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Abstract
Basal-like breast cancer is an aggressive disease with limited therapeutic options because these
tumors frequently express the ‘triple-negative’ phenotype. We have recently reported that
inducible nitric oxide synthase (NOS2) is a strong predictor of survival in patients with estrogen
receptor negative [ER(−)] breast cancer, and that NOS2 expression is correlated with a basal-like
phenotype. Recent reports also describe the pro-tumor effects of NO in breast and many other
types of cancer. NO promotes cancer progression by activating several oncogenic signaling
pathways such as extracellular signal-regulated kinases (ERK)-1/2, phosphoinositide 3-kinases
(PI3K)/Akt, and c-Myc. Protein phosphatase 2A (PP2A) is a tumor suppressor that negatively
regulates the same cancer-related signaling pathways that are activated by NO. PP2A activity is
suppressed in tumor cells, but potential pharmacological agents have recently been described to
increase PP2A activity in ER(−) breast cancer cells. We examine here the various functions of NO
and PP2A in breast cancer and propose a novel mechanism by which activation of PP2A
antagonizes NO signaling that promotes ER(−) breast cancer.

NO signaling in breast cancer
The role of NO in cancer was one of the earliest biological effects described for this
endogenously synthesized, unique signaling molecule [1]. Interestingly, NO has both tumor
suppressing and tumor promoting effects [2]. For example, NO is essential in the
macrophage-mediated eradication of leukemia cells and activates p53-mediated apoptosis
[1,3]. p53 is a tumor suppressor protein that is activated by multiple cellular stresses and
possesses multiple anti-cancer functions such as inducing cell apoptosis, cell-cycle arrest
and activating DNA repair enzymes [4]. By contrast, NO increases genotoxicity and inhibits
DNA repair enzymes [1,3]. Endogenous production of NO is catalyzed by a family of NOS
enzymes, and the inducible isoform (NOS2) is associated with immune cell function and
inflammation [5]. NOS2 overexpression in tumor cells is generally associated with increased
proliferation and migration. For example, NOS2 expression promotes colon and breast
cancer cell growth and invasiveness [3].

The relationship between NOS2 and p53 provides insight into the divergent properties of
NO in cancer [6]. Wild-type p53 antagonizes NOS2 via two mechanisms. p53 binds to the
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TATA-binding element in the promoter region of the NOS2 gene to inhibit expression [7].
Furthermore, p53 binds directly to the NOS2 protein, which attenuates NOS activity [8]. By
contrast, NO stabilizes p53, leading to apoptosis [9,10]. NO-mediated apoptosis of leukemia
cells requires wild-type p53, because NO does not induce apoptosis in p53 null cells [11]. In
addition, p53 mutant carcinoma cells expressing NOS2 have accelerated tumor growth and
increased vascular endothelial growth factor (VEGF) production compared to wild-type p53
tumors [12], suggesting that p53 status plays a significant role in determining the pro- or
anti-tumorigenic role of NO. These studies revealed an important relationship between p53
status, NO, and seemingly disparate cancer outcomes.

NOS2 has been shown to have a role in a wide variety of cancers. High NOS2 expression is
associated with favorable prognoses in ovarian [13] and lung cancers [14]. By contrast,
many clinical studies have correlated elevated NOS2 expression with poor patient survival
in various cancers, including breast, colon, gastric, esophageal, prostate, cervical, squamous
cell carcinoma, hepatocellular carcinoma, melanoma, ovarian and leukemia [3]. Moreover,
these findings are often linked with other inflammatory biomarkers. For example, NOS2 and
COX-2 were associated with increased microvessel density in non-small-cell lung cancer
[15]. Therefore, NOS2 is emerging as a biomarker of poor cancer patient prognosis (i.e.
decreased patient survival).

In this review we first discuss the clinical relevance of NOS2 expression and the pro-tumor
signaling effects of NO. Because NOS2 expression is strongly associated with poor patient
survival for many cancer types, it is a potential therapeutic target. We discuss how NO
activates multiple signaling pathways associated with tumor progression and metastasis.
Then we briefly review the tumor suppressor protein phosphatase 2A (PP2A), which
negatively regulates the same signaling pathways that are activated by NO. Evidence is
growing for the potential of PP2A agonists as a therapeutic approach that could counteract
the pro-tumor effects of NO signaling (Figure 1).

Clinical markers of NOS2 in breast cancer
NO signaling is emerging as a key factor that enhances breast cancer aggressiveness. An
early report showed that NOS2 expression is significantly associated with a high tumor
grade in invasive ductal carcinoma patients [16]. More recent studies revealed that NOS2 is
expressed in about 70% of all breast tumors, and that NOS2 expression correlates with
markers of poor prognosis such nuclear epidermal growth factor receptor (EGFR) and
STAT3 (signal transducer and activator of transcription 3), phospho-Akt and phospho-
STAT3 [17-19]. Increased NOS2 expression is significantly associated with phospho-Akt in
human breast tumors regardless of breast cancer subtype, indicating that NO is clinically
associated with increased Akt activation, consistent with cell-culture-based data [17]. This
suggests that oncogenic pathways associated with Akt signaling are probably activated by
NOS2.

Recently NOS2 was shown to be a novel prognostic marker in ER(−) breast cancer patients
[19] (Box 1). The association between high NOS2 expression and decreased ER(−) patient
survival is remarkably strong (hazard ratio of 6.19 for survival after five years), suggesting
that NOS2 expression is an important biomarker for ER(−) diseases [19]. Furthermore, high
NOS2 expression is correlated with decreased survival among patients with basal-like breast
cancer, another form of aggressive disease (Box 1) [19]. The NOS2 association with
prognosis is independent of other predictive factors, such as tumor grade, lymph node
involvement, and degree of metastasis, suggesting that early induction of metastasis is
perhaps favored by proinflammatory NOS2 overexpression [19]. In addition, a recent report
indicates that cyclooxygenase 2 (COX-2) is also a predictor of poor survival among ER(−)
patients [20]. It is possible that the activities of NOS2 and COX-2 synergize to form a
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tumor-induced inflammatory response that results in an aggressive tumor phenotype in
ER(−) breast cancer patients.

A signature set of 44 genes is associated with NOS2 overexpression, and 15 of these
upregulated genes are well-established markers of basal-like breast cancer, such as P-
cadherin, cytokeratins, Wnt5A, and KLF5 [19]. Furthermore, these basal-like markers are
individually associated with aggressiveness and poor survival in patients. For example,
Wnt5A has recently been shown to be associated with brain metastasis [21]. High KLF5
expression predicts shorter disease-free survival and overall survival than breast cancer
patients with lower KLF5 expression [22]. KLF5 expression is higher in younger patients,
consistent with triple-negative (Box 1) and/or basal-like breast cancer [22]. Other genes
associated with NOS2 expression, such as CD44 and inflammatory molecules such as IL-6,
IL-8 and S100A8 are associated with metastasis and poor outcome [19]. Therefore, the
function of NOS2 as a predictor of ER(−) patient survival is perhaps mediated by NO-
dependent induction of these markers in ER(−) breast tumors.

Although NOS2 expression is correlated with poor clinical outcomes in ER(−) breast
cancers, it is possible that NO is not the NOS2 end-product that elicits the malignant
phenotype. All three isoforms of NOS have been reported to produce superoxide under
conditions of substrate (argi-nine) or cofactor (tetrahydrobiopterin) depletion [23]; therefore
it is possible that superoxide generation can contribute to the pro-tumor environment
provided by NOS2 expression. Although superoxide has cancer-promoting signaling effects
[24], it does not account for the wide array of signaling effects seen with both NOS2 activity
and exogenous NO-donor compounds described below. However, this alternative role of
NOS2 could increase the tumorigenic effects of NOS2.

NO activates multiple pro-tumor pathways
NO signaling in breast cancer results in altered expression of many genes implicated in
breast cancer proliferation, cellular invasion, tumor angiogenesis and metastasis. Thus, NO
signaling affects multiple signaling pathways. For example, NO signaling in breast cancer
cells is known to activate many cancer-related pathways, and NO increases hypoxia
inducible factor (HIF), ERK-1/2 and phosphatidylinositol 3-kinase (PI3K/Akt) [25]. These
signaling pathways have strong links to cancer proliferation, angiogenesis and tumor
metastasis [3].

Recent reports show that discrete concentrations of NO over different time frames induce
specific signal transduction pathways (Figure 2) [25]. NOS2 is capable of generating
concentrations in a range from nanomolar to micromolar NO, and this range includes both
cell regulatory functions and immunotoxic properties [5,25]. Here we briefly review some of
the cancer-related signaling pathways associated with increasing levels of NO.

Soluble guanylate cyclase
Levels of NO that activate soluble guanylate cyclase (sGC) are below nanomolar
concentrations for endothelial cells and neurons, and 20–30 nM for vascular smooth muscle
cell relaxation. NO levels that increase angiogenesis in endothelial cells are extremely low –
in the picomolar to nanomolar range. These lower levels of NO are usually associated with
NOS1 (neuronal) or NOS3 (endothelial) catalysis [5]. NO activation of sGC and the
increased production of cGMP has both positive and negative effects on cancer cell
proliferation [26] and this level of NO signaling in cancer needs further elucidation.
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HIF-1α
NO concentrations ≥100 nM stabilize HIF-1α protein by inhibiting iron-containing prolyl
hydroxylases that regulate HIF-1α turnover [27,28]. NO stabilization of HIF-1α also leads
to increases in HIF transcriptional activity [25]. HIF controls many cancer-related genes
such as MMP2, uPA and VEGF [27,29]. This model of NO signaling shows that direct
reaction of NO with various metalloproteins can increase cancer cell proliferation and
angiogenesis.

ERK-1/2
NO at nanomolar concentrations has been reported to activate ERK-1/2 by both sGC-
dependent and independent mechanisms [28,30]. ERK-1/2 is a mitogen-activated protein
(MAP) kinase that induces cell proliferation [31] and migration [32] by phosphorylating
transcription factors associated with cancer such as c-Myc [33] and Elk1 [34].

Phosphatidylinositol 3-kinases and Akt
As discussed above, NOS2 is clinically associated with Akt phosphorylation in breast cancer
patients, and NO results in PI3K and Akt activation and downstream signaling, at levels
similar to those required for ERK-1/2 activation [17,30,35]. The PI3K/Akt signaling axis is
a major pathway in cancer cells that promotes proliferation, survival and migration [36]. As
such, the PI3K/Akt pathway is a candidate target for therapeutic intervention [37]. PI3K/Akt
signaling is induced by multiple upstream kinases such as receptor tyrosine kinases,
integrin-linked kinases and focal adhesion kinases [38].

EGFR
We recently reported that NO signaling results in EGFR tyrosine phosphorylation that is
consistent with kinase activation [19]. The levels of NO required to phosphorylate EGFR
appear to be in the 200–400 nM range (D.W., unpublished observations). At this level of NO
the autoxidation reactions become increasingly dominant and oxidized NO products are
formed (such as N2O3). The formation of N2O3 is physiologically relevant because
nitrosylating species react with protein thiols to produce protein S-nitrosothiols (SNO).
Protein-SNO is emerging as an important post-translational signaling moiety [39], however
the mechanism by which NO leads to EGFR activation is unclear. EGFR activation is
associated with many cancers and its kinase function activates multiple oncogenic signaling
pathways such as PI3K/Akt, Ras, FAK, c-Abl, c-Myc and STAT3 [40].

S-nitrosylation of Src and Ras
S-nitrosylation of cancer-related protein kinases appears to be a physiologically relevant
post-translational modification because NO signaling results in S-nitrosylation of a specific
cysteine residue on the proto-oncogene Src [41,42]. S-nitrosylation results in Src kinase
activation and increases breast cancer cell migration [42]. Src signaling results in cancer cell
proliferation, survival, migration and invasiveness [43].

Similar to Src, the proto-oncogene Ras is also S-nitro-sylated by NO, leading to activation
of this signaling molecule [44]. Ras activation leads to Raf–MEK–ERK-1/2 signal
transduction and cell proliferation [45]. Furthermore, Ras is commonly mutated in many
human cancers [46]. These two examples of NO signaling at relatively high concentrations
indicate that S-nitrosylation of proto-oncogenes is a plausible contributor to human cancers.
We predict that this unique signaling mechanism of NO will be discovered for other
oncogenic proteins and could represent a mechanistic link between NOS2 expression,
patient survival and oncogene activation.
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β-Catenin
β-Catenin signaling is central to many human cancers and is a predictor of survival in
patients with basal-like breast cancer [47,48]. β-Catenin transcriptional activity is induced
upon multiple stimuli, such as Wnt, EGFR, Src and PI3K/Akt signaling. A few reports
indicate that NO signaling results in the activation of β-catenin transcriptional regulation in
colitis [49], osteocytes [50] and colorectal cancer cells [51]. Given the evidence that NOS2
and NO signaling are involved in the basal-like phenotype [19], and that β-catenin activation
is predictive of basal-like breast cancer mortality [47], we predict that NOS2 signaling
contributes to the basal-like phenotype via β-catenin activation. This further strengthens the
need to limit NOS2 signaling in ER(−) breast cancer.

An immediate implication of oncogenic NO signaling described here is the potential use of
NOS inhibitors as a novel therapeutic approach to limiting ER(−) breast cancer. NOS
inhibitors such as aminoguanidine and L-NG-mono-methyl arginine (L-NMMA) have been
tested in clinical trials for ailments such as asthma, chronic obstructive pulmonary disease
(COPD) and cardiogenic shock with varying outcomes [52-54]. Although short-term
administration could have beneficial effects, chronic NOS2 inhibition could lead to
dysregulation of constitutive NOS2 functions (i.e. in the kidney, lung and immune response)
and unwelcome side effects that could limit the use of these inhibitors. Similarly,
nonspecific NOS inhibitors that target all three isoforms would affect the numerous
physiological roles of NO, and this would probably have adverse results. Furthermore,
general NOS inhibition would abate the anti-tumor effects observed with extremely low
levels of NO [55]. This suggests that alternative means to inhibit these NO-activated
pathways are needed. One such strategy is to activate endogenous phosphatases with tumor
suppressor function that target the same pathways which are activated by NO signaling. A
potential candidate is the tumor suppressor PP2A that negatively regulates the pathways
shown in Figure 1.

PP2A tumor suppressor functions in cancer
PP2A tumor suppressor and NO signaling pathways

NO signaling activates multiple oncogenic kinases in breast cancer cells. The role of kinase
activation in tumorigenesis and metastasis has been thoroughly investigated in human
cancers [56]. Equally important to cancer initiation and proliferation, and perhaps
insufficiently investigated compared with kinase research, is the down-regulation of tumor-
suppressing protein phosphatases (PP) [57,58]. The PP2A family of proteins comprises a
major class of cellular serine/threonine phosphatases with tumor suppressor activities
[57,59,60]. PP2A activity negatively regulates many proliferative signaling pathways
associated with cancer progression by depho-sphorylating crucial proteins in these pathways
[57,61]. Furthermore, PP2A suppression is required for cell transformation, signifying that
PP2A regulation is crucial for tumorigenesis [57,62]. As detailed below, PP2A activity is an
endogenous negative regulator of oncogenic NO signaling (Figure 1).

PP2A structure and substrates
The substrate specificity, subcellular localization, and phosphatase activity of PP2A are
controlled by its subunit composition. PP2A has wide substrate specificity due to the vast
array of regulatory (B) and scaffolding (A) subunits that form a tripeptide holoenzyme with
a catalytic subunit (C) [60,61,63]. The C and A subunits have two isoforms (α and β) of
similar sequence and activity [60]. Mutations of the A subunit are found in multiple cancers
and are sufficient to induce tumorigenesis [60,61,64]. The B subunit has great diversity
because it consists of B, B′, B″ and B′″ classes of proteins [60,61,65]. The B subunit can
direct PP2A C subunit – and therefore phosphatase activity – to distinct protein complexes
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and subcellular compartments [65]. Thus PP2A can catalyze a wide array of protein
substrates by varying subunit composition.

PP2A regulates NO-activated pathways
Activation of receptor tyrosine kinases (RTK) such as EGFR initiates multiple signaling
pathways involved in proliferation and survival. The MAPK/ERK1/2 is a major signaling
pathway in cancer proliferation activated by RTK. PP2A activation blocks ERK-1/2
pathway activation [66]. Similarly, RTK activation results in increased PI3K/Akt signaling
activity. As described above, NO also activates PI3K/Akt signaling, which is central to cell
proliferation and survival. PP2A limits Akt kinase activity by dephosphorylating both
Ser473 and Thr308 residues [67,68]. PP2A B56 subunit interacts with β-catenin and
phosphatase activity causes β-catenin protein degradation [69]. c-Myc is also regulated by
PP2A because the B56γ subunit is required for phosphatase activity [70]. PP2A
dephosphorylation of c-Myc results in proteasomal degradation of the oncoprotein [70]. The
B56γ subunit is also required for PP2A to regulate p53-induced apoptosis in response to
DNA damage by dephosphorylating Thr55 [71]. In addition to these NO-activated pathways,
PP2A also negatively regulates other cancer-related signaling pathways such as FOXO [72],
IKK-β/NF-κB [73] and Shh [74]. Therefore, PP2A activity is central to multiple signaling
pathways that are commonly dysregulated in human cancers and activated by NO signaling
(Figure 1).

Regulation of PP2A in cancer
Cancer cells must reduce PP2A activity to allow for uncontrolled proliferation mediated by
kinase signaling cascades [57,60]. Furthermore, the inhibition of PP2A is necessary in
cancer initiation [75,76]. Because PP2A is essential for many biological processes and has a
diverse set of substrates, its activity is regulated on many levels. As described, the subunit
composition controls the specific activity and localization of PP2A [61]. However mutations
or viral infection can alter PP2A subunit activity [57,75]. The polyomavirus simian virus 40
(SV40) produces a protein called small t antigen that contributes to carcinogenesis by
binding to the A subunit [62,75]. Small t antigen blocks the B subunit from forming an AB
heterodimer, and thus inhibits proper PP2A functions. Similarly, somatic mutation in either
A or B subunits allows for unregulated oncogenic signaling, because functional PP2A
holoenzymes that regulate signaling are absent [77].

The catalytic subunit of PP2A is further regulated by phosphorylation and methylation.
Methylation of a conserved lysine residue in the C terminus is required for holoenzyme
assembly [63,78] and phosphorylation of PP2A C subunit at Tyr307 by Src, EGFR and other
kinases inhibits phosphatase activity [79]. Furthermore, the catalytic subunit forms
complexes with inhibitory proteins such as CIP2A, I2PP2A (alternatively referred to as
protein SET or template-activating factor I) and I1PP2A [80-82]. The catalytic site of PP2A
is a low pKa cysteine that is susceptible to oxidative stress [83]. Reactive oxygen species
(i.e. O2

− and H2O2) produced from tumor cell nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases after growth factor receptor activation can oxidize the active site thiol
[84,85]. This reversible modification results in phosphatase inhibition and is another
mechanism by which PP2A activity is suppressed.

Pharmacological PP2A activation
Small molecule agents have been found that increase PP2A phosphatase activity in cancer
cells [86-88]. Agents that increase PP2A tumor suppressor activity should counteract
oncogenic NO signaling. Although pharmacological activation of PP2A activity might not
overcome genomic mutations of PP2A subunits, small molecules can potentially alter PP2A
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phosphorylation, chemical and protein inhibitors. Here we briefly review agents that
increase PP2A activity.

Endostatin is an anti-angiogenic peptide that increases PP2A activity, which
dephosphorylates eNOS and inhibits ERK-1/2 signaling [66,89]. The mechanism of PP2A
activation by endostatin is unknown, and clinical trials in cancer patients have reported
mixed efficacy. Endostatin did not provide significant tumor regression in advanced
neuroendocrine tumors [90]. In non-small-cell lung cancer patients, endostatin in
combination with cisplatin and gemcitabine resulted in increased survival over therapy alone
[91].

Forskolin and other activators of cellular cAMP levels cause PP2A activity to increase [88].
The role of cAMP on PP2A activity has not been elucidated; however the activation of
adenylate cyclase is not likely to be a specific mechanism of action for a potential anticancer
drug. In view of the indiscriminate manner in which these compounds increase intracellular
cAMP, forskolin and similar drugs do not have a promising clinical application.

Ceramides are structural components of the cell membrane and also have potent signaling
properties that result in cell apoptosis, senescence, or cell-cycle arrest [92]. One effect of
ceramides is the increase of PP2A phosphatase activity [93]. Ceramides are known to bind
to I2PP2A, and it is proposed that ceramide activation of PP2A is mediated through SET
inhibition [82]. The potential use of ceramides directly as pharmacological agents appears to
be unlikely because these compounds are rapidly metabolized and have a wide range of
biological effects. However pharmacological agents that increase ceramide biosynthesis,
such as vitamin D3, daunorubicin and mitoxantrone, could indicate a successful approach to
activating PP2A in vivo [94-96]. Recently a novel approach of delivering nanoliposomal
ceramides reduced hepatocellular carcinoma tumor xenograft growth [97]. As promising as
this method of ceramide administration appears, further studies will be needed to validate
PP2A activation and clinical efficacies.

Dithiolethiones are a class of compounds found in dietary vegetables and that have
chemopreventive effects in humans [98]. Dithiolethiones increase the antioxidant response
element (ARE) by interacting with sensitive thiols of the KEAP1/Nrf2 complex, causing
Nrf2 to translocate to the nucleus to bind to ARE sites in target gene promoter regions [99].
Target genes involved in xenobiotic metabolizing and cellular defense systems contribute to
the chemopreventive effects of these compounds [100] Oltipraz, a prototypical
dithiolethione, was protective against aflatoxin-induced hepatocellular carcinoma in a
clinical trial [98]. Similarly, anethole dithiolethione (ADT) limited bronchial dysplasia in
smokers [101]. Recently we reported that dithiolethiones increase PP2A phosphatase
activity in cancer cells, which inhibit EGF-induced Akt and c-Myc signaling [87].
Dithiolethiones also inhibited cell proliferation without inducing apoptosis [87].
Furthermore, we found that PP2A activation events preceded Nrf2 activation, suggesting
that PP2A activation is a novel biochemical effect of dithiolethiones [87]. Given that these
compounds are well tolerated in humans, are clinically available and have unique anti-
cancer properties in vitro, we propose that dithiolethiones could have beneficial clinical
effects in cancer chemotherapy.

Apolipoprotein E (ApoE) is a major protein involved in lipid, vitamin and cholesterol
transport. In addition to its metabolic roles, ApoE plays a part in disorders such as
Alzheimer’s and cardiovascular diseases [102]. ApoE is also an immune modulator because
it suppresses T cell proliferation and generally has anti-inflammatory effects [103].
However, immune suppression by ApoE could counteract its potential anti-tumor effects;
this is an issue that needs to be resolved for this class of PP2A agonists. The anti-
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inflammatory effects of ApoE are also observed with ApoE-based peptides [104]. Recently
an ApoE-based peptide, COG112, was described to interact with the I2PP2A oncoprotein,
and this interaction resulted in increased PP2A activity [105]. Furthermore, this effect was
recently observed in human cancer cell lines because the ApoE peptide causes a dose-
dependent release of PP2A C subunit from I2PP2A, resulting in increased PP2A activity
[86]. COG112 also suppressed EGF-induced Akt and c-Myc signaling in an okadaic acid-
sensitive manner and inhibited cancer cell proliferation [86]. These new reports indicate that
targeting I2PP2A is a novel approach to increasing tumor suppressor PP2A activity [86].

Targeting I2PP2A has multiple potential benefits. In addition to inhibiting PP2A, I2PP2A
also inhibits nm23-H1, a metastatic suppressor protein [106]. nm23-H1 is sequestered in the
cytosol by binding to I2PP2A. Upon T cell activation, granzyme A cleaves the I2PP2A
protein, which releases nm23-H1 to enter the nucleus and act as an exonuclease to cleave
DNA [106]. In addition, I2PP2A regulates Rac1-mediated cell migration [107]. As part of
the Rac1 complex, I2PP2A presumably acts to inhibit PP2A to allow for Rac1
phosphorylation [107]. We recently demonstrated that the ApoE-based peptide COG112
inhibited multiple I2PP2A oncoprotein functions – including PP2A and nm23-H1
inactivation – and decreased Rac1-mediated cell migration [86]. Migration, metastasis and
tumor suppressor inhibition are manifested by NO signaling in breast cancer cells.
Therefore, targeting the many I2PP2A oncoprotein functions alters multiple pathways
activated by NO.

Concluding remarks
The processes of cancer initiation, proliferation and metastasis are mediated by several
oncogenic signaling pathways that work in concert to advance the disease state. Many recent
reports have confirmed the role of NO in promoting various cancers, including ER(−) and
basal-like breast cancer [19,108,109]. NOS2 expression is a strong predictor of poor survival
in ER(−) and basal-like patients and is associated with the expression of basal-like signature
genes [19]. Some of these genes are independently poor prognostic markers in breast cancer,
such as CD44, IL-8, Wnt5A and KLF5 [19]. NO signaling activates multiple cancer-related
signaling pathways to promote the basal-like phenotype and cancer cell aggressiveness
[110]. For example, ERK-1/2, PI3K/Akt, c-Myc, and HIF are some of the signaling
pathways activated by NO in breast cancer cells [19,25,110]. NO does not activate all of
these pathways in a uniform manner. Rather, the activation of signaling pathways by NO is
achieved at threshold concentrations, and this accounts for the disparate effects of NO
signaling in cancer (Figure 2) [25,35]. Therapeutic intervention against NO signaling in
breast cancer can either target NOS2 activity itself or the multiple pathways activated by NO
signaling. The tumor suppressor PP2A is the endogenous negative regulator of many cancer-
related signaling pathways [57,61], including those activated by NO. PP2A activity is
inhibited in cancer cells by multiple mechanisms [57]; however, PP2A phosphatase activity
can be pharmacologically increased [86-88]. We propose that NO signaling is a major
driving force in ER(−) and basal-like breast cancer and that PP2A activation could be a
novel therapeutic mechanism to limit the diverse effects of NO signaling in cancer (Figure
1).

To further advance the pharmacology of PP2A agonists, high-throughput assays need to be
developed and chemical libraries should be screened for PP2A activation. In addition, the
chemical biology of PP2A activation needs to be further elucidated to advance
pharmacophore discovery. Furthermore, pharmacological agents that target inhibitors of
PP2A, such as Src and EGFR, could represent another approach to blocking PP2A inhibition
by cancer cells.
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Oncogenic kinases have a clear role in promoting and proliferating cancers; however, the
inhibition of tumor suppressors is equally culpable in cancer biology [111]. Another area of
research that needs attention is the role of NO signaling in inhibiting crucial tumor
suppressors such as PP2A, PTEN and BRCA1. We predict that NO chemical biology will
have a profound effect on a number of tumor suppressor genes and that this represents a
novel area of basic and translational research.

Given the vast array of NO signaling effects on cancer-related oncogenic pathways and the
clinical relevance of NOS2 in relation to patient survival, we suggest that NOS2 is a proto-
oncogene in aggressive ER(−) breast tumors. NOS2 signaling and its putative role as a
proto-oncogene warrants further examination in other cancers such as prostate,
hepatocellular carcinoma, colorectal and non-small-cell lung tumors.
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Box 1

Breast cancer subtypes

Breast cancers are not homogeneous. Breast tumors are stratified according to their
expression of estrogen receptor-alpha (ER-α). The therapeutic options and clinical
outcomes are drastically different for ER-negative [ER(−)] compared to ER-positive
[ER(+)] tumors. ER(+) tumors require estrogen for proliferation and therefore
pharmacological agents that inhibit ER function or the production of estrogen have
positive effects on patient survival, whereas patients with ER(−) tumors do not respond to
these types of treatments. Furthermore, ER(−) tumors are usually more aggressive (e.g.
increased incidence of metastasis, increased rates of disease relapse and lower survival
rates) than ER(+) tumors [112,113].

With the advent of the genomic era, the sub-classification of breast tumors has advanced
beyond ER-α expression. Tumor subtypes are defined by unique genetic profiles; this
understanding has changed the way researchers and clinicians view breast cancer by
revealing the underlying differences between tumors and clinical outcomes among breast
cancer patients [114,115]. ER(+) tumors are now further stratified into luminal A and
luminal B subtypes and ER(−) tumors are classified as normal-like, Her2/neu (ErbB2)+

or basal-like [115]. Basal-like breast cancer is a very aggressive subtype and these tumors
express a phenotype that is similar in genetic profile and morphology to basal breast cells
[116]. Furthermore, the basal-like subtype usually exhibits the ‘triple-negative’
phenotype that is defined as tumor cells lacking the expression of progesterone receptor,
estrogen receptor and ErbB2 (Her2/neu) [117]. Both the basal-like and triple-negative
phenotypes are associated with limited therapeutic options and high mortality rates
compared with other breast cancers [116,118].
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Figure 1.
Oncogenic signaling pathways regulated by NO and PP2A. NO activates numerous
signaling pathways associated with cancer cell proliferation, survival, chemoresistance and
migration. Some of the molecular and pathway targets of NO signaling include sGC,
HIF-1α, Src, PI3K/Akt, EGFR, Ras, c-Myc and ERK-1/2. Furthermore, NO activates
oncogenic pathways by redundant mechanisms; for example, ERK-1/2 is activated from
either Ras signaling or sGC activation and PI3K/Akt signaling is activated by either EGFR
or Src kinases. These redundant mechanisms indicate that single agent therapies could fail to
limit oncogenic NO signaling. The tumor suppressor PP2A is the endogenous negative
regulator of many NO-activated signaling pathways. We propose that pharmacological
activation of PP2A could represent an effective strategy to limit the myriad of pro-tumor NO
effects.
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Figure 2.
NO activates multiple signaling pathways at different concentrations. The biological effects
of NO depend on the concentration of this unique signaling molecule. Physiological
maintenance of endothelial cells and vascular tone is achieved at very low NO concentration
(from below 1 nM to 30 nM). At this level, NO signals through sGC and HIF-1α. An
increase in NO levels, as a result of an immune response or in tumor microenvironments,
leads to activation of oncogenic signaling pathways including ERK-1/2, Akt, Src, Ras and
EGFR. When NO levels reach ~500 nM the p53 tumor suppressor is activated (provided the
cell expresses wild-type p53) and anti-tumor effects of NO are observed. Beyond this level
of NO signaling, nitrosative stress accumulates and cells undergo necrosis, apoptosis or
senescence. The NO concentrations eliciting oncogenic signaling and immune responses are
predominantly produced by NOS2 (inducible isoform) catalysis, whereas lower levels are
due to either NOS1 (neuronal) or NOS3 (endothelial) activity. This model of NO signaling
explains the pro- and anti-tumor effects observed by NO.
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