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Abstract

Chronic inflammation within the tumor microenvironment is a major driver of tumor progression
and poor prognosis. Inducible nitric oxide synthase (NOS2) is present in numerous solid tumors.
Estrogen receptor—negative (ER-) patients with high expression of tumor NOS2 have a poorer
outcome than patients with low expression of NOS2. Furthermore, expression of NOS2 is
associated with the basal-like breast cancer phenotype. Using an in vitro model, we have found
that nitrosation of critical thiols and nitration of tyrosines lead to the activation of membrane
receptors such as epithelial growth factor receptor, Src, Ras, and CD63. These nitric oxide—
mediated events in itiate oncogenic signaling pathways such as PI3K/Akt, Ras/ERK, B-catenin,
nuclear factor-xB, and AP-1. These data suggest that NOS2 can serve as a major “nonmutatational
driver” of ER- breast cancer.
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l. INTRODUCTION

Inducible nitric oxide (NO) synthase (NOS2) is associated with inflammation and plays a
vital role in injury and the tissue restoration processes.! NOS2 is expressed in a variety of
cells including macrophages and neutrophils and endothelial, glial, and epithelial cells.?
NOS2 plays a major role in orchestrating an inflammatory response and participates in the
eradication of parasites and tumors.2 Unlike the constitutive NOS isoforms, NOS2 can
generate high local levels of NO, ranging from 100 nM to 5 wM, for days.! This temporal
and concentration range makes its biology unique compared with endothelial and neuronal
NOS.

Expression of NOS2 is associated with both pro- and antitumor effects. For example, NOS2
plays a key role in promoting leukemic cell toxicity because of the prolonged high
concentrations of NO produced.3 Knockout models of NOS2, p53, and interleukin (I1L)-10
show increased development of leukemia and thus are supportive of an antitumor role for
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NOS2. Furthermore, ectopic expression of NOS2 led to decreased tumorigenicity in a
melanoma model.# Thus, for many years, it was thought that NOS2 only was involved in the
eradication of tumors. However, tumor cells expressing elevated NOS2 have demonstrated
increased aggressiveness and tumor metastasis.® More recently, NOS2 was reported to
correlate with increased development of lung cancer.8 A recent report suggests that the
location of cells expressing NOS2 is an important determinant in cancer: the leukocytes
contained NOS2 were associated with reduced tumor progression whereas NOS2 expressed
in the tumor cell resulted in increased tumor progression.’

During the past several years, clinical investigations have shown that expression of NOS2 is
elevated in patients with breast, non-small-cell lung, cervical, gastric, liver, esophageal,
ovarian, glioma, melanoma, kidney, and colon tumors.2 This indicates that an inflammatory
environment may be involved in tumor progression. It is interesting that several studies have
shown that NOS2 is an independent poor prognostic indic)ator, suggesting that NOS2
participates in tumor progression and metastasis.8-11

II. NOS2 IN BREAST TUMORS

Recent studies of breast cancer have shown that NOS2 is highly expressed in as many as
70% of all breast cancer patients.812 NOS2 is an independent prognostic indicator of poor
outcome in estrogen receptor-negative (ER-) but not estrogen receptor-positive (ER+)
patients.8 The hazard ratio (HR) for 10 years was 5.1, whereas at 5 years it was 6.1,
indicating a rapid decline in outcome for patients with high expression of NOS2 in tumors.
Despite the low presentation of lymph node metastasis, the patients who die seem to
succumb to metastatic disease, indicating that expression of NOS2 may be an indicator of
micrometastasis.

Within the ER- subtypes, expression of NOS2 corresponds to the expression of basal-like
signature genes. Examination of gene expression profile from tumors with high NOS2
compared with low NOS2 shows that 44 genes are associated with high expression of
NOS2.8 Among these genes are P-cadherinand keratins associated with triple negative or
basal-like breast cancer and the cancer stem cell marker CD44. There was also an increase
in IL-8 and S100A8, indicating a proinflammatory microenvironment in tumors expressing
high NOS2.

Is high expression of NOS2 a dosimeter or a causative agent? To answer this, NO donors
able to deliver different fluxes of NO to a variety of different breast cancer cell types in an
in vitro setting were used to recreate the possible NO tumor microenvironment.13.14 Using
cell culture models exposed to the diazeninium diolate and NO donor DETANO, which
produce a similar environment of NO as NOS2 expression, increased the protein expression
of P-cadherin, CD44, and keratins as well as 1L-8 and S100A8 at 500 LM.8 This amount of
NO donor correlated with a flux of 300-500 nM NO at its peak. It is important that
examination of these NO donor—induced protein changes showed a concomitant increase in
protein expression, indicating that this level of NO recapitulates the protein expression
profile in tumors expressing high NOS2.

lIl. IN VITRO NITROSATIVE SIGNALING IN BREAST CANCER CELLS

Comparing results from J/n vitro experiments with patient data can provide a powerful tool
for investigating the chemical and molecular mechanisms of NO-mediated signaling.
Genomic analyses of the promoter regions of the 44 genes associated with high expression
of NOS2 revealed that expression of NOS2 correlates with an enrichment for genes
regulated by B-catenin, nuclear factor (NF)-xB, AP-1, and Ets-1, suggesting that NOS2 is
either upstream or downstream from these signaling pathways.1>-17
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Nuclear expression of B-catenin recently was found to be increased in basal-like patients and
was related to poor outcomes.18 Because B-catenin signaling also is related to NOS2
expression, we examined the effects of NO donors on p-catenin signaling. Similar to
activation of the epithelial growth factor receptor (EGFR), approximately 200-300 nM NO
resulted in increased nuclear translocation and transcriptional activity of B-catenin.
Mechanistic studies revealed that NO activation of EGFR and Src initiate a molecular
cascade via phosphatidylinositol 3-kinase (PI3K)/Akt to B-catenin.® This is consistent with
a previous study linking expression of NOS2 with phosphorylation of breast cancer Akt.
These observations indicate that NO-mediated activation of EGFR/Src and PI3K/Akt
signaling may contribute to patient outcome,12:19

Using chemical inhibitors of reactive nitrogen species (RNS) revealed that a nitrosative
species like NoO3 was responsible for NO-mediated activation of EGFR and Src.1® Several
reports have shown that critical thiols are targets of S-nitrosation.20-21 S-nitrosylation (SNO)
formation at Src cysteine 498 results in kinase activation.?2 S-nitrosation of EGFR has been
reported to have inhibitory effects on EGFR kinase activity; however, the study used high
concentrations of NO donors.23 We observe a biphasic response to NO (EGFR activation
peak ~ 300-500 nM NO), but activity decreases =1 uM, suggesting that at higher NO
concentrations, nitrosative signaling levels become nitrosative stress levels.1> These results
point to a specific concentration of NO that is required to form RNS and for activation of
these membrane proteins.

In addition to EGFR and Src, we observe S-nitrosation of the oncogenic signaling molecule
Ras at similar NO concentrations. Lander et al?4 showed that Ras is a target of SNO and that
Ras activity was increased upon modification of SNO. We show that 300- to 500-nM fluxes
of NO also increase Ras activity and downstream activation of the mitogen-activated protein
kinase kinase (MEK)/extracellular-signal-regulated kinase (ERK) pathway.1® Ras activation
initiates multiple signaling pathways involved in cancer progression. We recently showed
that the oncogenic transcription factor Ets-1 is activated by the NO/Ras/MEK signaling axis.
Furthermore, NO activation of Ets-1 corresponds to an enrichment of Ets-regulated genes in
breast tumors expressing high NOS2 and that 100% of genes associated with NOS2
overexpression have Ets binding sites in their respective promoter regions. Therefore, NOS2
overexpression and NO signaling result in the nitrosative activation of 3 oncogenic signaling
molecules, namely, EGFR, Src, and Ras; these can be referred to as “oncogenic nitrosyl
receptors.”

Over the years, a map has begun to emerge showing that different NO concentrations
activate specific and discrete pathways in cells.1314 The application of NO donors with cell
culture models has revealed precise bands of NO concentrations whereby activation of
specific molecular targets lead to signaling. This precise relationship to the concentration of
NO indicates a new signaling paradigm in biological signaling. At the lowest levels, from <1
to 50 nM, is the level for the traditionally associated soluble guanylyl cyclasesignaling.! In
MCF7, this can lead to activation of Raf-1 and ERK.14 At higher levels (>100 nM), HIF-1
begins to be activated in a number of cells derived from tumors, macrophages, and
endothelial cells.25 Above 400 nM there is an increase in the phosphorylation of wild-type
p53. Above 1 uM there is more ubiquitous nitrosative stress, which thereby increases
decomposition of poly (ADP ribose) polymerase and other cysteines and zinc-finger
proteins.14:26.27 Although this level also is associated with cell death, nitrosation of
Poly(ADP ribose) polymerase and caspases have been shown to be protective in some cases.
This level of NO is associated with immune NO-mediated killing of pathogens and some
types of cancer.

For Immunopathol Dis Therap. Author manuscript; available in PMC 2013 March 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

IV. NITRIC OXIDE AND MMP/TIMP-1

Matrix reorganization is a dynamic process that occurs during cancer progression and
metastasis as the extracellular matrix is continually degraded and re-deposited to facilitate
neo-vascularization, immune cell infiltration, and tumor growth and invasion. Matrix
remodeling involves a variety of proteins including matrix metalloproteinases (MMPs) and
their endogenous tissue inhibitor of matrix metalloproteinases (TIMP). In addition to matrix
components, it is the process cytokines and growth factors of MMP that mediate cancer
progression. Oxidation and nitrosation of the MMP cysteine switch results in the activation
of MMP.28.29 NO activates MMP-9 at concentrations ranging from 500 to 1500 nM NO.30
CD44 is a marker of breast tumor metastasis and is upregulated by NO.8:31 CD44 serves as a
docking port for MMP-9 and MMP-9 colocalized with CD44 and has been identified at the
leading edge of migrating cells.3! TIMP-1 provides an additional biomarker in cancer.
Macrophages treated with NO present reduced TIMP-1 protein and enhanced MMP-9
activity.3%:32 This is a critical component of a macrophage-mediated wound healing
response.30

The tumor microenvironment encompasses an inflammatory environment, leading to the
polarization of tumor-associated macrophages within the tumor stroma that favors increased
angiogenesis and tumor growth. Moreover, the MMP/TIMP balance is important during
tumor progression and metastasis, and we identified a positive correlation among NOS2,
MMP-9, and TIMP-1 protein expression in patients with aggressive ER- breast tumors.
Despite TIMP-1’s highly efficient inhibition of MMP-9 activity, both MMP-9 and TIMP-1
predict poor disease-specific survival of cancer patients. Thus, we sought to elucidate a
functional role for NO in this conundrum. Toward this end, we found that MMP-9 predicted
poor survival in a breast cancer cohort. TIMP-1 also predicted poor survival among the same
breast cancer cohort, which was restricted to tumors that expressed high NOS2 protein. In
contrast, TIMP-1 did not predict poor breast cancer survival in patients whose tumors
expressed low NOS2 protein.33 In addition, an association between NOS2 expression and
Akt phosphorylation status was reported in breast tumors, which was strongly enhanced by
TIMP-1.1231 Further investigation of this pathway using NO donor-treated recombinant
TIMP-1 protein and cell culture models led to the identification of the nitration of specific
tyrosine residues within the TIMP-1 protein that correlated with its binding to the CD63
receptor and downstream activation of the PI3K/Akt/BAD pathway.33 Using mass
spectrometry, 2 nitrated tyrosine residues were identified near 2 key cysteine disulfide knots;
these are critical for TIMP-1 binding and MMP-9 inactivation.33 Moreover, a recent report
associated TIMP-1 nitration with reduced binding and inhibition of MMP-9 in
lipopolysaccharide-stimulated macrophages.34 These observations offer a novel mechanism
to decipher how TIMP-1 can predict poor cancer survival, which may involve, at least in
part, NO-mediated posttranslational tyrosine nitration of TIMP-1 that redirects its function
away from MMP-9 inhibition and toward TIMP-1/CD63 prosurvival signaling. In addition,
the same NO flux directly activates MMP-9, which may facilitate tumor cell migration and
invasion. Indeed, NOS2/MMP-9 colocalization has been identified at the leading edge of
migrating cells.3% Also, NOS2 deficient mice exhibit profoundly inhibited MMP-9 activity
and leukocyte migration in an ischemia/reperfusion injury model.3¢ Together, these results
support a role for NOS2-derived NO in the regulation of the MMP/TIMP balance and
function in inflammation and cancer.

The NO donor (DETA/NO) concentrations that mediated tyrosine nitration of recombinant
TIMP-1 protein occurred in the same range of NO as that of other protumor growth
pathways. TIMP-1 nitration was observed at fluxes as low as 200 nM of steady-state NO
and increased at 500-1000 nM. Moreover, these conditions involved NO/O, intermediates.
Nitrosation of tyrosine residues lead to nitrosotyrosine, which decomposes to 3-nitrotyrosine
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with a half-life of 2-3 hours. This nitrosation mechanism as well as oxidative nitrosylation
of tyrosine may be a major pathway to tyrosine nitration. Thus, levels of NO that activate
MMP-9 via nitrosation of the thiol switch also blunt the inhibitory properties of TIMP-1. It
seems that these conformational changes favor TIMP-1/CD63 interaction, downstream
PI3K/Akt/BAD activation, and prosurvival signaling.33 Because Src also is nitrosated under
these conditions, these findings may represent a novel mechanism demonstrating an
interplay of nitration and nitrosation mechanisms in the facilitation of prosurvival signaling
pathways in cancer progression.

V. IMMUNOSUPPRESSION BY NITRIC OXIDE

There are several factors within the tumor microenvironment that lead to
immunosuppression, including 1L-10, transforming growth factor (TGF)-, and vascular
endothelial growth factor. These factors play a key role during the polarization of immune
cells and their recruitment to the tumor environment. IL-10 from Tyeq cells suppresses T-cell
proliferation and TGF-p mediates increased CD25+ and FOX3P+, which scavenges IL-2.
TGF-p also inhibits M1 polarized macrophages and promotes an immunosuppressive
microenvironment.

Examination of the literature suggests that increased expression and activity of these factors
occur again at NO concentrations in the range of 100-1000 nM. For example, HIF-1a is
increased with >100 nM NO, which leads to increased production of vascular endothelial
growth factor.3” Activation of TGF-p in tumor cells occurs between 100 and 300 nM NO,
whereas I1L-10 has been shown to increase at 200-400 nM of steady-state NO.38:39 Qur
preliminary data find that expression of 1L-10 from Jurkat cells increases in response to
100-300 nM of steady-state NO. Thus, this level of NO, in addition to promoting tumor cell
proliferation and migration, increases matrix remodeling proteins and protumorigenic
cytokines and releases factors that polarize the immune system to favor immunosuppression.

VI. CHEMISTRY OF NITROSATION

The chemistry that occurs between 100 and 1000 nM NO is unique; the bulk of the
nitrosative mechanisms stem from the autoxidation reaction in /n vitro conditions. In
activated murine macrophages, NO fluxes can reach the equivalent of ~1 mM of DETANO,
indicating that a high flux of NO can be achieved from NOS2 within the cellular
microenvironment. The autoxidation reaction of NO is relatively slow compared with the
faster reaction of NO with superoxide O,~. However, prolonged fluxes of NO will produce
RNS from the autoxidation reaction. The more facile chemistry of NO (e.g., with
hemoproteins and reactive oxygen species) may be thought of as signaling sparks in specific
rapid fashion compared with the NO/O, reaction, which is more like a slow burn. Lower NO
flux over a prolonged period of time may provide spatial and molecular selectivity. The
solubility of NO and RNS occur in the membrane or hydrophobic environments,
respectively, in the cell. Because nitrosative species target thiols and, to a lesser extent,
tyrosine, these molecules become ideal targets for electrophiles such as N>Os. Thus,
receptors containing critical thiols that are susceptible to S-nitrosation by sustain fluxes of
NOS2-derived NO can serve as triggers for nitrosative signaling mechanisms.

Acidic nitrite represents a potential source of nitrosation chemistry. Phagosomes, lysosomes,
and autophagosomes are acidic intracellular compartments. Acidification of nitrite leads to
the formation of NO,/NO and N,O3, which may migrate to specific targets. Recent
relationships between autophagy and the endoplasmic reticulum stress indicate that they can
provide tumor suppression or promotion, depending on the circumstances. These organelles
may provide an additional source of RNS capable of facilitating tumor progression.
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VII. CONCLUSION

The genomic landscape recently has provided insight into several types of cancer. Specific
mutations such as in p53, Ras, and APC have been identified in a number of epithelial
related cancers, but these mutations seem not to be the whole story. The occurrence of other
modifications activating specific signaling pathways may also be important drivers of cancer
progression. In breast cancer, these pathways include PI3K/Akt and NF-xB. This genomic
map may provide important insights into the protumorigenic properties of inflammatory
molecules, including NO. Examination of the pathways associated with 100- to 1000-nM
fluxes of NO and nitrosative signaling reveal the induction of PI3K as well NF-xB, as we
have reported previously. Thus, NOS2-derived NO can function as a “nonmutational” driver
for breast cancer progression through nitrosative chemistry.

Viewing the impact of NO on signaling pathways within the “nitrosative landscape,” it
becomes apparent that multiple targets and pathways are activated to promote cancer
progression and metastasis. Thus, the presence of NOS2 in tumor cells can modify EGFR,
Src, Ras, or TIMP-1 via a nitrosative mechanism to enhance the activation of many of
critical pathways, including prosurvival signaling associated with mitogen-activated protein
kinase, Akt, p-catenin, NF-xB, and TGF-B. These, in turn, increase chemoresistance,
proliferation, and antiapoptosis as well as cancer stem cell factors and immunosuppression.
By targeting specific cysteine and tyrosine residues, NOS2-derived NO activates specific
signaling pathways via nitrosative chemistry to provide novel mechanisms associated with
cancer progression.
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