine239) (Fig. 7D).

Fig. 5. A: 8-Br-cGMP reverses the ODQ-induced increase in apoptosis in

BMSCs. 8-Br-cGMP, at 1,000mM (#P< 0.05), a direct activator of PKG,

prevented apoptosis caused by depletion of cGMP by ODQ (40mM). B: ANP

completely abolished the ODQ-induced apoptosis in BMSCs. ANP at 10 nM

(#P< 0.05), 100 nM (#P< 0.05) and 1,000 nM (#P< 0.05), a particulate

guanylyl cyclase activator, completely prevented ODQ-induced apoptosis. C:

ANP elevated cGMP levels in BMSCs in a concentration-dependent manner.

The data represent the mean� SEM of four observations per treatment

group.�Treatment groups compared with control (�P< 0.05, ��P< 0.01,
���P< 0.001). #Treatment groups compared with ODQ (40mM) alone.

Fig. 6. Inhibition of endogenous PKG activity caused induction of apoptosis,

inhibition of cell proliferation and colony formation in BMSCs. A: Upper panel,

Western blot analysis showing decreased VASP-phosphorylation at serine239

and increased PARP cleavage in BMSCs treated with DT-3, a PKG-Ia inhibitor;

Lower panel, DT-3 significantly induced apoptosis (determined by Cell Death

Detection ELISA) at 20mM (�P< 0.05) and 30mM (���P< 0.001). B: Pictures

showing DT-3 decreased colony formation in BMSCs. C, Left, number of

colonies counted (only colonies larger than 500 cells were counted); Right,

quantification of the crystal violet dye dissolved with 10% acetic acid at

570 nm. The data represent the mean� SEM of four observations per treat-

ment group. �P< 0.05, ��P< 0.01, ���P< 0.001.
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BASAL PKG ACTIVITY IN BMSCs STIMULATES CELL PROLIFERATION,

COLONY FORMATION, AND CELL MIGRATION

Figure 6B,C show that DT-3 decreased colony formation in BMSCs.

The result is further confirmed by PKG-Ia knockdown in

Figure 7A. PKG-Ia-siRNA at 50 nM and 100 nM also decreased

cell migration (Fig. 7E). PKG-Ia knockdown with PKG-Ia-siRNA

(100 nM) decreased de novo DNA synthesis (Fig. 7F) and

proliferation (Fig. 7G) at 24, 48, and 72 h, respectively. The data

suggest that basal PKG activity in BMSCs is essential for stimulating

cell proliferation and cell migration.

DISCUSSION

BMSCs are adherent, fibroblast-like cells in the adult bone marrow

[Friedenstein et al., 1968]. BMSCs are multipotent stem cells, and are

capable of differentiating along the mesenchymal lineage to form

bone, fat, and cartilage. Hence, over recent years, the potential for

the use of BMSCs in stem cell therapy for replacing damaged bone,

cartilage, and muscle, especially, for example, cardiac muscle after

heart attack, have been implicated [Psaltis et al., 2008]. The BMSC

line OP9 has been used in coculture systems as a feeder layer with

mouse ES cells and iPS cells to induce the differentiation of ES cells

and iPS cells along hematopoietic lineages [Nakano et al., 1994;

Nakano, 1995; Kitajima et al., 2003; Ji et al., 2008]. OP9 cells can

also be differentiated into adipocytes and used as a model for

adipogenesis [Wolins et al., 2006].

Our early studies were the first to show that NO, both

therapeutically-administered NO and endogenous endothelium-

derived NO, stimulates the intracellular activity of PKG in VSMCs

[Fiscus et al., 1983], and that ANP stimulates intracellular PKG in

VSMCs [Fiscus et al., 1985]. These studies led to later establishment

of PKG as the key protein kinase mediating the biological effects

(e.g., vasodilation and anti-hypertensive effects) of NO and the

natriuretic peptides [Fiscus, 1988, 2002; Fiscus and Murad, 1988;

Lincoln et al., 2001; Fung et al., 2005]. Recently, our laboratory has

shown that many mammalian cells, including epithelial cells, neural

cells, and various cancer cells (e.g., breast cancer, lung cancer,

mesothelioma, ovarian cancer, prostate cancer, and VSMCs), all

express at least one or both of the two PKG-I isoforms, PKG-Ia and

PKG-Ib, and that the PKG-Ia isoform is essential for the survival and

proliferation of these cells [Fiscus et al., 2001, 2002; Fiscus, 2002;

Chan and Fiscus, 2003; Cheng Chew et al., 2003; Fung et al., 2005;

Fraser et al., 2006; Leung et al., 2008, 2010; Johlfs and Fiscus, 2010;

Wong and Fiscus, 2010].

The present study shows that phosphorylation of VASP at serine

239 serves as a useful indicator of endogenous PKG activity in the

BMSCs. VASP is a PKG downstream substrate that is directly

phosphorylated at Ser239 by PKG in a number of mammalian cells

[Butt et al., 1994; Chen et al., 2008; Isenberg et al., 2008], but the

present study shows PKG-mediated phosphorylation of VASP in

BMSCs for the first time. VASP is an actin-binding protein involved

in focal adhesion [Butt et al., 1994], and VASP phosphorylation at

ser239 by PKG was shown to cause redistribution of VASP to the

plasma membrane, and thereby may promote cell attachment and

migration, potentially also promoting cell survival and proliferation

[Harbeck et al., 2000; Li Calzi et al., 2008].

Human BMSCs have been reported to synthesize and release

endogenous brain (B-type) natriuretic peptide (BNP) and the

released BNP was proposed to mediate the neuroprotective effects

of BMSCs in animal model of stroke [Song et al., 2004]. The present

study using OP9 BMSCs shows that these cells produce detectable

levels of ANP precursor [Noyan-Ashraf et al., 2009] (Fig. 2A),

suggesting that these cells likely synthesize and release ANP, similar

to the data of a previous study showing endogenous production of

another natriuretic peptide, BNP, in human BMSCs [Song et al.,

2004], and that released ANP activates the NPR-A receptors to

stimulate cell proliferation and survival of the OP9 cells. This

mechanism may provide an autocrine loop that protects BMSCs

from spontaneous apoptosis and stimulates cell proliferation.

The present study suggests that basal activation of the NO/cGMP/

PKG-Ia signaling pathway in BMSCs is important for cell

proliferation, colony formation and migration. However, the sGC

activator YC-1 also inhibited cell proliferation (Fig. 4B), migration

(Fig. 4D), and colony formation (Fig. 4F,H). These anti-proliferative,

anti-colony formation, and anti-migration effects are likely to be

mediated by other effects of YC-1 (which are independent of cGMP)

[Pan et al., 2005]. In another example, YC-1 has been shown to

have anti-proliferative effects in hepatocellular carcinoma cells by

amechanism that is independent of its effects on the cGMP signaling

pathway and instead involves YC-1-induced up-regulation of

p21CIP1/wap1 [Wang et al., 2005].

Figure 8 shows a cellular model illustrating the findings of the

present study. Also included in the model are the phosphorylation of

other downstream target proteins, BAD [Johlfs and Fiscus, 2010],

CREB [Fiscus, 2002], and Src [Leung et al., 2010], previously

reported by our laboratory as intracellular proteins that are directly

phosphorylated by PKG-Ia promoting cell proliferation and

survival. The data from the present study suggest that BMSCs

utilize both the NO/sGC/cGMP/PKG-Ia pathway and the ANP/NPR-

A/cGMP/PKG-Ia pathway, in an autocrine loop fashion, to protect

the cells from spontaneous onset of apoptosis and to stimulate cell

proliferation. Furthermore, the present study shows that these

signaling pathways promote migration of the OP9 BMSCs, shown in

the model of Figure 8. In the bone marrow micro-environmental

niche, endothelial cells, which are in close proximity to BMSCs,

Fig. 7. Gene knockdown of PKG-Ia expression using PKG-Ia-siRNA increased apoptosis and decreased proliferation in BMSCs. A: PKG-Ia knockdown decreased BMSC colony

formation. B: Gene knockdown by PKG-Ia-siRNA (100 nM) significantly (��P< 0.01) increased spontaneous apoptosis compared to negative control. C: Western blot analysis

showing decreased PKG-Ia expression after treatment with PKG-Ia-siRNA. The relative intensity of the bands in the western blots were quantified, showing about 40% and

60% knockdown at 50 nM and 100 nM, respectively. D: Western blot analysis showing decreased VASP-phosphorylation at serine239 and increased PARP cleavage in BMSCs

after gene knockdown of PKG-Ia. E: PKG-Ia knockdown decreased cell migration. F and G, PKG-Ia knockdown decreased de novo DNA synthesis at 48 h (�P< 0.05) and 72 h

(��P< 0.01) in cultures treated with PKG-Ia-siRNA (100 nM). Similar results obtained by MTT assay. PKG-Ia knockdown decreased proliferation at 24 h (���P< 0.001), 48 h

(���P< 0.001), and 72 h (���P< 0.001). The data represent the mean� SEM of six observations per treatment group.
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provide another source of endogenous NO. Also, endothelial cells

are reported to synthesize and release all three natriuretic peptides,

ANP, BNP, and CNP [Bordenave et al., 2002], which may also

potentially stimulate BMSC survival and proliferation via a

paracrine mechanism. Therefore, the cytoprotective and growth-

promoting mechanism involving the NO/sGC/cGMP/PKG-Ia and

ANP/NPR-A/cGMP/PKG-Ia pathways may play an important role

within the bone marrow to provide a healthy micro-environmental

niche for the survival, growth, and differentiation of HSCs.

Furthermore, the data of the present study provide a unique insight

into a key cell signaling pathway in OP9 cells that could be used to

develop new strategies for improving ex vivo survival and

expansion of these cells or similar cells.
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