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investigate the role of nitric oxide (NO) in bone marrow stem cells and their
differentiation into endothelial cells in vitro. Adult mouse bone marrow multipotent progenitor cells
(MAPCs) were used as the source of stem cells. Oct-4 expression (both mRNA and protein) was significantly
increased by up to 68.0% in MAPCs when incubated with NO donors DETA-NONOate or sodium nitroprusside
(SNP) in a concentration-dependant manner (n=3, Pb0.05). However, the cell proliferation was dramatically
decreased by over 3-folds when treated with DETA-NONOate or SNP for 48 h (n=3, Pb0.05). When MAPCs
were exposed to DETA-NONOate (100 μM) for the first 48 h during differentiation, the expression (both
mRNA and protein) of vWF was significantly increased at day 14 in the differentiating cells. The effects of
DETA-NONOate or SNP on cell proliferation, Oct-4 expression and endothelial differentiation of MAPCs were
not affected by the guanylyl cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one or cGMP analog 8-
Br-cGMP. These data indicate that NO may regulate both the pluripotency and differentiation of MAPCs via a
cGMP-independent mechanism.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Nitric oxide (NO) is a very reactive molecule that has multiple
biological effects on a variety of organ systems including cardiovas-
cular, neurological, and immune systems (Moncada and Higgs, 1993;
Nathan, 1992). Accumulating evidence indicates that NO plays an
important role in stem cell proliferation and differentiation. It has
been reported that at physiological concentrations NO functions as a
negative regulator of stem/progenitor cell proliferation, and is critical
to the initiation of cell differentiation (Cheng et al., 2003; Peunova and
Enikolopov, 1995; Wingrove and O'Farrell, 1999). It has been
demonstrated that NO modulates the growth and differentiation of
human erythroid and myeloid cells from CD34+ bone marrow cells in
vivo (Shami and Weinberg, 1996). NO also promotes bone and
chondrocyte terminal differentiation (Teixeira et al., 2005), partici-
pates in early neuronal development and differentiation in mouse
(Arnhold et al., 2002, 1999), stimulates preadipocyte differentiation in
rat (Yan et al., 2002), and mediates osteoblastic differentiation (Pan
et al., 2005). In addition, NO synthase inhibitors have been shown to
arrest the differentiation toward a cardiac phenotype from mouse
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embryonic stem cells that is readily to be rescued by NO donors (Bloch
et al., 1999).

The understanding of the mechanisms underlying the actions of
NO on cell growth and differentiation remains incomplete. Although
soluble guanylate cyclase (sGC)-cGMP signal transduction pathway is
believed to be a major target for NO in cardiovascular system (Nathan,
1992), NO may function through a mechanism independent of sGC/
cGMP signaling pathway. NO, for example, has been reported to be a
critical mediator for neurogenesis during early stages of embryonic
stem cell differentiation via a mechanism independent of sGC/cGMP
pathway, possibly by mediating the intracellular calcium homeostasis
(Arnhold et al., 2002).

Stem cells exhibit unique characteristics including specific cell
markers and gene expression such as the transcription factor Oct-4
(Ben-Shushan et al., 1998; Niwa et al., 2000; Vassilieva et al., 2000).
Oct-4 is expressed at high level in embryonic stem cells (Ben-Shushan
et al., 1998). Reyes et al. (2001) recently purified and cultured bone
marrow multipotent progenitor cells (MAPCs) from human, rat and
mouse that expressed Oct-4 and were able to differentiate into
multiple cell lineages including endothelial cells and neurons (Liu
et al., 2007; Ulloa-Montoya et al., 2007). However, whether NO could
affect the differentiation of MAPCs is unknown. The purpose of the
present study was to determine the effects of NO on the expression of
Oct-4 in MAPCs and their differentiation into endothelial cells. Our
data showed that NO inhibited the proliferation of MAPCs, enhanced
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Oct-4 expression, and promoted endothelial differentiation of MAPCs
through a mechanism independent of cGMP pathway.

2. Materials and methods

2.1. Materials

Sodium nitroprusside (SNP), 8-bromoguanosine-3¢, 5¢-cyclomo-
nophosphate sodium salt (8-Br-cGMP), and 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ) were from Sigma (St. Louis, MO). Diethy-
lamine NONOate diethylammonium salt (DETA-NONOate) was from
Cayman Chemical (Ann Arbor, MI). Vascular endothelial growth factor
(VEGF) was from R&D (Minneapolis, MN). Antibodies (Ab) against von
Willebrand factor (vWF), Oct-4, and tubulin were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-goat IgG-Cy-3 was from sigma.
ECL labeling and detection system was from Amersham Biosciences
(Piscataway, NJ).

2.2. Cell culture and proliferation

Adult mouse bone marrow multipotent progenitor cells (MAPCs)
were used as the source of bone marrow stem cells, and cultured with
the method described previously in detail (Breyer et al., 2006). Briefly,
undifferentiated MAPCs were maintained in expansion medium at
37 °C with 5% O2, 5% CO2 and 90% N2 with cell density of 200 cells/cm2

and media change every other day. To investigate the effects of NO on
the proliferation of MAPCs, the cells were incubated for up to 48 h in
expansion medium in the presence of NO-generating agents DETA-
NONO ate (50 μM and 100 μM) or SNP (from 100 μM to 2,000 μM). NO
release from these NO donors in the media was confirmed using
electron paramagnetic resonance (EPR) technique as described
previously (Cardounel et al., 2007; Xia et al., 2000). Cells were
counted and collected at 12, 24, and 48 h after exposure to NO donors
to determine the expression level of stem cell specific marker Oct-4 in
MAPCs with real-time PCR and Western blot analysis as described
below. To demonstrate any dependence of the actions of DETA-
NONOate and SNP on cyclic GMP, experiments were repeated in the
presence of specific guanylyl cyclase inhibitor ODQ (25 μM) or cGMP
analog 8-Br-cGMP (250 and 500 μM).

2.3. Endothelial differentiation

Endothelial differentiation of MAPCswas inducedwith themethod
described in detail previously in the presence of VEGF (Liu et al., 2007;
Ulloa-Montoya et al., 2007). Briefly, MAPCs were cultured at a density
of 4–5×104 cells/cm2 in fibronectin(FN)-coated culture vessels in
serum-free media in the presence of 10 ng/ml VEGF at 37 °C with 5%
O2, 5% CO2, and 90% N2. Culture mediumwas changed every two days.
To evaluate the effects of NO and cGMP signaling on the differentiation
of MAPCs into endothelial cells, the NO donor DETA-NONOate (50 μM
and 100 μM) was added to the culture media with or without ODQ
(25 μM) or 8-Br-cGMP (500 μM). Cells were collected at days 0, 7, 10,
and 14 of differentiation for real-time PCR andWestern blot analysis to
determine the expression of endothelial cell marker vWF.

2.4. Quantitative real-time PCR

Quantitative real-time PCR assay was used to determine Oct-4 and
vWFmRNA levels in the undifferentiated and differentiatingMAPCs at
days 0, 7, 10, and 14 using RNeasy kit (Qiagen) with the method
described previously (Jiang et al., 2002; Ulloa-Montoya et al., 2007).
mRNAwas reverse-transcribed (Applied Biosystems), and the synthe-
sized cDNA underwent 40 rounds of amplification (ABI PRISM 7700,
Perkin-Elmer/Applied Biosystems) with the following reaction condi-
tions: 40 cycles (95 °C for 15 s and 60 °C for 1 min) after initial
denature (50 °C for 2 min and 95 °C for 10 min), followed by 95 °C for
15 s and 60 °C for 20 min. Controls consisted of amplifications without
reverse transcription and reactions without addition of cDNA
template. The primer sequences were: 5-CCAATCAGCTTGGGCTAGAG-
3 and 5-CCTGGGAAAGGTGTCCTGTA-3 for Oct-4; 5-GCCAAAGATCTG-
GAACAGTGT-3 and 5-GATGGAGAGGTTACACATCTC-3 for vWF; and 5-
CATGGCCTTCCGTGTTCCTA-3, 5-CTGGTCCTCAGTGTAGCCCAA-3 for
GAPDH. The mRNA levels were normalized by using GAPDH as house-
keeping gene and compared with levels in mouse embryos for Oct-4
or mouse universal gene for vWF.

2.5. Western blot analysis

Cellswere collected in the formof a pellet bycentrifugation at 600 g
for 5 min at 4 °C and lysed with lysis buffer as previously described
(Gallagher et al., 2007). The supernatantwas collected for analysis after
centrifugation at 14,000 g for 15min at 4 °C. Protein concentrationwas
determined by the BCA protein assay (Piece, Rockford, IL). A total of
40 mg protein was loaded on 6% SDS-polyacrylamide gel, and im-
munoblotting was conducted as previously described (Yang et al.,
2006). The dilution factor for the primary Abs against vWF, Oct-4, and
β-tubulinwas 1:200,1:500, and 1:1000, respectively, as recommended
by the manufacturers. The protein levels were determined using
horseradish peroxidase-linked secondary Abs and ECL System. All
Western blot experiments were repeated for at least three times.

2.6. Immunofluorescence staining for vWF

Undifferentiated or differentiating MAPCs were plated in FN-
coated chamber slides. At days 0, 7, 10, and 14 of differentiation, cells
were fixed with 2% paraformaldehyde for 4 min at room temperature.
The cells were further prepared for immunofluorescence staining for
vWF as described previously (Jiang et al., 2002). The dilution factor for
the primary Ab against vWF was 1:100, and for the secondary Ab
(anti-goat IgG-Cy-3, from Sigma) was 1:200. Cells exposed to the
secondary Ab only were used as negative controls; and cultured
human umbilical vein endothelial cells (HUVEC) were used as positive
control.

2.7. In vitro tube formation assay

In vitro vascular tube formation from the cells differentiated from
MAPCs was evaluated in three-dimensional growth factor reduced
Matrigel (10 mg/ml; Collaborative Research, Bedford, MA) as
described previously (Gupta et al., 1999; Liu et al. 2007). MAPC-
derived endothelial cells (5×104 total) were seeded in serum-free and
growth factor-free medium on the surface of Matrigel (previously
polymerized over night). Cultures were incubated with VEGF (10 ng/
ml) at 37 °C, and observed for tube formation every hour. Human
dermal microvascular endothelial cells (MEC) and fibroblasts were
used as positive and negative controls, respectively.

2.8. Statistical analysis

The data were expressed as mean±S.D. and statistically analyzed
by independent sample t-test or by one-way ANOVA followed by LSD
post hoc tests when appropriate. It was considered statistically
significant when Pb0.05.

3. Results

3.1. Effects of NO on cell proliferation and Oct-4 expression in MAPCs

As shown in Fig. 1A, both DETA-NONOate and SNP significantly
inhibited the proliferation of MAPCs in a concentration-dependent
manner as reflected by decreased cell number in culture. The cell
number was decreased from 1.68±0.03×103/cm2 to 1.18± 0.04×103/



Fig.1. Effects of NO Donors on Cell Proliferation and Oct-4 Expression in MAPCs (n=3,⁎Pb0.05; ⁎⁎Pb0.01). A: Effect of DETA-NONOate on the proliferation of MAPCs. The proliferation
of MAPCs was significantly inhibited by DETA-NONOate after 48 h incubation in a dose-dependent manner. B: Effect of DETA-NONOate on Oct-4 expression in MAPCs. The
transcriptional expression of Oct-4 in MAPCs as reflected by mRNA level was increased by DETA-NONOate after 12, 24, and 48 h incubation in a dose-dependent manner. C: Effect of
SNP on the proliferation of MAPCs. The proliferation of MAPCs was significantly inhibited by SNP in a dose-dependent manner after 48 h of exposure. D: Effect of SNP on Oct-4
expression in MAPCs. Increased transcription of Oct-4 (mRNA level) was observed in MAPCs when exposed to SNP for 48 h in a dose-dependent manner. E: Effect of DETA-NONOate
and SNP on Oct-4 expression in MAPCs. Oct-4 protein level was significantly increased in MAPCs as determined by Western blot analysis when the cells were treated with 100 μM
DETA-NONOate (N100) or 1000 μM SNP (S1000) for 24 h.
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cm2 (n=3, Pb0.05) when exposed to 50 μM DETA-NONOate, and
further decreased to 0.54±0.08×103 with 100 μM DETA-NONOate
(n=3, Pb0.05) after 48 h of culture. To make sure that the decreased
cell number was not secondary to increased cell death, Trypan Blue
staining assay showed no cell death when cultured with 100 μM
DETA-NONOate for 48 h. However, when its concentration was over
100 μM, cell death occurred to the majority of the cells (data not
shown). Similarly, a significant decrease in cell proliferation of MAPCs
was observed in a dose-dependent manner when the cells were
exposed to another NO donor SNP as shown in Fig. 1C. However, SNP
was toxic to MAPCs with cell death when its concentration was
beyond 2.0 mM (data not shown).
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Oct-4 expression was significantly increased in the cells treated
with either DETA-NONOate or SNP in a concentration-dependent
manner as shown in Fig. 1B and D. The baseline level of Oct-4 mRNA as
measured by quantitative real-time PCR in MAPCs was 24.2±2.0%
(n=5) of that in embryonic stem cells. This result was consistent with
previous observations (Luttun et al., 2005; Ulloa-Montoya et al., 2007).
The baseline expression of Oct-4 in MAPCs was further confirmed
using Western blot analysis as shown in Fig. 1E. When incubated with
DETA-NONOate at 100 μM, the Oct-4 mRNA levels in the cells was
significantly increased by 51.0±11.0% (n=3, Pb0.05) after 12 h of
treatment, and by 58.0±12.0% (n=3, Pb0.05) after 48 h over baseline.
There was no significant change in Oct-4 expression in the cells when
exposed to 50 μMDETA-NONOate (Fig.1B), indicating that it was dose-
dependent. A significant increase in Oct-4 mRNA level was also
observed by over 30% (n=3, Pb0.05) in the cells when treated with
SNP in a dose-dependent manner as shown in Fig. 1D. However, when
SNP concentrationwas increased to 5mM in themedia, significant cell
death occurred (data not shown). In parallel to the change in mRNA,
Western blot analysis demonstrated that Oct-4 protein level was also
increased significantly in MAPCs by 68% and 48% when the cells were
exposed to 100 μM DETA-NONOate and 1000 μM SNP for 24 h,
respectively as shown in Fig. 1E (n=3, Pb0.001), suggesting that Oct-4
expression is indeed up-regulated by NO in these cells.

3.2. Effects of NO on endothelial differentiation

As shown in Fig. 2, the differentiating cells exhibited cobblestone-
like endothelial cell appearance by day 14 of differentiation. The
differentiated cells were also stained positive for vWF, and formed
capillary tubes on growth factor reduced Matrigel (Fig. 2), suggesting
that the differentiated cells are indeed functional endothelial cells.
These data were consistent with our previous observations (Reyes
et al., 2001; Jiang et al., 2002; Liu et al., 2007; Ulloa-Montoya et al.,
Fig. 2. Morphological Characteristics of undifferentiated MAPCs and Newly Differentiated
endothelial cells at day 14 of differentiation (×400). C: Tube formation by the newly differen
newly differentiated endothelial cells. Almost all the cells stained positive for vWF at day 1
2007). The time-course of vWF expression showed that the differ-
entiating cells started to express vWF at day 7 as evaluated by both
mRNA (RT-PCR) and protein (Western blot) (Fig. 3A and C). vWF
expressionwas further increased by 42 times over baseline (day 0, e.g.
prior to differentiation) at day 14 by Western blot analysis (Fig. 3A)
and mRNA level (Fig. 3C). When the cells were treated with DETA-
NONOate (50 μM and 100 μM) during endothelial differentiation, both
vWF mRNA and protein levels were increased significantly in a dose-
dependent manner as shown in Fig. 3B and C. At day 14 of dif-
ferentiation, there was a 70% (n=4, Pb0.05) increase in vWF mRNA
level, and 3-fold (n=4, Pb0.05) increase in vWF protein content in the
cells treated with DETA-NONOate (100 μM) over control (without NO
donor). No differentiation experiments were conducted in the
presence of SNP due to the concern of cyanide toxicity to the cells
that might render the data difficult to interpret.

3.3. Role of cGMP in NO-mediated actions on MAPCs

Soluble guanylate cyclase (sGCs) is one of the main intracellular
targets of NO (Reykdal et al., 1999), experiments were conducted to
investigate whether the cGMP-dependent pathway was involved in the
actions of NO donors on MAPCs. It was found that the effects of DETA-
NONOate or SNP on cell proliferation and Oct-4 expression as well as
differentiation of the stem cells were not affected in the presence of
specific guanylyl cyclase inhibitor ODQ (25 μM) or cGMP analog 8-Br-
cGMP (250 μM and 500 μM) as shown in Fig. 4. These data indicate that
the effects ofNOonMAPCs are independentof cGMP-mediated pathway.

4. Discussion

It is well known that NO is involved in modulating cell proliferation
and differentiation. NO is able to promote cell cycle arrest, and therefore,
inhibits cell proliferation in most cases including endothelial progenitor
endothelial cells. A: Undifferentiated mouse MAPCs (×400). B: Mouse MAPC-derived
tiated endothelial cells (×100). D: Immunofluorescence staining for vWF (×1000) in the
4 of MAPC differentiation.



Fig. 3. Effects of NO on vWF expression during endothelial differentiation of MAPCs
(n=3, ⁎Pb0.05; ⁎⁎Pb0.01). A: Time-dependent expression of vWF protein during
endothelial differentiation as analyzed by Western blot. vWF protein content was
increased significantly during the course of endothelial differentiation of MAPCs. B:
Effect of DETA-NONOate on vWF expression during endothelial differentiation of
MAPCs. The protein level of vWF was significantly increased in the cells when treated
with DETA-NONOate (100 μM) at day 14 of endothelial differentiation. C: Effect of DETA-
NONOate on the transcriptional expression of vWF during endothelial differentiation of
MAPCs. Time-dependent transcriptional expression of vWF (mRNA) was significantly
enhanced in the cells when treated with DETA-NONOate during differentiation. Ctr:
control; N-100: cells treated with 100 μM DETA-NONOate. HUVEC: human umbilical
vein endothelial cells.
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cells (Villalobo, 2006). In our study, MAPC proliferationwas significantly
decreased by both DETA-NONOate and SNP in a concentration-
dependentmanner. No cell deathwas identified under our experimental
Fig. 4. Role of cGMP in the effects of DETA-NONOate on MAPCs. In a set of parallel
experiments, MAPCs were pre-treated with the guanylyl cyclase inhibitor ODQ (25 μM)
or cGMP analog 8-Br-cGMP (250 μM or 500 μM) for 30 min prior to exposure to DETA-
NONOate (100 μM). A: Effect of 8-Br-cGMP on Oct-4 expression (mRNA) and the
proliferation of MAPCs. The Oct-4mRNA level in MAPCs and their proliferationwere not
affected by 8-Br-cGMP (n=4, PN0.05). B: Effects of ODQ on Oct-4 expression (mRNA)
and the proliferation of MAPCs. DETA-NONOate significantly enhanced Oct-4 mRNA
level and inhibited MAPC proliferation that were not altered when the cells were pre-
treated by ODQ (25 μM, n=4, PN0.05). ⁎Pb0.05; ⁎⁎Pb0.01 when compared with
control. C: Effects of ODQ and 8-Br-cGMP on the expression of vWF (mRNA). The vWF
mRNA level was measured by RT-PCR at day 14 of endothelial differentiation of MAPCs
that was not affected by pre-treating the cells with ODQ or 8-Br-cGMP. (n=4, PN0.05).
N-100: cells treated with 100 μM DETA-NONOate. ODQ: cells were pre-treated with
ODQ (25 μM), then incubated with 100 μM DETA-NONOate; 8Br-cGMP: cells were pre-
treated with 8-Br-cGMP (500 μM), then incubated with 100 μM DETA-NONOate.



Fig. 5. NO generation from DETA-NONOate as measured by EPR. Significant amount of
NO was detected in the culture media at baseline at 2 h of incubation with 100 μM
DETA-NONOate (panel A). NO release in the media from DETA-NONOate (100 μM) was
significantly increased whenMAPCs were present in the culture system at 2 h (panel B).
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conditions. These data were consistent with previous observations
(Kanno et al., 2004; Peunova and Enikolopov, 1995; Villalobo, 2006).

One of the key findings of the present study is that NO appears to play
an important role in both maintaining the pluripotency of MAPCs and
promoting their endothelial differentiation. NO has been reported to be
involved in endothelial progenitor cell growth and differentiation
(Maciejewski et al., 1995; Reykdal et al., 1999). However, the effect of
exogenous NO on MAPC biology has not yet been investigated in detail.
We therefore treated MAPCs with various NO donors at different
concentrations to examine the effects of NO on both stem cell pluri-
potency and differentiation. We found that exposure of MAPCs to NO
donors significantly increased the level of Oct-4 expression in a dose-
dependentmanner.Oct-4 is a transcription factorof thePit-oct-Unc (POU)
family. These transcriptional factors are expressed in the pluripotent cells
of preimplantation embryos andmost germ line cells. Oct-4 expression in
mouse embryonic stem cells is widely considered as a hallmark of cell
pluripotency and critical to the regulation of embryonic differentiation
(Niwa et al., 2000; Pesce and Scholer, 2001). Oct-4 was also expressed
abundantly inMAPCs thatwas demonstrated in the present and previous
studies (Luttun et al., 2005; Ulloa-Montoya et al., 2007). It was reported
that the levels of pluripotency marker Oct-4 expression correlated with
the endothelial differentiation potential of MAPCs in vitro (Luttun et al.,
2005;Ulloa-Montoya et al., 2007). In a recentlypublished study,we found
that Oct-4 expressionwas decreased dramatically at the very early phase
whenMAPCswere induced todifferentiate into endothelial cells (Xuet al.,
2008). Our finding that NO increases Oct-4 expressions in bone marrow
stem cells suggests that NO may be important to maintaining their plu-
ripotency. Recently, Danalache et al. (2007) showed that NO synthase
inhibitor N,G-nitro-L-arginine-methyl-ester decreased the expression of
anti-stage specific embryonic antigen-1 marker of the undifferentiated
mouse P19 embryonic carcinoma cells, and inhibited oxytocin-induced
differentiation of embryonic and cardiac somatic stem cells into
cardiomyocytes. However, future studies including electrophoretic
mobility shift assays are needed to refine the mechanisms that are
involved in the regulation of Oct-4 expression by NO in MAPCs.

In thepresent study,DETA-NONOate andSNPwereusedas the sources
of exogenous NO. These two agents are very different chemically indeed
with some similarity. They both release NO rapidly in culture media
(Keefer et al., 1996; Marks et al., 1995; Beckman 1999). But, DETA-
NONOate has a long half-life of approximately 22–50 h in culture media
(Keefer et al.,1996; Beckman 1999). On the other hand, the half-life of SNP
is estimated to be 12 h in culture system (Floryszak-Wieczorek et al.,
2006). In addition to NO production, SNP also releases cyanide and iron
(Ramakrishna Rao and Cederbaum, 1996). Based on previous report
(Beckman, 1999), DETA-NONOate at a concentration of 100 μM could
release500nMNO. SNP, however, at a concentrationof 100 μM,could only
generate 1.2 nM NO (Marks et al., 1995). The NO release from DETA-
NONOate andSNPwas confirmed in ourexperimental condition as shown
in Fig. 5. The data were comparable to the results in previous report
(Beckman 1999; Marks et al., 1995). The difference in NO generation from
these two donors could explain that high concentrations of SNP were
required toachieve similareffectsonMAPCscompared toDETA-NONOate.
Despite the difference in half-life, both DETA-NONOate and SNP similarly
inhibited the proliferation ofMAPCswhen incubated for up to 48 h. This is
a very interesting finding. As a matter of fact, it was reported that
significant growth-inhibitingeffects ofNOonhumanendothelial cellswas
observedwhen the cellswere exposed toNO for as short as 10min (Heller
et al., 1999), suggesting that NO-mediated inhibition of cell proliferation
occurs quickly and lasts for a prolonged period of time. It seemed that
DETA-NONOate was more potent in increasing Oct-4 expression
(especially at protein level) in MAPCs than SNP.

Recent evidence indicates that NO is important in regulating stem
cell differentiation such as neurogenesis and cardiomyogenesis
(Cheng et al., 2003; Kanno et al., 2004; Krumenacker et al., 2006;
Krumenacker and Murad, 2006; Poluha et al., 1997). In the present
study, bonemarrow stem cells were directed to commit to endothelial
differentiation. By day 14 of differentiation, the differentiating cells
became functional endothelial cells as reflected by endothelial mor-
phology, positive staining for endothelial marker vWF, and capillary
tube formation. These results are consistent with our previous
observations (Reyes et al., 2001; Jiang et al., 2002; Liu et al., 2007;
Ulloa-Montoya et al., 2007). Addition of NO in the culture system
appears to promote the differentiation of MAPCs to endothelial cells as
evidenced by the fact that NO donors significantly increased the levels
of vWFmRNA and protein. This finding is similar to the results that NO
facilitates cardiac differentiation of mouse embryonic stem cells in
vitro (Kanno et al., 2004). Our findings in this study that NO inhibits
stem cell proliferation, increases Oct-4 expression, and promotes
endothelial differentiation of MAPCs reveal a previously unrecognized
action of NO on stem cell biology, where the effect of NO is determined
by the status of stem cells in pluripotent or differentiating mode.

NO usually functions via either a cGMP-dependent or cGMP-
independent mechanism (Krumenacker et al., 2006; Krumenacker and
Murad, 2006). It is well known that NO is amajor vasodilator and plays a
key role in maintaining cardiovascular homeostasis. Endothelial cells
synthesize NO that subsequently diffuses into smooth muscle cells,
whereNOactivates sGC leading to cGMP-mediated relaxation.However,
it remains unclear whether this classical pathway also mediates the
action of NO on stem cell biology. We therefore explored this issue with
both sGC inhibitor and cGMPmimic compound.We found that the effect
of NO donors on Oct-4 expression in MAPCs was not affected by sGC
inhibitor ODQ or cGMP mimics 8-Br-cGMP. Similar results were also
seen for the effect of NO on vWF expression during endothelial
differentiation of MAPCs. It is very unlikely that lack of effects of these
agents on MAPCs and their endothelial differentiation is due to their
pharmacological inefficacy since these two agents have been widely
used for a long timeas investigational tools andworkedwell in the range
(or less) of concentrations used in this study (Garthwaite et al., 1995;
Moellering et al., 1998; Ridnour et al., 2007; Sandirasegarane and
Diamond, 1999). These data indicate that the effects of NO on bone
marrow stem cell pluripotency and differentiation are independent of
sGC-cGMPpathway. Recent studies showed thatNOcan regulateprotein
function via the nitrosylation of its cystein residues (Hess et al., 2005).
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Indeed, NO was reported to modulate the function of transcriptional
factors such as NF B via nitrosylation (Reynaert et al., 2004). It will be
interesting to investigate the role of nitrosylation by NO in MAPC
pluripotency and differentiation in future studies.

Taken together, this study demonstrates that NO can modulate
both pluripotency and differentiation of bone marrow stem cells. In
contrast to its mechanism in inducing vascular relaxation, the effects
of NO on stem cell pluripotency and differentiation are independent of
sGC-cGMP pathway.
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