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Nitric oxide (NO) is involved in number of physiological and
pathological events. Our previous studies demonstrated a differ-
ential expression of NO signaling components in mouse and
human ES cells. Here, we demonstrate the effect of NO donors and
soluble guanylyl cyclase (sGC) activators in differentiation of ES
cells into myocardial cells. Our results with mouse and human ES
cells demonstrate an increase in Nkx2.5 and myosin light chain
(MLC2) mRNA expression on exposure of cells to NO donors and a
decrease in mRNA expression of both cardiac-specific genes with
nonspecific NOS inhibitor and a concomitant increase and decrease
in the mRNA levels of sGC �1 subunit. Although sGC activators
alone exhibited an increase in mRNA expression of cardiac genes
(MLC2 and Nkx2.5), robust inductions of mRNA and protein ex-
pression of marker genes were observed when NO donors and sGC
activators were combined. Measurement of NO metabolites re-
vealed an increase in the nitrite levels in the conditioned media and
cell lysates on exposure of cells to the different concentrations of
NO donors. cGMP analysis in undifferentiated stem cells revealed
a lack of stimulation with NO donors. Differentiated cells however,
acquired the ability to be stimulated by NO donors. Although, 3-(4-
amino-5-cyclopropylpyrimidin-2-yl)-1-(2-fluorobenzyl)-1H-pyrazolo-
[3,4-b]pyridine (BAY 41-2272) alone was able to stimulate cGMP
accumulation, the combination of NO donors and BAY 41-2272
stimulated cGMP levels more than either of the agents separately.
These studies demonstrate that cGMP-mediated NO signaling plays
an important role in the differentiation of ES cells into myocardial
cells.

cardiomyogenesis � cyclic GMP � soluble guanylyl cyclase � NO donors �
sGC activators

Embryonic stem (ES) cells are derived from the inner cell mass
of the preimplantation embryo, and because of their self-

renewal and pluripotency, they are thought to revolutionize the
field of regenerative medicine (1–3). Although transplantation of
stem cells into animal models of cardiac injury and Parkinson’s
disease has revealed some beneficial effects, a better understanding
of the role of specific signaling pathways involved in proliferation
and differentiation of ES cells is necessary to improve their use in
clinical medicine (4–6). Components of a number of signaling
pathways such as Wnt/�-catenin (7), phosphotidyle-inosital 3-
kinase (8, 9), MAPK (10), and NO (11) have been shown to
regulate proliferation and differentiation of stem cells.

NO is a diffusible short-lived free radical and a signaling mole-
cule with a number of important physiological functions such as
smooth muscle relaxation, neurotransmission, and inhibition of
platelet aggregation and host defense mechanisms (12). It also plays
a role in the pathology of several inflammatory diseases and other
pathological conditions such as cancer, diabetes, and neurodegen-
erative diseases (13, 14). NO plays an important role in the control
of heart rate, contractibility, coronary perfusion, and cardiac de-
velopment (15, 16). It is synthesized by enzymes called nitric oxide
synthases such as NOS-1 (neuronal NOS), NOS-2 (inducible NOS),

and NOS-3 (endothelial NOS) that catalyze the oxidation of
L-arginine into L-citruline with the release of NO. NO can also be
measured in biological systems as metabolites of NO and as nitrites
and nitrates (17). The NO receptor soluble guanylyl cyclase (sGC)
is a heme-containing heterodimer with � and � subunits (12).
Binding of NO to the heme prosthetic group of sGC catalyzes the
conversion of GTP into the second messenger cGMP that can exert
many physiological effects, such as mediating vascular smooth
muscle tone and motility, phototransduction, and maintenance of
fluid and electrolyte homeostasis by interaction of cGMP with
downstream effectors such as a family of cGMP-dependent protein
kinases, cGMP-dependent phosphodiesterases, and cyclic nucleo-
tide gated channels (11).

Our previous studies with mouse and human ES cells demon-
strated a time-dependent increase in mRNA and protein levels of
different subunits of sGC (with the exception of �2 mRNA in H-9
cells) during both mouse and human ES cell differentiation into
cells of cardiac lineage. Compared with NOS-1, NOS-2, and NOS-3
mRNA and protein levels were also induced during ES cell differ-
entiation (18, 19), thereby demonstrating the involvement of NO
signaling components during differentiation of ES cells into cardiac
cells. Previous studies by other investigators (20) have shown
increased cardiomyogenesis with NO donors and by delivery of the
NOS-2 gene in mouse ES cells.

In this study, we demonstrate the role of NO and cGMP in
differentiation of human and mouse ES cells by regulating the
expression of the NO receptor sGC. Our studies indicate that
manipulation of the NO–cGMP pathway will aid in the differen-
tiation of stem cells into myocardial cells.

Results
Effect of NO Donors, NOS Inhibitor, and sGC Activators on Mouse ES
Cell Differentiation. Analyses of markers of differentiation. To determine
the role of the NO signaling pathway in differentiation of ES cells
into myocardial cells, we conducted studies with both mouse and
human ES cells. Our initial results demonstrate that when mouse
ES cells (EZ1) were subjected to differentiation and exposed to
slow release NO donors NOC-18 (DETA NONOate; 1 �M) and
S-nitroso-N-acetyl-penicillamine (SNAP; 25 �M) on days 0, 5
and 7, and harvested on day 10, there was a 15–19% increase in
mRNA expression of cardiac-specific transcription factor Nkx2.5
compared with untreated or DMSO-treated differentiated cells.
This result was further supported by Western blot analysis that
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demonstrated that NOC-18 increased or NG-nitro-L-arginine
methyl ester (L-NAME) decreased MHC protein levels (data not
shown) during differentiation of EZ1 cells. Similarly, when we
examined the effect of the allosteric sGC activator 3-(4-amino-
5-cyclopropylpyrimidin-2-yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-
b]pyridine] (BAY 41-2272) (1–3 �M; in this case the differentiated
cells were harvested on day 8) 65% to 2-fold increases in Nkx2.5
mRNA expression compared with untreated cells were observed.
Similarly, in RW-4 mES cells, the NO donor SNAP (25 �M)
showed a 1.5-fold increase in Nkx2.5 mRNA expression compared
with untreated cells during differentiation. Our results demon-
strated no significant change in Nkx2.5 mRNA when cells were
exposed to the sGC-specific inhibitor 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ); however, another sGC inhibitor,
NS2028, showed a �2-fold increase in Nkx2.5 mRNA compared
with DMSO-treated cells (data not shown).

In another independent experiment, EZ-1 cells were treated with
either NOC-18 (1 �M), sGC activators BAY 41-2272 or (3-(5�-
hydroxymethyl-2�-furyl)-1-benzyl indazole (YC-1; 3 �M), or the
combination of NOC-18�BAY 41-2272 or NOC-18�YC-1. The
combination of NO donor and sGC activators showed an additive
increase in Nkx2.5 mRNA expression (66–108%) compared with
DMSO alone. In contrast, NOC-18 alone caused only a slight
increase (3.5%), and YC-1 and BAY 41-2272 showed a 25–53%
increase in Nkx2.5 mRNA expression compared with cells exposed
media or DMSO (Fig. 1A). L-NAME (1 mM), a nonspecific NOS
inhibitor, exhibited 32% decrease in Nkx2.5 mRNA compared with
the untreated cells. In addition, protein levels of the cardiac marker
MLC2 in EZ1 cells exposed to the sGC activators, NO donors, and
NOS inhibitor demonstrated a robust increase when cells were
exposed to the combination of NOC-18�BAY 41-2272 and NOC-
18�YC-1 compared with increases with NOC-18, BAY 41-2272,
and YC-1 alone. L-NAME showed a slight inhibition in MLC2
protein levels (Fig. 1B).
Changes in the expression of sGC components. When differentiated
EZ1 cells were evaluated for sGC �1 mRNA expression, 12% to
44% increases in sGC �1 mRNA expression were observed on
exposure of cells to SNAP and NOC-18, respectively. However,
BAY 41-2272-treated cells exhibited a 11–17% decrease in sGC
�1 mRNA expression. In RW-4 mES cells, the NO donor SNAP
(25 �M) also showed a 2-fold increase in NOS-2 and a 1.5-fold
increase in sGC �1 mRNA expression compared with untreated
cells (data not shown).

In another experiment, the combination of NOC-18 (1 �M) and
allosteric sGC activators BAY 41-2272 and YC-1 (3 �M) showed
an enhanced increase in the mRNA expression of sGC �1 (28–
45%) compared with DMSO alone in EZ1 cells. BAY 41-2272
alone (3 �M) showed a 31% decrease, whereas YC-1 showed a 14%
increase in sGC �1 mRNA expression compared with cells exposed
to vehicle control. In contrast, exposure of cells to L-NAME (1 mM)
caused a 36% decrease in sGC �1 mRNA expression (Fig. 1C).
These results collectively demonstrate the role of the NO and
cGMP signaling components in differentiation of mouse ES cells
into myocardial cells.

Effect of NO Donors, NOS Inhibitor, and sGC Activators on Human ES
Cell Differentiation. Analyses of markers of differentiation. We next
evaluated the effect of activators/inhibitors of the NO-cGMP
pathway in differentiation of human ES (H-9) cells into myocardial
cells. H-9 cells were subjected to differentiation by using embryoid
body (EB) formation in ultra-low attachment plate for 5 days, and
the EBs were transferred to gelatin-coated plates for further
differentiation for an additional 8–14 days. To study the influence
of NO donors and inhibitors on the differentiation, we initially
exposed H-9 cells to 1–2 �M of the slow release NO donor NOC-18
and the nonspecific NOS-inhibitor L-NAME (2 mM) on day 17 and
harvested the cells 24 h later and analyzed the samples by using
real-time PCR. Our results (Fig. 2A) indicate a �50% increase and
15–25% decrease in the mRNA expression of cardiac-specific
transcription factor Nkx2.5 and MLC2 with NOC-18 and L-NAME,
respectively. In addition, exposure of cells to NOC-18 (days 0 and
2) and multiple exposures to SNAP (days 7, 9, 11, and 13) showed
2- to 5-fold increases in the mRNA expression of transcription
factor Nkx2.5 and cardiac-specific marker MLC2 (data not shown).
To evaluate the role of NO-independent sGC activators (BAY
41-2272 or YC-1) in differentiation, partially differentiated H-9
cells were subjected to either single or multiple treatments with
either of the 2 agents. Fig. 3A demonstrates a dose-dependent
induction of Nkx2.5 mRNA expression with BAY41-2272 (1–9 �M)
when cells were treated for 24 h (day 13) and harvested on day 14.
In another independent experiment (Fig. 3B) a 3- to 4-fold increase
in mRNA expression of the Nkx2.5 gene was observed when the
cells were subjected to multiple treatments of BAY 41-2272 on days
7, 9, 11, and 13. Similarly, another sGC activator, YC-1, showed a
3- to 4-fold increase in Nkx2.5 mRNA compared with untreated
control. In addition, we also observed a 2- to 3-fold increase in

Fig. 1. Effect of an NO donor, sGC activators, and a NOS inhibitor on EZ1 (murine ES) cells. The EZ1 cells were differentiated and exposed to NOC-18 (1 �M),
BAY 41-2272, YC-1 (3 �M), L- NAME (1 mM), and a combination of NOC � BAY 41-2272. or NOC � YC-1 on days 0, 5, and 7 and harvested on day 10. (A and C)
mRNA levels for the indicated genes were analyzed by real-time PCR and normalized by using the housekeeping gene GAPDH and presented as fold expression
compared with day 0. Day 0 represents undifferentiated cell culture usually collected before subjecting cells to differentiation. The data were analyzed by using
the 2���Ct method. Error bars indicate � SEM. Significance using paired Student’s t test is indicated: *, P � 0.05; **, P � 0.01. n 	 3. (B) The protein from EZ1
cells untreated or treated with NOC-18 (1 �M), BAY 41-2272, YC-1 (3 �M), L- NAME (1 mM), or the combination exposed on days 0, 5, and 7 and harvested on
day 10 was detected with specific antibodies against MLC2 and �-actin by using Western blot–ECL analysis.
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protein levels of the cardiac marker MLC2 when differentiated cells
were exposed to 1–3 �M BAY 41-2272 compared with the un-
treated controls. Ascorbic acid was used as a positive control that
also showed (unpublished observation) an increase in the MLC2
protein levels (Fig. 3C).

Because NO donors and sGC activators combined have been
shown to exhibit synergistic responses in other cell systems, we were
interested in evaluating their effects in human ES cell differentia-
tion. To study the combined effect of an NO donor and sGC
activator in H-9 differentiation, we exposed the cells to SNAP (50
�M), BAY 41-2272 (10 �M), and the combination of SNAP �
BAY 41-2272 on day 13 and harvested the cells on day 14 (24-h
treatment) and analyzed the mRNA levels by RT-PCR. Our results
demonstrated no significant change in the Nkx2.5 mRNA levels
with SNAP alone. BAY 41-2272 showed a �2.5-fold increase,
whereas the combination of the 2 showed a marked effect (�4-fold
increase compared with DMSO alone) in modulating Nkx2.5
mRNA expression (Fig. 4A). In addition when partially differenti-
ated cells (treatment started on day 7) were exposed to submaximal
concentrations (Fig. 4B) of either NOC-18, sGC activators, or the
combination of NOC (1 �M) � BAY 41-2272 (3 �M) and NOC
(1 �M) � YC-1(3 �M), the combination of NOC-18 � BAY
41-2272 significantly enhanced the Nkx2.5 mRNA (3.7-fold) ex-
pression compared with either of the 2 agents alone (BAY 41-2272

caused a 1.7-fold increase, whereas NOC-18 alone did not show any
increase in the Nkx2.5 mRNA relative to untreated cells at 1 �M
concentration) compared with DMSO control. In contrast, the
combination of YC-1�NOC-18 showed only a modest increase in
Nkx2.5 mRNA expression (2.1- to 2.4-fold compared with DMSO
alone).
Changes in the expression of sGC components. Quantitative measure-
ment of NO metabolites in biological samples provides information
regarding in vivo NO production. Therefore, we analyzed the
production of nitrite levels in conditioned media and cell lysate of
differentiated stem cells exposed to NO donors NOC-18 and SNAP
for 24 h at 37 °C. Differentiated H-9 cells were exposed to the
agents on day 17, and cell lysate and conditioned media were
collected on day 18. Our results demonstrate a dose-dependent
increase in the nitrite levels in conditioned media on exposure of
differentiated cells to NO donors NOC-18 and SNAP (relative fold
changes of 15.5–75 with NOC-18, 2–10 �M; 23.5-fold change with
SNAP, 25 �M). We also observed a �2-fold increase in the
intracellular nitrite levels in differentiated cell lysates with 2–5 �M
NOC-18 and a 32% decrease with the nonspecific NOS inhibitor
L-NAME as determined by HPLC analysis (data not shown).
Moreover, when the samples were analyzed for sGC �1 mRNA
expression (NO receptor), there was a 15–80% increase with
NOC-18 and 27% decrease with L-NAME compared with the

Fig. 2. Effect of NOC-18 and L-NAME in H-9 cells. Human ES cells (H-9) were subjected to differentiation by using the EB method, and the differentiated cells
were exposed to an NO donor, NOC-18 (1–2 �M), and a nonspecific NOS inhibitor, L-NAME (2 mM), on day 17 for 24 h. mRNA expression for the indicated genes
(MLC2, NkX2.5, sGC �1, and GAPDH) was analyzed by real-time PCR. All of the samples were normalized by using housekeeping gene GAPDH, and data were
analyzed by the 2���Ct method. Error bars (�SEM) indicate significance using paired Student’s t test is indicated. *, P � 0.05; **, P � 0.01; n 	 4.

Fig. 3. Effect of BAY 41-2272 on Nkx2.5 mRNA on H-9 cells. (A and B) Partially differentiated H-9 cells were exposed to a single treatment on day 13 (A) or
multiple treatments (starting on day 7, total number of exposures 4 (B). The cells were harvested on day 14, and mRNA expression of Nkx2.5 was determined
by real-time PCR. All of the samples were normalized with the housekeeping gene GAPDH. *, P � 0.05; **, P � 0.01; n 	 3–6. (C) The protein from differentiated
H-9 cells either untreated or treated with BAY 41-2272 (1–3 �M) or ascorbic acid (30–90 �M) on days 7, 9, 11, and 13 and harvested on day 14 was extracted and
detected with specific antibodies against MLC2 and �-actin by using Western blot–ECL analysis.
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media-alone control (Fig. 2B), demonstrating the role of NO in the
differentiation of human ES cells into myocardial cells. In another
experiment, compared with DMSO control, SNAP exhibited a
1.4-fold increase in sGC �1 mRNA expression, BAY 41-2272
showed a 1.8-fold increase in sGC �1 mRNA expression, and the
combination of BAY 41-2272�SNAP exhibited a 2.37-fold increase
in sGC �1 mRNA expression (data not shown).

Similarly, NO donors (2 �M) and sGC activators (3 �M)
(submaximal concentrations) and the combination of the 2 showed
77% to 2.5-fold increases in sGC �1 mRNA expression compared
with untreated or DMSO-treated control (Fig. 4C) [BAY 41-2272
(77%), YC-1 (1.4-fold), combination of NOC�BAY 41-2272 (�2-
fold), and NOC�YC-1 (�2.5-fold]. However, the combination of
NO donors and cGMP analogs did not show additive or synergistic
effect in mediating differentiation of human ES cells into myocar-
dial cells [supporting information (SI) Fig. S1]. These studies
demonstrate that the NO and cGMP pathway may be involved in
differentiation of human ES cells into cells of cardiac lineage.
However, non-cGMP pathways may also play some role in differ-
entiation. Although there was not a direct correlation with increases
in the differentiation and beating myocardial cells, most of these
agents, especially NO donors, YC-1 and the combination of NOC
� BAY 41-2272, increased the number of beating differentiated
cells. Compared with NOC-18 that showed 2 beating areas in
cardiac bodies, the combination of NOC � BAY41-2272 showed 7
beating areas in the monolayer of cardiac cells (Movies S1 and S2).

We next conducted immunostaining studies to further confirm
the expression of cardiac-specific markers and NO signaling com-
ponents during H-9 differentiation. Our results (Fig. 5) show the
positive staining of MLC2 (cardiac marker) and cGMP in the
differentiated cells treated with either NOC-18 (1 �M), BAY
41-2272 (3 �M), or the combination of NOC � BAY 41-2272 for
24 h at 37 °C. Fig. 5 demonstrates cytoplasmic staining with MLC2
and both cytoplasmic and perinuclear staining with cGMP in the
NOC-18- and BAY 41-2272-treated group. The combination of
NOC-18 � BAY 41-2272 revealed increased numbers of colocal-
ized staining in cells stained with MLC2 and cGMP (in the merged
images in Fig. 5) compared with the either of the 2 agents alone
(Fig. 5). Control samples with secondary antibody alone (data not
shown) did not detect the antigens, and there were no significant
differences in the staining of cells exposed to media alone and
NOC-18-treated cells. Our results also demonstrate that, in contrast
to predominant cytoplasmic sGC �1 staining, modest perinuclear
staining of the sGC �1 subunit is also observed in differentiated H-9

cells (Fig. S2). However, the cellular heterogeneity of differentiat-
ing cells observed adds complexity that is inherent in these studies.

cGMP Levels in Response to NO Donors and sGC Activator in Undif-
ferentiated and Differentiated Human ES Cells. To examine the role
of cGMP in differentiation of stem cells into myocardial cells, the
basal and stimulated cGMP production was examined in undiffer-
entiated and differentiated H-9 cells. The cells were exposed to
NOC-18 (slow release NO donor), NOC-22 (fast-release NO
donor), BAY 41-2272, and the combination of the NO donors and
BAY 41-2272 for the indicated times. A 10-min pretreatment with
1 mM 3-isobutyl-1-methylxanthine (IBMX) with 0.1% (vol/vol)
DMSO or 5 �M BAY 41–2272 was followed by 4-min incubation
with 2 �M NOC-18 and 100 �M NOC-22. Fifty microliters of cell
suspension was mixed with 50 �L of ice-cold perchloric acid, and
cGMP accumulation was measured by ELISA. Our results dem-
onstrate that although undifferentiated cells have high basal cGMP
levels, stimulation of undifferentiated cells with NO did not in-
crease cGMP levels any further (5.1 � 1.4 vs. 4.8 � 1.3 pmol per mg
of protein). We had reported that undifferentiated cells have no

Fig. 4. Effect of NO donors and sGC activators in H-9 cells. Partially differentiated cells were exposed to a single treatment of the NO donor SNAP (50 �M), BAY
41-2272 (5 �M), and the combination of SNAP�BAY41 (A) or multiple treatments of NOC-18 (1 �M), BAY 41-2272 (3 �M), or the combination of NOC-18�BAY41,
YC-1 (3 �M) or the combination of NOC-18 � YC-1 (B and C). The samples were analyzed for Nkx2.5 (A and B) and sGC �1 transcript levels (C) by quantitative RT-PCR.
Error bars indicate � SEM. Significance using paired Student’s t test is shown: *, P � 0.05; **, P � 0.01. n 	 5–7.

Fig. 5. Immunofluorescence detection of MLC2 and cGMP in H-9 cells
exposed to NO donor and sGC activator. Differentiated cells were exposed to
NOC-18 (1 �M; Top), BAY 41-2272 (3 �M; Middle), or the combination of the
two (C) for 24 h at 37 °C. The cells were fixed with paraformaldehyde and
incubated with antibodies to MLC2 and cGMP that was followed by detection
with fluorescent-conjugated secondary anti-mouse or rabbit antibodies.
(Magnification: 20
.)
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detectable sGC (18, 19); therefore, the levels of cGMP in undif-
ferentiated cells are probably caused by particulate guanylyl cyclase.
In contrast, although differentiated cells exhibited 7-fold lower
levels of basal cGMP compared with undifferentiated cells, a
13-fold stimulation in cGMP accumulation was observed with
100 �M NOC-22, demonstrating that differentiated cells ac-
quire the ability to be stimulated with NO. However, the
slow-release NO donor NOC-18 (half-life 24 h in aqueous
solutions) was unable to stimulate the cGMP levels as ex-
pected. Although, the sGC allosteric activator BAY 41-2272
alone stimulated the cGMP levels by 4-fold, the combination
of NOC-22 and BAY 41-2272 showed a robust stimulation
(78.5-fold increase compared with basal levels, �6-fold in-
crease to NOC-22 alone, 20-fold increase to BAY 41-2272
alone). Similarly, NOC-18 � BAY 41-2272 showed increased
stimulation in cGMP levels compared with either of the 2
agents alone. These results clearly demonstrate that a combi-
nation of NO donors and BAY 41-2272 markedly increases
cGMP levels better than either of the agents alone (Fig. 6).

Discussion
NO–cGMP signaling is a widely studied pathway in many tissues
and cells, and reduced production and function of NO has been
shown to participate in a number of disorders such as cardiovas-
cular, pulmonary, endothelial, renal, and hepatic diseases and
erectile dysfunction. Some of these disorders are treated with
‘‘nitrovasodilators’’ that release NO by spontaneous decomposition
or metabolism to activate its receptor sGC (12). Therefore, based
on these previous observations, we hypothesized that the NO–
cGMP pathway should influence the differentiation of ES cells into
cells of various lineages such as myocardial cells, neural precursor
cells, and possibly cells of other lineages. Our previous studies
clearly indicate the involvement of NO signaling components in the
differentiation of both mouse and human ES cells into cardiomy-
ocytes (18, 19).

In the current study, we examined the role of activators and
inhibitors of the NO and cGMP pathway in the differentiation of ES
cells into myocardial cells, and we have shown that NO donors and
sGC activators alone and in combination are able to influence the
differentiation of both mouse and human ES cells into myocardial
cells better than either of the agents separately. Previous studies
have also shown the influence of NO on the differentiation of

mouse ES cells into cardiomyocytes by use of NO donors and
introduction of the iNOS gene into mouse ES cells (20). NO donors
and the compounds that activate sGC in an NO-independent
manner might offer considerable advantages to the stem cell field.
We have demonstrated the combined effect of NO donors and and
sGC activators BAY 41-2272 or YC-1 in the differentiation of
human ES cells into myocardial cells. The development of YC-1 and
its derivative BAY 41-2272 (21–24), both NO-independent modu-
lators of sGC, have been used as tools to study the function of this
enzyme. The function and distribution of sGC has been studied in
many systems. Previous studies have shown that sGC expression is
present in the vascular endothelial and smooth muscle cells in
neonatal heart but expression shifts to endothelial cells in adult
heart (24). In addition, although undetectable sGC activity has been
shown in rat cardiomyocytes compared with whole heart, activity
was stimulated with NO or combination of YC-1/NO (24), dem-
onstrating the integrity of the enzyme. In this study, we have clearly
shown that a slow-release NO donor, NOC-18, provided a modest
increase in the differentiation of both mouse and human ES cells
into myocardial cells. sGC activators BAY 41-2272 or YC-1 caused
a 3- to 4-fold increase in the mRNA expression of the cardiac-
specific transcription factor Nkx2.5 and cardiac markers MLC2 and
MHC in different experiments. However, the combination of
NOC-18 � BAY 41-2272 or YC-1 showed an enhanced expression
of the maker genes and proteins. In addition, compared with the
NO donor NOC-22 and BAY 41-2272, a robust stimulation of
cGMP accumulation was observed when the 2 agents were used in
combination. In addition, although the slow-release NO donor
NOC-18 alone did not show stimulation of cGMP levels, when it
was combined with BAY 41-2272 there was a 4-fold increase in
cGMP accumulation compared with BAY 41-2272 alone, demon-
strating the presence of an activatable sGC as has been described
(24) in isolated rat cardiomyocytes. BAY 41-2272 by itself shows
some increase in cGMP levels, possibly because of increased NOS-2
and NOS-3 levels in differentiated cells (18, 19).

Some studies have addressed the importance of NO–cGMP
signaling in development. Previous investigation by Bloch et al. (16)
suggested the importance of NOS-2-derived NO production in the
cardiomyocyte differentiation of mouse ES cells. Similarly, intro-
duction of the NOS- 2 gene via adenoviral vector in mouse ES cells
has been shown to facilitate cardiomyocyte production (25). In
addition, recently the NO–cGMP pathway has been implicated
in the differentiation of stem cells into cells of various lineages in
response to various plant compounds. Zhu and Lou (25) demon-
strated that icariin (a constituent of Epimedium, a traditional
Chinese medicine) induced the differentiation of mouse ES cells
into cardiomyocytes by the elevation of the cAMP/cGMP ratio
in ES cells and up-regulation of the endogenous generation of
NO during the early stages of cardiac development. Similarly,
the plant compound genistein has been shown to stimulate
osteoblastic differentiation in bone marrow culture via the
NO–cGMP pathway (26).

Based on our previous studies with mouse and human ES cells
(18, 19), in addition to the preliminary studies of others with mouse
ES cells, we believe that the NO–cGMP signaling system has a
significant role in the differentiation of mouse and human stem cells
into cells of various lineages including cardiomyocytes. Although
the inherent heterogeneity of cell population in differentiating stem
cells obviously complicates the correlation of biochemistry with cell
biology with our studies and others, important clues are forthcom-
ing that may permit us and others to pharmacologically influence
stem cell differentiation, tissue engineering, and transplantation
biology.

Materials and Methods
Antibodies. sGC �1, and anti-�-actin were purchased from Sigma, and anti-MLC2
and MHC were purchased from Santa Cruz Biotechnology.

Fig. 6. cGMP accumulation in undifferentiated and differentiated H-9 cells.
H-9 cells were harvested with 1 mM EDTA in DPBS and incubated for 10 min
at 37 °C in DPBS containing 1 mM IBMX with 0.1% DMSO or 5 �M BAY 41-2272
(2–3 
 107 cells per mL) followed by the addition of NO donors. Cells were
incubated for 4 min and then 50 �L of ice-cold 1 M perchloric acid was added
and cGMP was determined by ELISA. Data are expressed in pmol cGMP per mg
of protein.
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Cell Culture and Differentiation of Mouse ES Cells. EZ-1 mouse ES cells derived
from the 129 S1/Sv ImJ strain (gift from Eva Zsigmond, Institute of Molecular
Medicine, Houston) were maintained on mitotically inactivated murine embry-
onic fibroblast (MEF) and cultured in DMEM supplemented with nonessential
amino acids, Hepes buffer, sodium pyruvate, L-glutamine, 15% defined FBS
(HyClone), 1/75,000 dilution of monothioglycerol (Sigma) solution, and 1,000
units/mL of leukemia inhibitory factor (Chemicon). The cells were passaged on
MEF 2–3 times before transferring them onto gelatin-coated plates. A modified
method of Hescheler et al. (3) was used for the EB formation and differentiation.
EZ1 cells were treated with DMSO, NOC-18 (1–2 �M, NO donor), L-NAME (1–2
mM, nonspecific NOS-inhibitor), BAY 41-2272 YC-1 (3 �M, sGC activators), 8-bro-
mo-cGMP (100 �M), ODQ, and NS2028 (10–20 �M sGC inhibitors) on day 0
(undifferentiated), day 5, and day 7 (contracting regions within EBs were iden-
tified by day 6 onward). Finally, the differentiated cells were harvested on day 10
and analyzed by using real-time PCR and Western blot analysis.

Cell Culture and Differentiation of Human ES Cells. H-9 (WA-09, human ES) were
purchased from WiCell Research Institute and grown in 80% DMEM/F12, 20%
knockout serum replacer, 1 mM L-glutamine, 0.1 mM �-mercaptoethanol, and 1
mM nonessential amino acids supplemented with 4 ng/ml bFGF on mitotically-
inactivated MEF feeder layers and matrigel. For cardiomyocyte differentiation,
thecellsweredissociatedbyusing2mg/mlofcollagenase IV(Invitrogen),washed,
and cultured in suspension in low attachment plates (Corning) in the differenti-
ation medium (80% K/O-DMEM, 1 mM L-glutamine, 0.1 mM ß- mercaptoethanol,
1 mM nonessential amino acids, and 20% defined FBS) (HyClone). The media
were changed on days 2 and 4, and on day 6 the EBs were transferred onto
gelatin-coated plates (3–4 EBs /cm2) and cultured for additional days as described
in Results, and day 0 was designated as the undifferentiated ES cells. Human ES
cell-derived cardiomyocytes and other heterogeneous populations of the cells
were analyzed by immunostaining, RT-PCR, and Western blot analyses.

Treatment of Partially Differentiated Cells with the Activators and Inhibitors of
the NO Pathway. To determine whether the activators and inhibitors of the NO
pathwaywould influencethedifferentiationofH-9cells intomyocardial cells,EBs
and partially differentiated cells were incubated with various concentrations of
NO donors NOC-18 (1–2 �M), NOC-22 (100 �M), SNAP (25–50 �M), nonspecific
NOS inhibitor L-NAME (2 mM), or allosteric sGC activators BAY 41-2272 (3–10 �M)
and YC-1 (3–10 �M) on either days 0 or 2 (early), days 7, 9, 11, or 13 (multiple
treatments), or days 13–17 (single treatment).

Real-Time RT-PCR. Total RNA from undifferentiated and differentiated cells was
isolated by using ultraSpec total RNA isolation reagent (Biotecx). cDNA was

prepared by using a high-capacity cDNA archive kit (Applied Biosystems), accord-
ing to the manufacturer’s suggestions. Real-time RT-PCR assays for different
subunits of sGC (�1, �1) Nkx2.5, MLC2, and GAPDH were purchased from Applied
Biosystems and determined by using the manufacturer’s suggested protocol. All
reactions were conducted with the 7900 HT Prizm Sequence Detection System for
40 cycles. The results were analyzed using the 2���Ct method (27).

Western Blot Analysis. Cell cultures were washed with cold PBS and collected in
cell extraction buffer (Invitrogen) supplemented with 1 mM PMSF and protease
inhibitor mixture (Sigma) for 30 min on ice. Equal protein aliquots were resolved
on SDS/PAGE and transferred onto nitrocellulose membrane. The membranes
were blocked for 45 min in a blocking buffer (5% milk in Tris-buffered saline),
washed, and incubated with specific antibodies either overnight at 4 °C (most) or
for 30–60 min (�-actin) at room temperature. Proteins were detected with
HRP-conjugated secondary antibodies and visualized by enhanced chemilumi-
nescence.

Immunostaining. H-9 cells grown in gelatin-coated chamber slides (partially
differentiated cells), exposed to NOC-18 (2 �M), BAY 41-2272 (3 �M), or a
combination of the two for 24 h at 37 °C were quickly washed with ice-cold PBS
and fixed with 2% paraformaldehyde as described (18, 19) Staining of primary
antibodies was detected by using Alexa-fluor fluorescent-labeled secondary
antibodies (Molecular Probes) and inverted fluorescent microscopy. Digital im-
ages were captured with a Zeiss fluorescence microscope and Zeiss imaging
software.

cGMP Assay in Human ES Cells (H-9). Cells were washed with Dulbecco’s PBS
(DBPS)andharvestedinDPBScontaining1mMEDTA.Cellpelletwasresuspended
in DPBS containing 1 mM IBMX with 0.1% (vol/vol) DMSO or 5 �M BAY41-2272
(2–3 
 107 cells per ml) and incubated for 10 min at 37 °C. Then, NOC-22 or NOC18
were added to the cell suspensions to make final concentrations of 100 and 2 �M,
respectively. Cells were incubated for 4 min, and 50 �L of the cell suspension was
mixed with 50 �L of ice-cold 1 M perchloric acid. cGMP was extracted on ice for
30 min. Supernatant fractions were neutralized with potassium carbonate (12.5
�L of 2 M) and used for cGMP assay by ELISA as described (28). Pellets were
dissolved in 0.5 mL of 0.1 M NaOH and used to measure protein by the BioRad
dye-binding assay. Data were expressed in pmol cGMP per mg of protein.

Nitrite concentrations were quantified by ion chromatography (ENO20 Ana-
lyzer; Eicom) (17).
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