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Abstract
Nitric oxide (NO) has been invoked in nearly every normal and pathological condition associated
with human physiology. In tumor biology, nitrogen oxides have both positive and negative affects
as they have been implicated in both promoting and preventing cancer. Our work has focused on NO
chemistry and how it correlates with cytotoxicity and cancer. Toward this end, we have studied both
concentration- and time-dependent NO regulation of specific signaling pathways in response to
defined nitrosative stress levels that may occur within the tumor microenvironment. Threshold levels
of NO required for activation and stabilization of key proteins involved in carcinogenesis including
p53, ERK, Akt, and HIF have been identified. Importantly, threshold NO levels are further influenced
by reactive oxygen species (ROS) including superoxide, which can shift or attenuate NO-mediated
signaling as observed in both tumor and endothelial cells. Our studies have been extended to
determine levels of NO that are critical during angiogenic response through regulation of the anti-
angiogenic agent thrombospondin-1 (TSP-1) and pro-angiogenic agent matrix metalloproteinase-9
(MMP-9). The quantification of redox events at the cellular level has revealed potential mechanisms
that may either limit or potentiate tumor growth, and helped define the positive and negative function
of nitric oxide in cancer.
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Introduction
Does nitric oxide (NO) promote or inhibit carcinogenesis? The role of NO in cancer has been
studied for more than forty years, yet this fundamental question remains unanswered. Earlier
studies found that NO was a critical component of the immune response of macrophages [1,
2]. Subsequent studies have shown that iNOS deletions can lead to the development of several
kinds of cancer [3]. In contrast, other studies have shown a role for iNOS in the promotion of
tumorigenesis. Recent studies have shown a positive correlation between iNOS and poor
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prognosis for breast cancer and melanoma patients [4-6]. Together, these observations suggest
that NO generated by iNOS elicits multiple physiologic and pathologic effects.

Several important aspects of NO must be considered when examining biological outcome,
which is dictated by the chemistry of this diatomic radical. The mechanisms involved in cancer
and cancer treatment are diverse and the effect of NO depends on the tumor microenvironment
as well as its concentration, spatial, and temporal constraints [7]. Over the last several years,
a new picture of NO has emerged where the concentration of this radical can dictate the
phenotypic response [8]. Here we discuss the importance of concentration and temporal
dependence as they pertain to the role of NO in different aspects of tumor biology.

NO Signaling and Concentration Dependence
Characterizing steady state NO is of particular importance when assessing its effects at the
cellular level [9,10]. MCF-7 breast cancer cells were found to activate specific signaling
pathways in response to distinct fluxes of NO. Levels below 50 nM NO were associated with
increased cGMP-mediated ERK phosphorylation, intermediate levels (>100 nM) lead to
HIF-1α stabilization, and high NO (>300 nM) was associated with p53-P(ser-15), which
persisted even after dissipation of NO [10]. These phenotypic responses favor a pro-growth
and anti-apoptotic paradigm at steady state NO levels at or below 100nM. However, the pro-
survival effects of NO are lost at concentrations above 400nM, which is signified by increases
in phosphorylation and acetylation of p53 and the induction of p53 tumor suppressor activity
[10-12]. This signaling profile was mimicked by activated macrophages co-cultured with
MCF-7 cells at varying ratios [10]. These data indicate that NO released by tumor-associated
macrophages can regulate tumor cell responses in vivo. Indeed, tumor phagocyte density and
aberrant p53 expression correlated significantly with the phosphorylation of Akt at ser-473 in
human breast cancer tissue [4]. Similarly, a strong correlation between p53-P-(ser-15) and
iNOS protein expression in human samples of ulcerative colitis provided further evidence that
NO causes a p53 pathway activation in vivo [11].

Other proteins including MKP-1, a phosphatase that regulates pERK, also increases at or above
400nM steady state NO [13,14]). Higher NO levels (>1 _M) are associated with increased
nitrosation and nitrosative stress [8]. Moreover, inhibition of proteins including DNA repair
enzymes and zinc finger complexes occur at these stress levels [15].

Another important signaling aspect involves the temporal properties of NO. Though NO is
short lived, the sustained NO flux generated by NOS can vary in duration from seconds to
days. NO mediated HIF-1α stabilization correlates directly with concentration and time, and
requires the presence of NO [10]. While pERK increases immediately in response to NO, it
also transiently decreases despite the maintenance of steady state NO levels. Moreover, NO-
induced p53 phosphorylation remains stably elevated even after the dissipation of steady state
NO. Thus, signaling responses to NO are temporally and spatially defined [10].

Several sources of nitric oxide exist in the immune system. Macrophages perform a wide
variety of functions from fighting bacteria and tumors to coordinating wound healing and tissue
remodeling. Macrophages can generate a number of different levels of NO that mediate a wide
range of functions. For instance, low steady state NO released by eNOS activates guanylyl
cyclase in the resting macrophage, which is critical during cytokine activation [16]. Moreover,
macrophage activating agents demonstrate significant variation in NO output. For example,
IFN-γ pretreated macrophages that are stimulated with TNF-α or IL-1β release nearly 10 times
less NO than they do after stimulation of Toll-like receptors (e.g. LPS, PIPC and Listeria)
[17]. Taken together, macrophages provide an example of a cell type with large variations in
NO output upon stimulation by the environment.
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MMP and TIMP regulation is an additional example of the regulatory capacity of threshold
NO produced by macrophages. MMPs are important mediators of wound healing, while both
MMPs and TIMPs have been linked to cancer progression. A recent report demonstrated
biphasic NO regulation of MMPs expressed in macrophages via biological (TIMP-1
suppression) and chemical (RNS-mediated activation/inactivation) mechanisms [18]. NO
levels ranging from 30-100 nM were associated with increased MMP activity secreted from
murine macrophages through the cGMP-mediated suppression of the endogenous TIMP-1
inhibitor. Higher NO levels were associated with inhibition of MMP activity that most likely
occurred through the chemical reaction of RNS. This chemical inhibition occurred in IFN-γ/
LPS stimulated macrophages as well as by high NO donor concentrations. Similarly, in an
epithelial wound model low steady state NO (17.5 nM) up-regulated MMP-9 expression, which
declined as NO levels increased [19]. This biphasic regulatory trend may at least in part account
for the complexities of how macrophages differentially respond to the high NO
microenvironment at the inflammatory site versus the NO levels present during resolution of
inflammation and the initiation of wound healing [20].

Inflammation and Wound Healing in Cancer Therapy
While it is clear that NO elicits direct radiosensitizing effects on DNA within a tumor,
modulation of wound responses by NO is an additional mechanism for the potentiation of
chemo and radiation therapies. Although molecular mechanisms regulating growth differ
among cancer types, exposure to radiation, surgery, and/or chemotherapy enhances cell death
followed by the onset of inflammation and wound healing. These processes are similar to that
of a wound response in normal tissue where inflammatory cells infiltrate the wound followed
by chemotactic attraction of fibroblasts, lymphocytes, and endothelial cells. These cell types
participate in matrix remodeling and neovascularization processes for the restoration of tissue
architecture and perfusion capabilities [21]. Indeed, it has been postulated that tumor associated
macrophages (TAMs) recognize tumors as persistent, nonhealing wounds [22]. Moreover,
tumor growth is analogous to wound repair as both involve the formation of new tissue and
angiogenesis in response to similar local signals including cytokines and proangiogenic factors
[22]. Because NOS knockout animals demonstrate impaired wound response, NO modulation
via NOS inhibition coupled with radiation and/or drugs aimed at specific targets may be
therapeutically beneficial. Modulation of these basic properties, particularly antigenic response
has been proposed [8].

Several studies have recently been published which show that patient 5 year survival decreases
with enhanced iNOS expression in the tumor [4,6]. These and other studies also suggest a link
between inflammation, COX-2 and iNOS expression in the tumor microenvironment. As stated
above the wound healing process is considerably impaired in the iNOS knockout when
compared to wild type [23]. It has been suggested that NO levels, which increase HIF-1α
ultimately increase VEGF following exposure to ionizing radiation [24]. This leads to increased
angiogenesis and an enhanced regrowth of the tumor. Thus application of NOS inhibitors could
be beneficial because of the inhibition of macrophages and factors released by them that
stimulate tumor growth.

Three cell types (tumor, endothelial, and macrophage) are affected by NO. As discussed in the
previous section, tumor cells have quite different NO concentration requirements to cause
either a pro-growth or an anti-growth phenotype. Akt and ERK phosphorylation events provide
a pro-growth and anti-apoptotic phenotype. Prolonged exposure of human breast cancer cells
to NO using the long acting donor DETA/NO (30-60μM), led to increased pAkt and pERK
[25]. Moreover, the interruption of ERK and Akt phosphorylation inhibited proliferation of
these cells. However, prolonged exposure of breast cancer cells to 1mM DETA/NO for an
extended period of time lead to MKP1-mediated pERK and pAkt dephosphorylation with
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subsequent induction of apoptosis. However, it may not be the induction of tumor cell apoptosis
that is most significant in NO-induced tumor regression; instead, the induction of apoptosis in
the surrounding stromal tissue may be at least equally as important.

Macrophages coordinate many processes during inflammation and wound response. In a Th1
environment, increased production of Th1 cytokines increase tumor inflammatory processes
that sterilize the region by removal of debris. During this process both iNOS and COX-2
expression is enhanced. While iNOS upregulation increases HIF-1α and VEGF [26], COX2
upregulation has been found to increase VEGF via PGE2 and cAMP in some tumor models
[27]. Also, NO activation of p53 increases IL- 10 production from Treg cells and activates latent
TGF-β all of which is necessary to down regulate Th1 for tissue restoration [28,29].

An important area of NO regulation involves formation of blood vessels via angiogenic
processes. Enhanced angiogenesis prior to radiation or drug treatment can increase the
therapeutic efficacy by enhanced oxygen effect or enhanced drug delivery. In contrast,
inhibition of angiogenesis post treatment can delay tumor regrowth by suppression of oxygen
and nutrient delivery. Several reports have shown eNOS phosphorylation by different pro-
angiogenic factors thereby generating a prolonged flux of NO, which leads to increased cGMP
mediated angiogenic response [30]. Some antiangiogenic factors inhibit eNOS
phosphorylation by increasing PP2A the phosphatase for eNOS serine 1179 [30]. Interestingly,
the endogenous angiogenesis inhibitor TSP-1 inhibits eNOS activation via its receptor CD36,
inhibits cGMP production by soluble guanylyl cyclase via its receptor CD47, and inhibits its
target cGMP-dependent protein kinase [31-33]. Conversely, TSP-1 expression is suppressed
by NO at concentrations that are at or below our ability to detect [14]. NO-mediated TSP-1
suppression requires ERK phosphorylation and is inhibited by the MEK1/2 inhibitor. Thus NO/
cGMP suppression of TSP-1 involves the pro-growth ERK signaling pathway. However, as
steady state NO levels continue to increase, TSP-1 begins to re-accumulate in the media. This
may be associated, at least in part, with increased MKP-1 mediated dephosphorylation of ERK
and is consistent with the demonstration of growth inhibition or cytostasis by higher steady
state levels of NO.

Summary
When NO effects in mammalian cells are grouped according to the concentration of NO, a pro-
and anti-tumorigenic response emerges (Figure 1). Increased cGMP promotes angiogenesis
and proliferation of endothelial cells and occurs between 1-30 nM [14]. At this level, ERK
phosphorylation stimulates proliferation of endothelial cells while suppressing the anti-
angiogenic factor TSP-1 [14]. At NO concentrations of 30-100 nM, a marked increase in Akt
and ERK signals a proliferative and anti-apoptotic response in tumor cells [4,10,13]. In
addition, in macrophages, TIMP-1 is suppressed while MMP-9 activity increases [34]. This
concentration range of NO appears to protect the tumor cell from apoptosis while increasing
angiogenic effects. At 100 nM, HIF-1α is stabilized thereby increasing VEGF [10,35]. These
three levels of NO are protumorigenic and many of the molecules that are activated by NO at
these concentrations (i.e. Akt-P, HIF-1 α and MMP-9) have been identified as poor prognostic
indicators. Above 300 nM, increased phosphorylation of p53 and expression of MKP1 occurs
and cellular respiration is inhibited [10,13,14]. These higher levels of NO promote apoptosis
and are likely responsible for the anti-tumor activity first observed in macrophages. Sustained
fluxes of NO > 0.5 _M can result in nitrosation of thiols, tyrosines, and also amines, which can
be genotoxic.

An interesting observation is that superoxide and ROS through the scavenging of NO can
convert an anti-tumor concentration to a pro-growth paradigm [36]. Tumors generally exhibit
increased superoxide and ROS via NADPH oxidase (NOX) and decreased MnSOD. Within
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this tumor microenvironment, NO scavenging by ROS and superoxide may provide an
important mechanism to abate macrophage mediated tumor cell killing. While mechanisms in
cancer are complex, undoubtedly the role(s) of NO will continue to expand. In the process,
numerous scenarios are beginning to emerge, which indicate that NO concentration may indeed
dictate phenotypic responses and a group of molecular mechanisms that together define a pro-
and/or anti-tumorigenic tumor response.
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Figure 1.
Correlation between NO concentration and molecular mechanisms of cell proliferation and
death.
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