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1. Introduction 

Ovarian cancer is often associated with the development of resistance to chemotherapeutic 
agents (chemoresistance) and a recurrence of tumor growth, making this type of cancer 
especially difficult to treat by chemotherapy (Chien et al, 2007).  The exaggerated cell growth 
and chemoresistance of ovarian cancer cells involve the dysregulation of multiple cell 
signaling (signal transduction) pathways that normally regulate cell proliferation and cell 
survival (Fraser et al, 2003).  One particular cell signaling pathway that has recently become 
recognized as playing a central role in promoting cell proliferation and chemoresistance in 
human ovarian cancer cells is the nitric oxide (NO)/cyclic GMP (cGMP)/cGMP-dependent 
protein kinase [protein kinase G (PKG)] pathway (Fraser et al, 2006; Leung et al, 2008; Leung 
et al, 2010).  Interestingly, two of the risk factors for developing ovarian cancer, i.e. advanced 
age and diabetes/obesity (Kulie et al, 2011), are known to cause dramatic dysregulations at 
multiple steps in the NO/cGMP/PKG signaling pathway in various organ systems, most 
notably the cardiovascular  system (e.g. severe impairment of NO-mediated vasodilation 
and anti-hypertensive effects of the neuropeptide CGRP) (Chan & Fiscus, 2002; Fiscus et al, 
2001; Fiscus & Ming, 2000; Fung et al, 2005) and the male reproductive system (e.g. 
diminished penile erection normally mediated by NO/cGMP/PKG signaling) (Fiscus, 2002; 
Fiscus et al, 2001; Fiscus & Ming, 2000; Fung et al, 2005).  This dysregulation of the 
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NO/cGMP/PKG pathway contributes to the pathogenesis of various aging- and diabetes/ 
obesity-induced pathological complications, including hypertension, atherosclerosis and 
erectile dysfunction (Fiscus, 1988; Fiscus, 2002; Fiscus et al, 2001; Fiscus & Ming, 2000; Fung 
et al, 2005).  However, until recently, the role of this signaling pathway in the pathogenesis 
of ovarian cancer had remained unrecognized.  Recent data from our laboratory have now 

shown that the NO/cGMP/PKG signaling pathway, specifically involving the PKG type-I 

(PKG-I) isoform of PKG and its interaction with the c-Src tyrosine kinase pathway, plays a 
key role in promoting the exaggerated cell proliferation and chemoresistance in human 
ovarian cancer cells (Fraser et al, 2006; Leung et al, 2008; Leung et al, 2010).  
Many of the early studies of NO in ovarian cancer had suggested that this small molecule 

mediates tumoricidal activity, including showing that NO donors added to ovarian cancer 

cells in vitro or the induction of high-level NO synthesis within the ovarian cancer cells by 

exposure to pro-inflammatory cytokines results in increased levels of apoptotic cell death 

(Cantuaria et al, 2000; Garban & Bonavida, 1999; Rieder et al, 2001).  Furthermore, NO, 

released from activated macrophages, inhibits the growth of tumors in an animal model of 

ovarian cancer (Farias-Eisner et al, 1994). However, the molecular mechanisms mediating 

these tumoricidal actions of NO were not determined in the early studies.  It is now 

recognized that NO has multiple actions in mammalian cells, including both toxic and 

cytoprotective effects, which greatly depend on the local concentration of NO and the micro-

environmental conditions (e.g. whether there is a co-presence of elevated levels of 

superoxide, which can combine with high-level NO to form peroxynitrite, a toxic pro-

oxidant mediating both oxidative and nitrosative stress) (Cheng Chew et al, 2003; Fiscus, 

2002; Fiscus et al, 2002; Leung et al, 2008; Wong & Fiscus, 2010; Wong & Fiscus, 2011).  

At lower physiological levels (0.01 – 1 nanomolar), NO selectively activates the PKG-I 

isoform (Batchelor et al, 2010; Nausch et al, 2008; Sato et al, 2006), which our laboratory has 

shown results in cytoprotection (i.e. inhibition of multiple steps in pro-apoptosis 

pathways, preventing both spontaneous and toxin-induced apoptosis) as well as 

stimulation of DNA synthesis and cell proliferation in many mammalian cells, including 

human ovarian cancer cells (Chan & Fiscus, 2003; Cheng Chew et al, 2003; Fiscus, 2002; 

Fiscus et al, 2002; Fraser et al, 2006; Fung et al, 2005; Leung et al, 2008; Leung et al, 2010; 

Wong & Fiscus, 2010; Wong & Fiscus, 2011).  Although earlier studies had reported that 

“PKG expression is lost” when ovarian epithelial cells transform into cancer cells (Hou et 

al, 2006; Wong et al, 2001), our studies show that human ovarian cancer cells do indeed 

express PKG-I, which contributes to exaggerated cell proliferation and chemoresistance 

(Leung et al, 2008; Leung et al, 2010).    

At higher concentrations (>100 nanomolar), as used in the earlier studies mentioned 

above, NO causes cytotoxic effects in many types of mammalian cells, both normal and 

cancer cells, which can involve both the direct S-nitrosylation of cysteine residues of 

proteins, altering their function (Nakamura & Lipton, 2010; Seth & Stamler, 2011), and the 

indirect nitration of tyrosine residues in proteins (via formation of peroxynitrite), further 

altering protein function (e.g. interferring with tyrosine phosphorylation) (Beckman & 

Koppenol, 1996; Fiscus, 2002; Fiscus et al, 2002; Ridnour et al, 2008; Thomas et al, 2008).  

Details of these cellular/molecular mechanisms mediating the concentration-dependent 

cytoprotective and cytotoxic actions of NO are discussed below and illustrated in the 

following figures. 
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2. Early studies identifying the important roles of NO, cGMP and PKG in 
controlling blood pressure and blood flow and mediating penile erection 

Endogenous NO [originally referred to as EDRF (endothelium-derived relaxant factor)] in 
the cardiovascular system was first shown to play an important biological role in regulating 
arterial diameter [for reviews, see (Fiscus, 1988; Fiscus, 2002; Francis et al, 2010; Hofmann et 
al, 2006; Lincoln et al, 2001; Pilz & Casteel, 2003)].  In healthy arteries (i.e. arteries from 
individuals that are young and without diabetes, obesity or hypertension), endogenous NO 
is produced at physiological levels, now estimated to be in the range of 0.01 – 10 nanomolar 
(Batchelor et al, 2010; Sato et al, 2006), by the endothelial-form NO-synthase (eNOS) within 
the endothelial cells lining the arteries.  Because of its high lipid solubility, NO readily 
diffuses into nearby cells, importantly vascular smooth muscle cells in blood vessels, where 
NO, via binding to the heme group of soluble guanylyl cyclase, enhances cGMP synthesis, 
resulting in elevation of intracellular levels of cGMP and activation of PKG.   
Early studies throughout the 1970’s and early 1980’s, using purified PKG in in vitro 

experiments, had shown that the addition of cGMP to the purified PKG could enhance its 

kinase activity, suggesting that cGMP may be the intracellular chemical that serves as the 

allosteric activator of PKG within cells, similar to the role of cAMP in activating cAMP-

dependent protein kinase (protein kinase A, PKA) [reviewed in (Fiscus, 1988; Fiscus, 2002; 

Francis et al, 1988; Hofmann et al, 2006; Lincoln et al, 2001; Pilz & Casteel, 2003)].  Thus, early 

on, it was suggested that NO, via its ability to elevate intracellular cGMP levels, may be 

causing vascular effects by activating PKG within the smooth muscle cells.  However, the 

early attempts to prove this were found to be exceedingly difficult because of the uniquely 

unstable nature of the PKG activation that occurs within mammalian cells (Fiscus, 1988; 

Fiscus, 2002; Fiscus & Murad, 1988; Fiscus et al, 1983; Fiscus et al, 1984).  It was not until 1983 

and 1984 that NO was first shown to significantly stimulate the intracellular activation state 

of PKG in mammalian cells (Fiscus et al, 1983; Fiscus et al, 1984).   

As a serine/threonine kinase, PKG phosphorylates numerous downstream target proteins in 
vascular smooth muscle cells, which ultimately results in the suppression of arterial 
vasoconstriction (i.e. vasodilation) (Fiscus, 1988; Fiscus, 2002; Fiscus & Murad, 1988; Francis 
et al, 1988; Hofmann et al, 2006; Lincoln et al, 2001; Pilz & Casteel, 2003).  The 
NO/cGMP/PKG signaling pathway in vascular smooth muscle cells plays an essential role 
in preventing vasospasms and maintaining normal blood pressure and blood flow.  
Interestingly, even the basal release of NO from healthy endothelial cells, now estimated to 
generate a local concentration of NO of 0.01 – 0.1 nanomolar (Batchelor et al, 2010; Sato et al, 
2006), was shown to cause significant increases in the intracellular PKG activation in 
vascular smooth muscle cells (Fiscus et al, 1983).  This “basal activation” of PKG, induced by 
the basal, low-level (0.01 – 0.1 nanomolar) NO is now recognized to play a key role in 
protecting against the development of hypertension and other cardiovascular pathologies.       
Advanced age (Chan & Fiscus, 2002; Fiscus, 1988; Fiscus, 2002; Fiscus & Ming, 2000; Fung et 
al, 2005) or diabetes and/or obesity in younger individuals (Fiscus, 2002; Fiscus et al, 2001; 
Fiscus & Ming, 2000) results in the dysregulation of NO production and NO’s ability to 
activate PKG in both the cardiovascular system and the male reproductive system (Chang et 
al, 2004).  This diminished capacity to generate the physiological levels of NO and for NO to 
activate PKG within cells is now recognized to play a key role in aging- and 
diabetes/obesity-induced pathological complications, including hypertension, athero-
sclerosis (with increased risk of heart attack and stroke) and erectile dysfunction. 
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3. Anti-apoptotic effects mediated by the low-level-NO/cGMP/PKG-
Isignaling pathway in neural cells, uterine epithelial cells and human 
ovarian cancer cells 

Further studies from our laboratory have shown that other types of mammalian cells, 
including uterine epithelial cells and many types of neural cells, possess all of the 
components of the NO/cGMP/PKG signaling pathway and that this pathway is biologically 
functional (Barger et al, 1995; Chan & Fiscus, 2003; Cheng Chew et al, 2003; Fiscus, 2002; 
Fiscus et al, 2002; Leung et al, 2010).  However, in contrast to the contractile-regulatory role 
of the NO/cGMP/PKG pathway identified in vascular smooth muscle cells, these other 
mammalian cells utilize this pathway to regulate a very different biological function, i.e. cell 
survival.  Activation of this signaling pathway by low, basal levels of endogenous NO 
(generated by either eNOS or neural-form NOS (nNOS) within these cells) results in the 
suppression of both spontaneous apoptosis and toxin-induced apoptosis in uterine 
epithelial cells and in the many different types of neural cells.  
We had hypothesized that, if present in ovarian cancer cells, the NO/cGMP/PKG signaling 
pathway may also suppress the apoptosis of tumor cells, potentially contributing to the 
resistance to chemotherapeutic agents (i.e. chemoresistance).  Our data have shown that 
human ovarian cancer cells do indeed express all of the key components of the 
NO/cGMP/PKG signaling pathway, including all three isoforms of NOS, i.e. eNOS (also 
called NOS3), nNOS (also called NOS1) and inducible NOS (iNOS, also called NOS2), thus 
providing an endogenous source of NO (Leung et al, 2008).  Furthermore, ovarian cancer 
cells continuously produce NO at low physiological levels, which tonically activates the 
heme-dependent soluble guanylyl cyclase (Fraser et al, 2006), elevating cGMP levels 
sufficiently enough to cause continuous high-level activation of PKG (Leung et al, 2010).  We 

have found that the type-I splice variant of PKG-I (i.e. PKG-I) appears to represent the 
predominant isoform of PKG expressed in two types of human ovarian cancer cells, OV2008 
cells (possessing wild-type p53 and sensitivity to the toxic/pro-apoptotic effects of cisplatin) 
and A2780cp cells (possessing mutated p53 and resistance to the toxic/pro-apoptotic effects 

of cisplatin).  The PKG-I isoform is the most sensitive of all of the three isoforms of PKG 

(PKG-I, PKG-I and PKG –II) to stimulation by cGMP and thus is likely to be the only PKG 
isoform that is substantially activated by the presence of the lower physiological levels (0.01 
– 1 nanomolar) of NO (see model in Figure 1). 

4. Low-level-NO/cGMP/PKG-Ipathway also promotes DNA synthesis and 
cell proliferation, which are biological responses opposite of those induced 
by high-level NO 

Figure 1 illustrates the multiple (in some cases, opposite) biological effects of NO in human 
ovarian cancer cells, which greatly depend on the concentration [shown in nanomolar (nM)] 
of NO and the experimental conditions (e.g. whether there are elevated levels of superoxide, 
which is capable of reacting with high-level NO to form peroxynitrite).  Most previous 
studies of NO’s role in ovarian cancer have focused on the toxic effects of NO that occur at 
the higher concentrations (Cantuaria et al, 2000; Farias-Eisner et al, 1994; Garban & Bonavida, 
1999; Rieder et al, 2001), which would lead to direct S-nitrosylation of cysteine residues of 
proteins (Nakamura & Lipton, 2010; Seth & Stamler, 2011) and indirect nitration (via 
production of peroxynitrite) of tyrosine residues of proteins (Beckman & Koppenol, 1996; 
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Fiscus, 2002; Fiscus et al, 2002) , as illustrated in Figure 1.  In both cases, this can lead to 
cytotoxicity, with resulting inhibition of cell proliferation and induction of apoptosis.   
 

 

Fig. 1. Multiple cellular and molecular actions of NO in human ovarian cancer cells that 
occur at very different (local micro-environmental) NO concentrations [in nanomolar (nM)].  
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Figure 1 also illustrates how NO, at intermediate levels (i.e. 50 – 300 nanomolar), binds to 
the heme group of cytochrome C oxidase in the mitochondria, inhibiting the activity of this 
important metabolic enzyme (Bellamy et al, 2002).  The biological role of this response to NO 
is currently unclear, but likely would result in decreased mitochondrial respiration and 
oxygen consumption and may possibly contribute to the hypoxic phenotype of cancer cells.  
At 1 – 50 nanomolar concentration, which is at the transition between the toxicological levels 
and the higher physiological levels, NO would cause high-level activation of soluble 
guanylyl cyclase, causing large increases in the intracellular levels of cGMP.  Recently, this 
high-level activation was shown to be dependent not only on the binding of NO to the heme 
group of soluble guanylyl cyclase (which occurs at much lower concentrations, i.e. 0.01 – 1 
nM, of NO) but also on the binding of higher-level NO to cysteine residues of soluble 
guanylyl cyclase (Fernhoff et al, 2009).  It is not clear at present what effect this would have 
in human ovarian cancer cells.  However, studies with other types of cells have shown that 

larger increases in cGMP levels would activate both the PKG-I and PKG-I isoforms of 
PKG, and thus may result in biological responses that are very different from those 

mediated by the low-level-NO/cGMP/PKG-I pathway (for details, see Section 6. below).  
The large increases in cGMP caused by NO at 1 – 50 nanomolar may also regulate the 
activity of other potential cGMP-target proteins, including the olfactory- and rod-type CNG 
channels (cyclic nucleotide-gated cation channels), various phosphodiesterases and PKA 
(via “cross-activation” mediated by high-level cGMP binding to the cAMP-activation sites of 
PKA) [reviewed in (Fiscus, 2002; Francis et al, 2010; Hofmann et al, 2006; Lincoln et al, 2001; 
Pilz & Casteel, 2003)]. 
At the lower physiological levels (0.01 – 1 nanomolar) NO would selectively activate the 

PKG-Iisoform of PKG in human ovarian cancer cells, which stimulates DNA 

synthesis/cell proliferation and suppresses apoptosis (promoting chemoresistance) 

(Leung et al, 2008; Leung et al, 2010), responses opposite to those of the high/toxic 

concentrations of NO.  Studies in our laboratory, using both normal and malignant cells, 

including vascular smooth muscle cells, bone marrow-derived stromal cells and 

neuroblastoma cells, have suggested that a major role of the low-level-NO/cGMP/PKG-

I signaling pathway is to protect these cells against the toxic/pro-apoptotic effects of 

high-level NO, as might occur during inflammation and exposure of cells to pro-

inflammatory cytokines (Cheng Chew et al, 2003; Fiscus, 2002; Fiscus et al, 2002; Wong & 

Fiscus, 2010; Wong & Fiscus, 2011).   

Recent evidence from our laboratory also suggests that the basal activation of PKG-I leads 

to increased attachment of cells to the extracellular matrix and increased cell migration, 

shown in bone marrow-derived stromal cells (Wong & Fiscus, 2011) as well as 

mesothelioma and non-small cell lung cancer cells (Fiscus & Johlfs, 2011).  If similar 

attachment and migration responses occur in ovarian cancer cells, these PKG-I-mediated 

cellular effects could lead to increased invasion and metastasis.  Further experiments are 

currently underway to test this possibility in models of ovarian cancer. 

5. Interaction between c-Src and PKG-Iin promoting DNA synthesis and cell 
proliferation 

Studies from our laboratory suggest that the growth-promoting effect of PKG-I in ovarian 

cancer cells involves the enhancement of the tyrosine kinase activity of c-Src (Leung et al, 
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2010), an oncogenic protein often overexpressed and/or hyperactivated in many types of 

cancer cells, including ovarian cancer cells.  The key role of PKG-I in activating c-Src and 

promoting cell proliferation was determined using siRNA gene knockdown techniques, 

which specifically silences the gene expression of PKG-I, and two types of pharmacological 

inhibitors, ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinozalin-1-one, an inhibitor of endogenous 

NO-induced, heme-dependent activation of soluble guanylyl cyclase) and DT-2 or DT-3 

(two highly-specific inhibitors of the serine/threonine kinase activity of PKG-I) (Leung et 

al, 2010).   

Epidermal growth factor (EGF)-induced activation of c-Src tyrosine kinase activity was 

found to cause tyrosine phosphorylation of PKG-I, increasing the serine/threonine kinase 

activity of PKG-I and its growth-promoting effects in ovarian cancer cells (Leung et al, 

2010).  Furthermore, we have found that PKG-I directly phosphorylates c-Src at serine-17, 

which enhances the tyrosine kinase activity of c-Src in both in vitro and intact-cell 

experiments (Fiscus & Johlfs, 2011).  In human ovarian cancer cells, the c-Src-mediated 

tyrosine-phosphorylation of the EGF receptor was found to be highly dependent on PKG-I 

kinase activity (Leung et al, 2010).  Thus, there appears to be a novel interaction between 

PKG-I and c-Src in human ovarian cancer cells.  This interaction causes reciprocal 

phosphorylation, i.e. each protein kinase phosphorylating the other, potentially setting up 

an “oncogenic reinforcement” resulting in exaggerated DNA synthesis and cell 

proliferation. 

6. Opposite effects of the two PKG-I splice variants, PKG-I and PKG-I on 
cell proliferation and apoptosis 

Our studies of mammalian cells expressing both PKG-Iand PKG-I isoforms, such as 

vascular smooth muscle cells, show that exposure of these cells to NO in a wide 

concentration range results in biphasic responses of cell proliferation and apoptosis 

(Wong & Fiscus, 2010).  For example, exposure to low physiological levels of NO tends to 

promote cell proliferation and suppress apoptosis (i.e. promote cytoprotection), whereas 

exposure to higher levels of NO has the opposite effects, suppressing cell proliferation 

and promoting apoptosis.  Similar biphasic responses to different concentrations of NO 

have been reported in vascular endothelial cells (Isenberg et al, 2005).  These opposite 

effects induced by the low and high levels of NO likely involve the many cellular and 

molecular mechanisms illustrated in the model of Figure 1.  Of particular interest  in our 

laboratory is the role played by the two splice variants of PKG-I, since both isozymes are 

expressed in vascular smooth muscle cells (Wong & Fiscus, 2010).  At low levels, NO 

would selectively stimulate the kinase activity of PKG-I (but not PKG-I), because the 

PKG-I isoform has a much higher sensitivity to NO and the cGMP-induced allosteric 

activation (illustrated in Figure 2).  At higher levels, NO would activate both PKG-I 

isoforms. Importantly, PKG-I requires at least 10-times higher levels of cGMP for 

activation (indicated by Kact), compared with PKG-I (Francis et al, 2010; Hofmann et al, 

2006; Lincoln et al, 2001; Pilz & Casteel, 2003).  Activation of PKG-I by the high-level NO 

likely contributes to suppression of cell proliferation and induction of apoptosis [(Wong & 

Fiscus, 2010) and illustrated in Figure 2].   
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Fig. 2. Model of the two splice variants of PKG-I, illustrating their activation by different 
concentration ranges of NO and the downstream phosphorylation of different sets of target 

proteins.  Also, the model for PKG-I illustrates the effects of growth factors (e.g. EGF), 
which stimulates both the PI3K/Akt pathway, enhancing eNOS activity and low-level NO 
generation, and c-Src activation, catalyzing downstream tyrosine-phosphorylation of PKG-

I, enhancing its sensitivity to allosteric activation by cGMP (represented by the Kact values).  

In human ovarian cancer cells, we found that endogenous PKG-I is tyrosine-
phosphorylated, which depends on the high-level tyrosine kinase activity of c-Src (Leung et 

al, 2010).  The tyrosine phosphorylation of PKG-I is known to cause a 3-fold decrease in the 
Kact for cGMP-induced activation, resulting in a substantial sensitization of the PKG-I to its 
activation by cGMP (illustrated in Figure 2).  Earlier in vitro experiments, using purified 
PKG-I in a kinase reaction mixture with v-Src, the viral form of Src, had shown that 
tyrosine-phosphorylation of PKG-I results in a 3-fold shift downwards in the Kact (LaFevre-
Bernt et al, 1998).  The human form of c-Src, used in our studies, has the same catalytic 
domain as v-Src and thus catalyzes the same type of tyrosine-phosphorylation of PKG-I 
(Leung et al, 2010). Thus, in human ovarian cancer cells the tyrosine-phosphorylated PKG-I 
would be dramatically sensitized to the activation by basal intracellular cGMP levels, 
resulting in high-level activation (i.e. hyperactivation, estimated to be 90% of maximal 
activity) of PKG-I within the ovarian cancer cells. 

Our laboratory has shown that activation of PKG-I, which occurs tonically in cells that 
express either eNOS or nNOS, results in stimulation of DNA synthesis/cell proliferation 
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and suppression of apoptosis in a variety of mammalian cells, notably human ovarian 
cancer cells (Fiscus, 2002; Fiscus et al, 2002; Fraser et al, 2006; Leung et al, 2008; Leung et al, 
2010; Wong & Fiscus, 2010; Wong & Fiscus, 2011).   In contrast, activation of both isoforms of 
PKG-I, following the exposure to higher-level NO in cells expressing both PKG-I isoforms, 
results in  suppression of DNA synthesis/cell proliferation and induction of apoptosis 

(Wong & Fiscus, 2010). It appears that when PKG-Iis activated by the higher levels of NO, 

the growth-inhibitory and pro-apoptotic effects of PKG-I predominate over the growth-

stimulatory and anti-apoptotic effects mediated by PKG-I.  Because of these differences in 
the biological responses mediated by the two isoforms of PKG-I and because most previous 
studies have used higher levels of NO, there has been confusion in the literature about the 
role of PKG in regulating cell proliferation and apoptosis. 

Figure 2 illustrates the opposite biological effects of PKG-I and PKG-I on cell proliferation 
and apoptosis, using, as examples, two types of cells that selectively express one isoform of 
PKG-I or the other.  As stated above, our studies have shown that human ovarian cancer 

cells appear to express predominantly the PKG-I isoform, and that the activation of this 
kinase by endogenous low-level NO generated by eNOS and nNOS within ovarain cancer 
cells promotes DNA synthesis/cell proliferation and suppresses apoptosis, contributing to 
chemoresistance (i.e. interfering with the toxic/cancer-cell-killing effects of cisplatin) (Leung 
et al, 2008; Leung et al, 2010), shown in the upper model of Figure 2.  The lower model in 

Figure 2 shows the regulation and downstream target proteins of PKG-I, based in part on 
published data from the laboratories of I.B. Weinstein and W.J. Thompson.  Their 

laboratories have shown that PKG-I is the predominant isoform of PKG-I expressed in 
colon cancer cells and that, when activated [following the large increases in intracellular 
cGMP levels induced by Exisulind, a type-2/type-5 phosphodiesterase (PDE2/PDE5) 

inhibitor], PKG-I phosphorylates two downstream target proteins, -catenin and MEKK1, 
resulting in inhibition of cell proliferation and induction of apoptosis (Deguchi et al, 2004; 

Soh et al, 2000; Thompson et al, 2000).  They also showed that the overexpression of PKG-I 
in colon cancer cells causes a large suppression of cell proliferation and induction of 
apoptosis.  Although their studies further showed that transfection of colon cancer cells with 

vectors causing overexpression of PKG-I also caused a small inhibition of cell proliferation, 

it appears likely that this forced overexpression of PKG-I may have resulted in the 

unnatural exposure of PKG-Ito target proteins that normally would not be 

phosphorylated by naturally-expressed PKG-I (but rather by PKG-I), leading to biological 

responses more like those of the PKG-I isoform.  Overall, the combined data from our 
laboratory using human ovarian cancer cells and the data from the laboratories of I.B. 
Weinstein and W.J. Thompson using colon cancer cells suggest that the two isoforms of 
PKG-I have opposite effects on cell proliferation and apoptosis.  However, further studies 
will be needed to determine if cell-type differences may have also played a role in the 
opposite biological responses mediated by the two PKG-I isoforms. 

In the model of PKG-I shown in Figure 2, we have also included our current concept about 

the natural endogenous activator of PKG-I within cancer cells, which we believe likely 
involves high-level NO generated by iNOS, either within the cancer cells themselves or 
within invading white blood cells (e.g. monocyte/macrophages), following their exposure 

to pro-inflammatory cytokines, such as interleukin-1 (IL-1), tumor necrosis factor- (TNF-

) and interferon- (IFN-). These pro-inflammatory cytokines are known to induce the gene 
expression of iNOS (Chan & Fiscus, 2004; Kleinert et al, 2003), which causes high-level 
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production of NO and large increases in the intracellular levels of cGMP.  Thus, the role of 

PKG-I in regulating cell proliferation and apoptosis in cancer cells will depend on whether 
or not the cells actually express this isoform of PKG and whether or not there are concurrent 
inflammatory conditions in the tumor that would lead to the induction of iNOS and high 

levels of NO and cGMP, needed for activating PKG-I.   

Figure 2 further shows the difference between PKG-Iand PKG-I in terms of the 
immediate downstream target proteins that are being phosphorylated by the two protein 

kinases.  Earlier studies had shown that PKG-Iand PKG-I have identical substrate 
specificities when tested in in vitro experiments (Francis et al, 2010; Hofmann et al, 2006; 
Lincoln et al, 2001), which used freely soluble kinases (either purified kinases or 
recombinant kinases) dissolved in an aqueous solution.  The two isoforms of PKG-I have 
identical catalytic domains, which results in similar substrate specificity when tested in vitro.  

However, within intact cells, PKG-I and PKG-I have very different subcellular 
localizations, because of their different localization domains (i.e. the leucine zipper/protein-
protein-interaction domains), which represents the first 100 amino acids at the N-terminal 
encoded by the different first exons of the two splice variants of PKG-I.  This difference in 
the subcellular localizations results in the exposure of the two PKG-I isoforms to very 
different sets of downstream target proteins, as illustrated in Figure 2.   

Our studies have suggested that there is continuous high-level activation of PKG-I within 

cancer cells, which results in continuous downstream phosphorylation of four key 

regulatory proteins: 1) the apoptosis-regulating protein Bad (Johlfs & Fiscus, 2010), 2) the 

transcription factor CREB [(Fiscus, 2002), further supported by recent data from our 

laboratory using many types of cancer cells],  3) the oncogenic tyrosine kinase c-Src (Fiscus 

& Johlfs, 2011; Leung et al, 2010), and  4) the actin-filament- and focal-adhesion-associated 

protein VASP (vasodilator-stimulated phosphoprotein) (Leung et al, 2010; Wong & Fiscus, 

2010; Wong & Fiscus, 2011).  We have proposed that the PKG-I-mediated phosphorylations 

of Bad, CREB, c-Src and VASP play important roles in promoting chemoresistance, DNA 

synthesis/cell proliferation, cell attachment and cell migration.  Others have shown that 

PKG-I phosphorylates -catenin and MEKK1 in colon cancer cells, which ultimately leads 

to increased levels of apoptosis and inhibition of cell proliferation in the colon cancer cells 

(Deguchi et al, 2004; Soh et al, 2000; Thompson et al, 2000). 

7. Identification of PKG-Ias the exclusive isoform of PKG-I expressed in 
A2780cp and OV2008 human ovarian cancer cells using the NanoPro100 
system, a new ultrasensitive immuno-detection instrument based on 
capillary electrophoresis 

Although our previous studies using Western blot analysis had suggested that PKG-I is the 
predominant isoform of PKG-I expressed in A2780cp and OV2008 human ovarian cancer 
cells (Leung et al, 2010), we had found it difficult to determine the PKG-I isozyme profile 
with certainty because of the relatively low abundance of the PKG-I isoforms in cancer cells 
and the difficulty in resolving and identifying the two isoforms of PKG-I using Western blot 
analysis.  Other laboratories, also using Western blot analysis, were unable to detect PKG 
expression in ovarian cancer cells and various other types of cancer cells, which had lead 
them to conclude that “PKG expression is lost” in cancer cells (Hou et al, 2006; Wong et al, 
2001).  Our studies have now shown that all of the more than 25 different cancer cell lines 
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tested in our laboratory, including breast cancer, colon cancer, lung cancer, melanoma, 
mesothelioma, ovarian cancer and prostate cancer cells, do indeed express PKG-I isoforms, 

with PKG-I expressed in all cell lines and PKG-I co-expressed in about half of them.  The 
misunderstanding about whether or not cancer cells actually express PKG-I isoforms had 
resulted from of the lack of sensitivity of conventional Western blot analysis (and the lack of 
sensitivity of conventional immunohistochemistry), resulting in the inability to detect the 
protein expression of the PKG-I isoforms.  To avoid this technical problem caused by the 
inadequate sensitivity of conventional Western blot analysis, our laboratory has begun 
using a new, state-of-the-art methodology that utilizes the NanoPro100 system, a capillary-
electrophoresis-based immuno-detection instrument, manufactured and marketed by 
ProteinSimple (previously named Cell Biosciences, Inc.), Santa Clara, CA, USA.  The 
NanoPro100 system allows protein detection with a sensitivity that is >100-times better than 
conventional Western blot analysis, thus allowing clear identification of lower abundance 
proteins that have escaped detection by Western blot analysis.  Furthermore, the 
NanoPro100 system is able to cleanly separate the two isoforms of PKG-I, thus making it 
much easier to identify which isoforms are expressed in cancer cells.  
Figure 3 shows the dramatic improvement in sensitivity and resolving power of the 

NanoPro100 system for determining the PKG-I isoform expression profiles in human 

ovarian cancer cells, compared with conventional Western blot analysis (panel A).  

Recombinant PKG-I and PKG-I were used as standards in the NanoPro100 system (panel 

B).  The NCI-H2052 mesothelioma cell line, which expresses both isoforms of PKG-I, was 

used as a positive control, illustrating the correct positions for the two PKG-I isoforms in the 

NanoPro100 electropherograms following analysis of cell lysates (panel C).  Both A2780cp 

and OV2008 human ovarian cancer cells were found to express exclusively the PKG-I 

isoform (panels D and E), thus confirming our earlier report using conventional Western 

blot analysis.  Interestingly, because the NanoPro100 system separates proteins based on pI 

rather than molecular weight as in conventional Western blot analysis, this new state-of-the-

art technology is able to separate and potentially identify the different phosphorylated 

forms (phospho-forms) of proteins, illustrated by the additional peaks to the left side of the 

main peak for PKG-I in panels D and E of Figure 3.  The identification of these additional 

peaks as being phospho-forms of PKG-I is shown by their decrease after treatment of the 

cell lysates with lambda phosphatase, which removes the phosphate groups. 
Based on the NanoPro100 data of Figure 3, the chemoresistant A2780cp cell line appears to 

have lower expression levels of PKG-I compared with the chemosensitive OV2008 cell line.  

On the surface, this seems to be opposite to what would be expected if PKG-I is 
contributing to chemoresistance in human ovarian cancer cells.  However, it should be 
emphasized that protein expression levels do not indicate the functional activity of protein 
kinases. Much more important in determining the actual functional activity within cells are 
the levels of phosphorylation at regulatory sites (e.g. c-Src-mediate phosphorylation of 

tyrosine residues, in the case of PKG-I) and the intracellular concentrations of allosteric 

activators (e.g. cGMP, in the case of PKG-I).  Another important determinant for functional 
kinase activity within cells is the subcellular localization, which determines the efficiency of 
phosphorylation and which of the potential downstream target proteins are actually 
phosphorylated (as illustrated in Figure 2 and discussed in Section 6.).  Thus, the protein 
expression levels (of the total protein), as measured by Western blot analysis or NanoPro100 
analysis, cannot directly predict the functional kinase activity of a protein kinase. 
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Fig. 3. Comparison between traditional Western blot analysis and the new ultrasensitive 
Nanopro100 system for identifying two PKG-I isoforms expressed in human ovarian cancer 
cell lysates. A. Western blot analysis of 1.56 g total cellular protein in cell lysates of 
A2780cp and OV2008 cells. B – E. NanoPro100 analysis using 3.13 ng of total cellular protein 
in cell lysates. The lower electropherograms in D. & E. represent cell lysates treated for 30 

minutes at 37 C with lambda phosphatase to remove phosphate groups from the proteins. 
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In many of our previous studies, there appears to be an inverse relationship between the 

protein expression levels and the kinase activity of PKG-I.  For example, vascular smooth 

muscle cells have exceptionally high levels of PKG-I protein expression but relatively low 

levels of PKG-I kinase activation (e.g. 30% - 40% of maximal activity) (Fiscus, 1988; Fiscus 
& Murad, 1988; Fiscus et al, 1983).  In contrast, many cancer cells, including human ovarian 

cancer cells, have relatively low levels of PKG-I protein expression but high levels of PKG-

I kinase activation (i.e. hyperactivation, estimated to be 90% of maximum activity) (Johlfs 
& Fiscus, 2010; Leung et al, 2010).  We have proposed that the reason for this inverse 
relationship between protein expression levels and kinase activation levels is because of a 

negative-feedback mechanism, in which increases in PKG-I kinase activity (as, for example, 

resulting from c-Src-mediated tyrosine phosphorylation of PKG-I in cancer cells) would 

result in the negative modulation of PKG-I gene expression and protein expression, 

ultimately leading to the relatively low protein levels of PKG-I.  However, in spite of lower 
protein levels (as measured in a Western blot analysis), the actual functional activity of 

PKG-I may remain quite high because of more-targeted subcellular localization, efficiently 

placing PKG-I in contact with its downstream target proteins.  We have proposed that this 

may be the explanation for the low protein levels and high kinase activity of PKG-I in 
cancer cells, especially those overexpressing or having hyperactivated c-Src. 

Negative feedback regulations of PKG-I expression at both the messenger RNA and 
protein levels have been shown in studies by Thomas Lincoln’s laboratory at the University 
of South Alabama (Dey et al, 2009; Lincoln et al, 2001).  Exposure of vascular smooth muscle 
cells to high levels of NO, causing large increases in intracellular cGMP levels, or to cell-

permeable cGMP analogs that hyperactivate PKG-I, causes (negative-feedback) 

downregulation of PKG-I gene expression (Lincoln et al, 2001).  Furthermore, high-level 

activation of PKG-I also results in the ubiquitination of PKG-I and its degradation by the 
proteasome (Dey et al, 2009).  If such mechanisms are involved in regulating the protein 

expression levels of PKG-I in cancer cells, then the lower levels of protein expression of 

PKG-I, as was found in the chemoresistant A2780cp ovarian cancer cells (Figure 3), may 

actually reflect a higher level of functional PKG-I kinase activity.  Future experiments will 
test this possibility. 

8. Overall model of the involvement of the NO/cGMP/PKG-I signaling 
pathway in promoting tumor growth, chemoresistance and angiogenesis in 
ovarian cancer 

Figure 4 illustrates our overall model showing the involvement of the NO/cGMP/PKG-I 
pathway in promoting cell proliferation and suppressing apoptosis in human ovarian cancer 
cells, which would contribute to enhanced tumor growth and chemoresistance.  Also shown 
in the model is the potential role of nearby endothelial cells, which would provide an 
additional source of endogenous NO within the growing tumor, potentially contributing to 
the “angiogenic switch”, i.e. the increased tumor growth that occurs after the invasion of 
endothelial cells into the tumor. Many factors are released from the endothelial cells that can 
stimulate the growth and chemoresistance of the tumor.  Because low physiological levels 
(0.01 – 1 nM) of NO are now recognized to play a key role in promoting cancer cell 
proliferation and the development of chemoresistance, the NO released from nearby 
endothelial cells may have an important role in the tumor growth and chemoresistance 
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commonly found in ovarian cancer.  Endothelial cells also play another important role in 
tumor growth by providing new blood vessels (i.e. angiogenesis) needed for the 
vascularization and blood perfusion of the growing tumor.   
 

 

Fig. 4. Cellular model of the involvement of the NO/cGMP/PKG-I signaling pathway in 
promoting chemoresistance, tumor growth and angiogenesis in ovarian cancer. 

Angiogenesis, especially that stimulated by VEGF (vascular endothelial growth factor), is 
now recognized to involve the stimulation of NO synthesis by eNOS within endothelial 
cells, which results in PKG activation and PKG-mediated downstream stimulation of MEK 
and ERK [reviewed in (Pilz & Casteel, 2003)].  This activation of the ERK signaling pathway 
is thought to result in enhanced proliferation, migration and tube formation of endothelial 
cells, key components of angiogenesis, all dependent on the NO/cGMP/PKG pathway.  
Although it has not yet been reported which isoform of PKG is involved in the multiple pro-
angiogenesis responses of endothelial cells, our recent studies suggest that endothelial cells 

express predominantly the PKG-I isoform (unpublished observations by J.C. Wong and 
R.R. Fiscus), which likely mediates the stimulation of downstream growth-promoting and 
pro-angiogenesis pathways in endothelial cells. 

Figure 4 illustrates the interaction between PKG-I and c-Src, which results in the reciprocal 
phosphorylation, i.e. each kinase phosphorylating the other. Our studies have shown that 
activation of EGF receptors in human ovarian cancer cells causes downstream activation of 

c-Src, which is completely dependent on the kinase activity of PKG-I (Leung et al., 2010). 
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At the time, it was not completely clear how PKG-I was able to promote the activation of c-

Src by EGF, but we had hypothesized that PKG-I may be able to catalyze the 
phosphorylation of a serine or threonine residence of c-Src that was important for enhancing 
c-Src’s tyrosine kinase activity. Upon reviewing the amino acid sequence of c-Src, we 

recognized that serine-17 could possibly serve as a phosphorylation site for PKG-I, based 

on the surrounding amino acids that provided a good consensus sequence for PKG-I-
catalyzed phosphorylation. To test this idea, we have worked with Cell Signaling 
Technologies (Danvers, MA, USA) over the last three years to develop an antibody that 
specifically recognizes the phosphorylated-form of serine-17 in c-Src. Using this antibody, 

we have shown that recombinant human-form PKG-I directly phosphorylates the serine-17 
site in recombinant human-form c-Src, resulting in enhanced tyrosine kinase activity of c-Src 
(Fiscus & Johlfs, 2011). Using intact-cell experiments, involving two mesothelioma cell lines 
and a non-small cell lung cancer (NSCLC) cell line, we have further shown that gene 

knockdown of PKG-I expression (using siRNA and shRNA) or pharmacological inhibition 

of PKG-I activation resulted in dramatically suppressed levels of c-Src phosphorylation at 
serine-17, which corresponded to the inhibition of cell proliferation, increased levels of 
apoptosis and decreased attachment of the cells to the extracellular matrix (Fiscus & Johlfs, 

2011). These recent studies have shown a clear role of the PKG-I-mediated 
phosphorylation of c-Src at serine-17 in preventing apoptosis and promoting proliferation, 
attachment and migration in the mesothelioma and NSCLC cells. It is very likely that a 

similar PKG-I-catalyzed phosphorylation of c-Src at serine-17 occurs in human ovarian 
cancer cells, which can explain the dependence of the c-Src activation by EGF on the 

presence of PKG-I, contributing to the stimulation of ovarian cancer cell proliferation, as 
reported in our earlier study (Leung et al, 2010). 

Also shown in the model of Figure 4 is the interaction of PKG-I with two other 

downstream target proteins, Bad (shown in the model as BAD) and CREB.  Previous studies 

from our laboratory and other laboratories have shown that the nuclear transcription factor 

CREB can be directly phosphorylated at its serine-133 site by PKG, which results in 

increased transcriptional activity and downstream regulation of gene expression [reviewed 

in (Fiscus, 2002; Pilz & Casteel, 2003)]. Also, we have recently shown that PKG-I directly 

phosphorylates BAD at serine-155, using in vitro experiments, and have further shown that a 

large part of the serine-155 phosphorylation of BAD within neuroblastoma cells is 

dependent on endogenous PKG-I kinase activity (Johlfs & Fiscus, 2010).  Thus, BAD and 

CREB may be important downstream target proteins mediating the anti-apoptotic and pro-

chemoresistant effects of the NO/cGMP/PKG-I pathway in human ovarian cancer cells. 

9. Future research 

Future studies will need to determine:  1) if PKG-I is the only isoform of PKG expressed in 
other human ovarian cancer cell lines as well as in tumor samples of patients with ovarian 
cancer, as we have shown for the A2780cp and OV2008 cell lines described herein and 

shown in Figure 3, or if there is a co-expression of the PKG-I isoform in some ovarian 
cancer cells, like in the NCI-H2052 mesothelioma cell line (Figure 3),  2) what is the 
subcellular localization (e.g. plasma membrane, mitochondrial, nuclear, and/or cytosolic 

localization) of PKG-I (and possibly PKG-I in some ovarian cancer cells) and how this 
determines which downstream target proteins are phosphorylated by the different PKG 
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isoforms,  3) if the NO/cGMP/PKG-I signaling pathway is involved in promoting cell 
invasion and metastasis of ovarian cancer cells,  4) if there are other downstream target 
proteins that contribute to mediating the stimulation of DNA synthesis/cell proliferation, 
chemoresistance and metastasis of ovarian cancer cells, and  5) if the low-level-

NO/cGMP/PKG-I and the higher-level-NO/cGMP/PKG-I signaling pathways are 
involved in regulating apoptosis, proliferation and differentiation in the subset of ovarian 
cancer cells known as the ovarian tumor-initiating cells (or ovarian cancer stem cells) that 
may contribute to the tumorigenesis in ovarian cancer.  
Our future studies will utilize the new ultrasensitive NanoPro100 system to determine the 
expression levels of PKG isoforms in human ovarian cancer cells.  Because the NanoPro100 
system separates proteins based on pI, rather than molecular weight as in conventional 
Western blot analysis, the new instrument can cleanly resolve the different phosphorylated 
forms of proteins, as shown in Figure 3.  We will use this capability to identify the different 
phosphorylated forms of the PKG-I isoforms as well as the downstream phosphorylation of 
the different target proteins of the PKG isoforms.    

10. Conclusions 

Our studies suggest that the NO/cGMP/PKG-I signaling pathway and its interaction with 
the c-Src tyrosine kinase pathway play an essential role in promoting cell proliferation and 
chemoresistance in human ovarian cancer cells.  The interaction with c-Src involves a novel 
reciprocal phosphorylation mechanism, which includes c-Src mediating the tyrosine-

phosphorylation of PKG-I, enhancing PKG-I’s serine/threonine kinase activity, and PKG-

I mediating the serine-phosphorylation of c-Src (at serine-17), enhancing c-Src’s tyrosine 
kinase activity.  We propose that this novel interaction results in an “oncogenic 
reinforcement” in human ovarian cancer cells, leading to the exaggerated cell proliferation 
and chemoresistance, illustrated in the model in Figure 4. 

This new understanding of the NO/cGMP/PKG-I pathway and its interaction with c-Src 
in human ovarian cancer cells provides new molecular targets that can be used for 
developing novel anti-cancer therapeutic agents.  However, because NO has multiple 
cellular and molecular actions, illustrated in Figure 1, and the two PKG-I isoforms mediate 
very different biological effects, illustrated in Figure 2, future studies will need to recognize 
these complexities and their importance in development of new therapies for ovarian 
cancer.   
New state-of-the-art instruments, like the NanoPro100 system, which provides >100-times 
higher sensitivity and much better specificity in identifying and quantifying protein 
expression and site-specific protein phosphorylation, compared with conventional Western 
blot analysis, will greatly facilitate our future studies.  It is anticipated that the new 

information that will be learned about the low-level-NO/cGMP/PKG-I signaling pathway 
and its interaction with the c-Src tyrosine kinase pathway in human ovarian cancer cells will 
ultimately lead to new therapies that can successfully treat ovarian cancer.  
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