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Abstract

The role of nitric oxide (NO-) as a mediator of cancer phenotype has led researchers to investigate
strategies for manipulating /17 vivo production and exogenous delivery of this molecule for
therapeutic gain. Unfortunately, NO- serves multiple functions in cancer physiology. In some
instances, NO- or nitric oxide synthase (NOS) levels correlate with tumor suppression and in other
cases they are related to tumor progression and metastasis. Understanding this dichotomy has been
a great challenge for researchers working in the field of NO- and cancer therapy. Due to the unique
chemical and biochemical properties of NO-, it’s interactions with cellular targets and the
subsequent downstream signaling events can be vastly different based upon tumor heterogeneity
and microenvironment. Simple explanations for the vast range of NO-correlated behaviors will
continue to produce conflicting information about the relevance of NO- and cancer. Paying
considerable attention to the chemical properties of NO- and the methodologies being used will
remove many of the discrepancies in the field and allow for in depth understanding of when NO-
based chemotherapeutics will have beneficial outcomes.
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INTRODUCTION

Nitric Oxide (NO-) is a ubiquitous free radical signaling molecule that regulates many
cellular processes including angiogenesis, smooth muscle tone, immune response, apoptosis,
and synaptic communication [1]. In addition to the many normal physiologic functions of
NO., it has been implicated in the etiology and progression of many disease processes
including cancer [1-3]. The role of NO- in cancer is complex and spans the range from
cause to cure. Nitric oxide can be genotoxic under certain circumstances indicating it may be
involved in the etiology of many cancers. At the same time, numerous studies suggest that
NO: suppresses various cancer phenotypes. As a result, many experimental chemo-
therapeutic agents have been designed to manipulate the bioavailability of NO-. Nitric oxide
appears to be stimulatory or inhibitory on cancer depending on a variety of factors. Despite
the general acceptance of this paradox, interpretation of research in this field continues to
provide as many questions as answers.

Nitric oxide has been implicated in various aspects of metastasis, which causes 90% of
cancer related deaths[4], leading researchers to actively search for ways to
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pharmacologically manipulate NO-mediated responses. Nitric oxide is not limited to
classical receptor-ligand interactions. Once it is synthesized, NO- targets a wide variety of
molecules within the cell. As a result, there are numerous examples taken from seemingly
similar circumstances that implicate NO- in the progression of cancer and other examples
demonstrating its inhibitory properties. While there are many proposed reasons for the
contradictory behavior of cancer in response to NO-, the simplest and probably most
overlooked explanation is that the phenotypic responses of cancer cells are determined by
the chemical properties of NO-. The effect NO- has on signaling events can be dramatically
different depending on the concentration and the duration of exposure [5]. Both of these
properties are affected by the cellular milieu and redox environment of the cell. It is the
cellular environment that determines the types of chemical reactions of NO- and these
chemical reactions will influence the concentration of NO- and its interactions with cellular
targets. Thus effective intervention of NO- signaling pathways involved in cancer
progression will have to consider the type of cancer being targeted and where and when NO-
is being released. Since NO- can have either stimulatory or inhibitory effects on cancer
progression, effective treatments will have to either raise or lower the bioavailability of NO-
at the correct time, duration, and location. Though conceptually simple, achieving this with a
high level of precision presents a significant technical challenge.

In addition to the molecular biological reasons for differences in NO- signaling, the field is
complicated further by the wide variety of methods used to analyze NO- cancer interactions.
Nitric oxide synthase (NOS) knockouts, pharmacological inhibition of NOS, and a slew of
different NO- donor compounds are all used to infer the role of NO- in cell culture and
organisms. All of these strategies are valid means to address certain questions, but it is
important not to overstate the results achieved by any one method. It has been shown, for
example, that laparotomized nude mice injected with MDA-MB-231 breast cancer cells
demonstrated significantly less bone metastasis if they were concomitantly treated with a
NOS inhibitor (L-NAME) [6]. Conversely, when MDA-MB-231 cells in culture were
treated with the NO-releasing com-pound JSK-1, it inhibited their ability to invade through
matrigel and up-regulated tissue inhibitor of metalloprotease 2 (TIMP2) [7]. Others have
shown that NO- donors can increase the /n vitro migration and invasion of these cells
(unpublished results). Thus, even when researchers use the same cell line, their conclusions
concerning the impact of NO- on the metastatic properties of breast cancer differ greatly.
Although excellent studies, when compared with one another, they also emphasize the
complexity of these processes and not surprisingly indicate that there are multiple additional
factors that must be considered before assigning the outcome solely to the presence or
absence of NO.

In fact, it is generally true that the interaction of the tumor with the surrounding soma is
highly varied and important in defining the metastatic fate of the tumor [8-11]. It is clear
that in order to appreciate the influences of NO- on cancer progression a more extensive
understanding of the entire molecular makeup of tumor cells and their localized
environments is necessary. In addition to NO-producing tumors, the production of NO- in
surrounding somatic tissue can also impact the metastatic progression of a tumor. The
following review examines some of the discrepancies associated with the field of NO- and
cancer with an emphasis on metastasis and therapeutic intervention and also points out
various possible explanations for these dissimilarities.

NITRIC OXIDE SYNTHASE AND METASTASIS

Metastasis is a multistage process by which tumors colonize other sites of the body. The
canonical order of events (local invasion, intravasation into the circulation, transport through
the circulation, extravasation from the circulation, and finally colony formation in a distant
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tissue) are broadly true for most types of cancer [12-14]. Although these events are similar
for most tumors, there are tissue and tumor specific distinctions which manifest in molecular
and phenotypic differences. Understanding the role of NO- in metastatic progression will
require a thorough mapping of the molecular events associated with these differences.

One of the defining features of metastasis is the specificity by which some cancers colonize
specific tissues [15, 16]. Prostate cancer, for example, largely metastasizes to the bone [17]
while ocular melanoma is almost always confined to the liver [18]. Breast cancers, on the
other hand, colonize a range of tissues including bone, brain, liver and lung [19].
Interestingly, lung adenocarcinomas colonize the same tissues, but the time scale of
metastasis is drastically different [20]. Lung adenocarcinomas tend to metastasize within
months of detection [21, 22] while breast cancer metastasis can reoccur after years of
remission [23, 24]. Numerous studies have attempted to find a correlation between the
expression of various mMRNA’s or proteins and the onset of metastatic behavior. Ideally,
researchers are looking for proteins that are not only predictive of a metastatic phenotype
but that are also fundamental in the malignant progression. The NOS proteins are potential
markers that have received considerable attention in the past decade. Unfortunately, there
does not seem to be an overall trend which conclusively shows that NOS expression is
indeed leading to more aggressive disease phenotypes and poor patient outcome across the
board. The following summaries of the studies examining NOS expression in tumors by no
means cover the entire field (a comprehensive review already exists [3]). Rather, they
highlight the ambiguity of the story at present.

Nitric oxide is synthesized enzymatically from NOS. Although there are three isoforms of
this enzyme, the inducible form (iNOS) has the most compelling relationship with cancer
progression and metastasis. Expression of iNOS is correlated with poor outcomes in terms
of patient survival in stage 111 malignant melanoma patients [25] and to a lesser extent breast
cancer patients [26]. Patients with stage 11l ovarian cancer showed a better response to first
line chemotherapy when iNOS was not present [27]. Increased iNOS expression in head and
neck squamous cell carcinoma (HNSCC) was found in 41% of SCC samples examined but
only in 9% of precancerous dysplasias [28]. Not only does iNOS appear to promote the
growth of primary tumors in some cases, but it has been implicated in the metastatic process
as well. One study examining HNSCC metastases in regional lymph nodes found that 22/27
cases showing an extracapsular spread phenotype stained positively for iNOS while only
8/21 of those that were still encapsulated expressed iNOS [29].

Studies using a p53-/- mouse model showed that treatment of these animals with C.
Parvum increased iINOS expression and NO- metabolites in the blood of in these animals.
They also demonstrated that C. Parvum treatment increased the tumorigenesis in these
animals. The researchers argue that, “NO- production under inflammatory conditions can
inhibit apoptosis, increases proliferation, and modulates the immune profile, giving rise to
an internal milieu that is conductive to tumor growth [30].” While their data may support
this conclusion, it is of interest that they also show that a double mouse knock out, p53-/-
iNOS-/-, without C. Parvum treatment shows the same increase in tumorigenesis as the
p53-/- INOS+/+ animals treated with C. Parvum. Thus while iNOS correlates with
tumorigenesis when a large inflammatory response is induced, it is also true that lack of this
enzyme, either through development or early disease progression, is also detrimental to the
animal.

There are even experimental examples examining the correlation between iNOS and cancer
progression in which seemingly identical experiments have produced conflicting results. In
one example, two different groups crossed female C57BL/6-ApcMiV* mice with male
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C57BL/6-iNos™M1Lau (iNOS-/-, disruption of exons 12 and 13 which constitute the
calmodulin binding domain) mice. Both groups obtained their animals from the same
source. ApcMi"* mice have a germ-line nonsense mutation at codon 850 of the adenomatous
polyposis open reading frame (Apc) and spontaneously develop multiple polyps in the small
and large intestines [31]. Interestingly, one group found that there were fewer polyps in the
intestine [32] while the other found more in the double knockout animals [33]. The main
experimental difference between these studies was that the group finding fewer polyps killed
the animals at 15 weeks while the other killed the animals at 8 weeks. This indicates a
possible age or time dependent interaction of iNOS or NO- with this genetic background.
Related studies found that induction of aberrant crypt foci in the colons of rats by treatment
with azoxymethane (AOM) could be suppressed by iNOS inhibition [34, 35]. Collectively,
these studies emphasize the difficulty in correlating NOS expression with phenotypic
outcome.

Many attempts to explore the correlation between iNOS expression and poor patient
outcome in experimental models have found conflicting results. Several groups transfected
iNOS into cancer cell lines and observed their behavior with various in vitro assays and
subsequent injection into nude mice. The oral cancer cell line b88t transfected with iNOS,
for example, showed less migration in Boyden chamber assays and formed smaller tumors
in nude mouse xenographs [36]. Similarly, transformation of K-1735 murine melanoma cells
with iINOS caused increased apoptosis 7 vitro and less metastasis in nude mouse injections
[37]. Transfection of DLD-1 human colon adenocarcinoma with murine iNOS decreased /n
vitro proliferation of this cell line. When these transformed cells were injected into nude
mice, however, the resultant tumors grew much faster and had increased vascularization
[38]. This is by no means a comprehensive list of studies of this nature, but they are
indicative of the general trend. Introduction of iNOS tends to decrease /n vitro indicators of
metastatic potential. The /n vitro studies, however, are not on the whole predictive of
metastatic behavior in animal models [39].

Perhaps most interestingly, a seminal cancer microarray study attempting to identify a
molecular signature of metastasis analyzed the mRNA expression patterns of
adenocarcinomas [40]. They examined 64 primary adenocarcinomas and 12 metastatic
adenocarcinoma nodules and found that down-regulation of iNOS was one of the markers of
a metastatic phenotype. All tissue samples in this study had diverse points of origin
including: breast, lung, prostate, colorectal, uterus and ovary. Using hierarchical clustering,
the researchers found 64 mRNAS that were up-regulated and 64 mRNAs that were down-
regulated consistently among all of the metastatic nodules. Interestingly, a few of the
primary tumors exhibited an expression profile of these 128 mRNASs that was strikingly
similar to the metastatic profile. Those patients whose primary tumor carried this profile had
a more rapid metastatic onset and decreased long term survival rate. iNOS was one of the
marker mRNAs that showed a significant decrease in expression in the metastatic nodules
and the primary tumors that were more likely to become metastatic. The expression of iINOS
in the primary tumors not carrying the metastatic mMRNA expression profile was highly
varied with many of the primary tumors up-regulating this mMRNA and others down-
regulating it. Thus in these studies, the expression of iNOS alone was not predictive of
phenotype. Another fascinating observation embedded in this study was that when the entire
expression prolife, encompassing 9,248 highly varying mRNAs, of the metastatic
adenocarcinoma nodules was used to find primary tumors with similar expression profiles,
the patients with those primary tumors showed no differences in metastatic onset and
survival using the Kaplan-Meyer survival analysis. In other words, much of the differential
regulation of MRNAs has little or nothing to do with the metastatic phenotype. When all of
this variation is analyzed together, no predictive value could be obtained. Only when the set
of mMRNAs was reduced to those mRNAs that varied in the same manner among all twelve
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metastatic nodules did the differential expression of the mRNAs become predictive of
phenotype. All of the 128 mRNAs showed a random variation in the non metastatic primary
tumors implying that using one indicator alone is not sufficient to accurately predict a
metastatic outcome. This study went further to show that they could use as few as 17 of the
128 mRNAs to classify samples as metastatic with almost the same level of statistical
significance. Thus the minimal number of indicators that were required to predict
phenotypic outcome far surpasses what is ever attempted in any of the
immunohistochemical (IHC) iNOS studies. It is possible that proteins may be more
predictive than mRNAS, but trying to correlate phenotype with one molecular change is
challenging. While other studies have found that iNOS expression appears to correlate with
a more invasive phenotype in some cancers, it is possible that some of the positive
correlations between iNOS expression and increased malignancy are random. Given the
more than 20 thousand open reading frames (ORF) with an undefined number of splice
variants (it is known, for example, that one Axon guidance receptor often studied in
Drosophila melanogaster (Dscam) has more than 38,000 splice variants alone [41] and
standard quantitative molecular techniques certainly do not account for this variation), it is
inevitable that some mRNA and protein molecules show statistically significant correlative
variation with some aspect of disease progression in a given study while nevertheless
contributing nothing to the process itself and perhaps not even being predictive among the
population as a whole.

Studies exploring the roll of endothelial NOS (eNOS) are even more ambiguous. A recent
study found that eNOS—/- mice injected with N-diethylnitrosamine, a known carcinogen,
had significantly greater tumor formation in the liver compared to wild-type controls. They
also found that injection of tumor cells over expressing eNOS on a plasmid into the hepatic
circulation formed less micro-metastasis in the liver [42]. On the other hand, several studies
have found that eNOS is associated with tumor growth, invasion and angiogenesis in general
and breast cancer in particular [43, 44]. Other studies have found that HIF1a stabilization by
NO- leads to the up regulation of vascular endothelial growth factor (VEGF) which in turn
can phosphorylate eNOS [45, 46] strongly promoting angiogenesis.

Information on the relationship between neuronal NOS (nNOS) and cancer is scarce. One
study examined 29 patients with grades Il — 1V astrocytoma and performed IHC staining for
nNOS on surgically removed tumors. They found an increase in both distribution and
intensity of staining with increasing grade of the disease [47]. No functional information
was pursued in these studies. An earlier study found an increase in IHC staining of NNOS in
grade Il and 1V gliomas compared to grades | and Il. When they attempted to perform NOS
activity assays, however, they could not detect increased NOS activity despite the IHC
results[48]. It is possible that nNOS expression correlates with increased metastasis in some
cases, but overall the data on nNOS and cancer are thin and inconclusive.

NOS AND THE TUMOR MICRO ENVIRONMENT

The last decade has seen significant changes in how we think about molecular and cellular
biology in general. Researchers have increasing moved away from one-gene one-function,
linear pathway explanations for maintenance of cellular homeostasis and have also begun to
analyze organs and tissues on a system-wide basis. In terms of cancer, there has been a
steady growth in the appreciation of the role of the tumor microenvironment in disease
progression[8]. In the past, it was typical to disregard the non tumorigenic cells of the tumor
despite the fact that these cells can make up to 99% of the tumor in the extreme case of
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Hodgkin’s lymphoma [49]. It has become increasing clear that these cells engage in a dialog
with the tumor cells and often release compounds that aid in the degradation of the basement
membrane, further releasing tethered growth factors and often secreting chemokines that
maintain the growth and health of the tumor cells [49]. In terms of NO., it is interesting that
in some cases NOS is expressed by the cells of the primary tumor and other times it is only
found in tumor associated macrophages (TAMSs)[3]. TAMs are often present in large
numbers in ovarian, kidney, breast, thyroid, colon, and melanoma [50], and correlate
strongly (>80%) with a poor prognosis [51]. On the other hand, macrophages are integral to
the innate immune response that Kills many tumors before they ever become malignant [52—
54]. It is possible that in some scenarios the timing of NOS induction may be critical in
determining its impact on the cancers progression. One very interesting study examined
tumor formation in wild type and iNOS—-/- host animals after they were injected with two
EMT-6 breast cancer cell lines (either + or — for iNOS expression) [55]. The researchers
found that while iNOS expression in the cancer cell line did not change the ability of these
cells to localize to the lungs in wild type animals, it did decrease their ability to form tumors
at later time points. They went further to show that injection of these same cells into an
animal with an iNOS —/- background increased the formation of tumors from both cell
types. In this model, NOS expression in the cancer cells did not affect their ability to migrate
to the target tissue, but it inhibited their ability to form successful colonies. At the same
time, both iNOS positive and iNOS negative EMT-6 cells formed fewer nodules in the lungs
of iINOS—-/- mice. Thus it seems that careful attention to the location of NOS expression will
be critical when determining its impact on metastatic progression. A very recent study found
that the pro-drug AQ4N, which is activated by LPS stimulated macrophages, induced
standby death in HT1080 and HC116 cancer cell lines under hypoxic conditions but not
under aerobic conditions [56]. The researchers of this study hypothesized that the reductase
domain of iNOS, which shares a strong similarity to p450 reductase domains, was able to
more effectively reduce the pro-drug to its active form when the enzyme was not bound with
oxygen. Certainly, more work needs to be done to confirm that the conversion of AQ4N to
the topoisomerase inhibitor AQ4 is specifically carried out by iNOS and not one of the other
multitude of enzymes differentially regulated by LPS induction. Nevertheless, these studies
present a possible novel function for iNOS that has nothing to do with NO- production, and
show that even under circumstances where TAMSs are driving the metastatic progression of
tumors, exploitation of NOS chemistry is a therapeutic option. On the whole, exploration of
the tumor microenvironment is in its infancy and is one of the many layers of complexity
that must be addressed if we want to understand tumor physiology in general.

CHEMICAL BIOLOGY OF NO

In order to fully appreciate the complexity of NO- signaling in cancer and the immense
challenges associated with studying this molecule, a brief discussion of the biochemical and
biophysical parameters governing the actions of NO- is required. As stated above, NO- is
synthesized by the three isoforms of nitric oxide synthase (eNOS, iINOS, nNOS). The
substrates for this enzyme are the amino acid arginine and oxygen (O,). It also requires the
cofactors NADPH, FMN, BH,, and FAD. Changes in any one of these substrates or
cofactors can have dramatic effects on the production of NO-. Under circumstances of an
abundance of cofactors, the rate of NO- synthesis will be a function of both the arginine and
O, concentrations. Arginine availability can vary based on cellular uptake and competing
consumptive pathways (i.e. arginase and the Urea Cycle). Oxygen availability is a function
of its delivery from the vasculature and the rate at which it is consumed locally via
mitochondrial respiration. The Ky,’s for arginine and O, are different for each NOS isoform
indicating that changes in these substrates will alter the output of NO- differentially
dependent upon the isoform. For example, the K, for O, for eNOS is 23 uM, for iNOS is
135 pM, and for nNOS is 350 uM [57]. This indicates that the rate of NO- synthesis from
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nNOS will be dramatically affected by oxygen fluctuations while production from eNOS
will remain comparatively constant. Nitric oxide production in a hypoxic tumor could be
substantially lower than a tumor which is well oxygenated even if they express an equivalent
amount and type of NOS. The presence of NOS protein in a tumor does not necessarily
correlate to the rate of synthesis or amount of NO-. Additionally, at a given O, and arginine
concentration the amount and duration of NO- production is different for each isoform.
Although outside the scope of this review, the regulation of NOS is also controlled at the
transcriptional, translational, and posttranscriptional level all of which can affect the
magnitude of NO-mediated responses.

The rate, amount, and duration of NO- synthesis are only a few of the multiple factors
determining the interaction of NO- with target molecules. Once synthesized the impact of
NO: on tumor cell phenotype is determined by a variety of fundamental parameters. The
steady-state concentration of NO- is an important determinant of its biological actions. This
will determine its diffusional distance and thus the number and types of target molecules it
interacts with. Unlike most signaling molecules, the biological half-life of NO- is short,
ranging from milliseconds to a few seconds [58]. The steady-state concentration of NO- is
determined by its rate of production and its rate of disappearance (metabolism).
Interestingly, both the synthesis and metabolism of NO- are O,-dependent processes. The
metabolism of NO- is slower at low oxygen concentrations but its rate of synthesis also
decreases. Many tumor-related proteins are regulated by NO- in a concentration-dependent
manner emphasizing how oxygen gradients, which control the steady-state concentration of
NO:, could dramatically affect the tumor phenotype. Some proteins, such as soluble
guanylate cyclase (SGC), are fully activated at low concentration of NO: (1nM) [59], and
others, like p53, require considerably higher NO- levels (>400 nM) [60] to be activated.
Interestingly, /n vivo concentrations of NO- are still not precisely known. Recent advances
in modeling techniques and NO- detection methods suggest that concentrations might be
much lower than previously thought. In an excellent review by Hall and Garthwaite, the
authors argue that the /n vivo NO- concentration generated by NOS is roughly 100 pM to 5
nM[61]. At these concentrations, both the diffusional distance of NO- and its interaction
with concentration-dependent targets would be substantially different than at the nM-puM
NO: concentrations previously thought to exist under normal physiological conditions.

In addition to concentration dependent effects of NO-, there are also temporal parameters.
Fig. (1) is a conceptual representation of how the tumor oxygen concentration could
dramatically impact therapeutic NO- responses. If an NO-generating drug was administered,
its influence on a hypoxic tumor could be considerably different than its effect on a well
oxygenated one. Assuming drug delivery is not compromised by oxygen, substantially
greater NO- concentrations will be achieved in hypoxic tumors as opposed to normoxic ones
because the metabolism of NO- is much slower at low O, concentrations. Since the
concentration of NO- is a function of its rate of production (release from the drug) and its
rate of disappearance (cellular metabolism), hypoxia will reduce its rate of disappearance
increasing local NO- concentrations. Increasing the local concentration of NO- will allow it
to interact with different cellular targets based solely on target-specific concentration-
dependent differences in their sensitivity to NO-.

Some NO-regulated proteins respond immediately to the presence of NO- while others
require hours. Depending on the response time, these proteins can be classified as
“immediate responders” or “delayed responders” [5]. Taken together, these factors indicate
that tumor cell phenotypes can be dramatically altered by changing the amount and/or
duration of NO- exposure. The up or down-regulation of NOS protein levels does not
necessarily produce equivalent changes in NO- concentration. Consequently, serious care
must be taken when correlating NOS expression with beneficial or deleterious tumor
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phenotypes or even attributing these effects to NO- at all. Although in general the presence
of NOS is a good indicator that NO- is being produced, without knowing some specifics
about the tumor microenvironment it is extremely difficult to assess the amount of NO- it is
producing.

The local redox environment of a tumor must also be considered. The presence of other
radical species, such as superoxide (O,7), can substantially alter the concentration of NO-..
Superoxide reacts with NO- in a diffusion controlled manner to produce peroxynitrite
(ONOO7) which can then further react to form a variety of end products [62, 63]. Due to the
rapid nature of this reaction, the generation of O, can actually scavenge NO- thereby
lowering the steady-state concentration of NO- and preventing its reaction with target
molecules. Therefore, the presence of other radical species can alter NO-mediated cellular
phenotypes by diminishing its steady-state concentration [64]. Since NO- moves away from
its point of synthesis by random diffusion, its biological half-life will determine its
diffusional distance: the longer the half-life of NO-, the greater distance it will diffuse [58].
Any process that increases or decreases the half-life of NO- and its steady-state
concentration will have an influence on the amount and type of targets that it regulates. It
can be seen from Fig. (1) how the NO- concentration (y-axis) will affect the diffusional
distance (x-axis) of NO- and thus the number of potential targets it interacts with. Because
oxygen (or radical scavengers of NO) will reduce the local NO- concentration, NO- will not
travel as far from its point of origin and therefore its influence on target molecules will be
diminished.

These are a few important points to consider when assessing the impact of NO- production
on tumor phenotype. It should be noted that many of the determinants of the actions of NO-
are independent of its source (i.e. endogenously produced from NOS or exogenously
generated from NO-releasing drugs). Like NOS, NO- generating anticancer drugs will be
influenced by the local O, concentration and the redox environment of a cell or tumor.
Unlike NOS, however, most NO- donating compounds do not use oxygen as a substrate and
will still generate NO- in anoxic conditions.

METHODOLOGICAL CONSIDERATIONS

MODELS

While there is a wealth of literature attempting to explain the differential results found in
numerous NO- cancer studies, little attention has been paid to the underlying methodological
differences of the primary studies. Many literature reviews consider the numerous and
diverse NO- donating compounds as equivalent sources of NO-. Others switch readily
between endogenous vs. exogenous NO- sources and rarely consider differences that may be
attributed to differing model systems. This broad approach is valid for developing a general
idea of what NO: might do in the cancer setting, but it is increasingly clear that the impact of
NO: under any given set of experimental conditions can be highly varied. Thus finding
therapeutic targets that involve NO- biology will require paying close attention to the
differing experimental designs and not simply attributing their outcomes to “NO- signaling”.

Historically, cancer therapies have targeted the increased proliferation of cancer cells. Thus
many late phase drug discovery programs rely heavily on fast growing xenograph models to
determine the efficacy of their compounds. The ability of these models to predict the
outcome of clinical trials, however, is limited [65, 66] partially because drug responsiveness
is dependent upon the site and type of implantation [67]. It has been shown, for example,
that implantation of tumor cell lines maintained in culture do not form the same structure
and microenvironment as slices of implanted primary tumors. More extensive use of models
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that do not rely on subcutaneous injection and rather try to recreate complex tumor
microenvironments will more accurately determine the impact a given compound might
have on the metastatic progression of the disease. While this is generally true for the future
of cancer research, it has particular relevance to a field that is so full of contradictory data.
Further, finding that cancer cells have multiple modes of motility that respond differentially
to pharmacological treatment implies that, while assays such as Boyden chambers are
excellent tools, they may be limited in predicting the /n vivo impact a compound has on the
metastatic process [68, 69].

Microarray studies have found that acquisition of invasive abilities are an early and ongoing
process in tumorigenesis [70]. Anti-invasive therapies might be most effective early on in
the disease progression and could thus explain some of the failures of compounds used in
late disease clinical trials. Therapies inhibiting NO- production or delivering increased levels
of NO- need to be carried out on all stages of cancer as many of the properties of NO-
suggest that it has both anti- and pro-developmental functions at early stages. Previously
mentioned studies demonstrated that NOS expression had an opposite impact on tumor
formation depending on whether it was expressed in the host animal or developing tumor
[55]. One course of action that would help to resolve the role of NO- in cancer would be to
digest both tumor and surrounding somatic tissue and examine mRNA expression of
individual cells by microarray. Large amounts of molecular information are lost when tumor
cells are analyzed as a lump average in terms of their molecular signatures. Although this is
complex and expensive proposal, obtaining in depth knowledge of the molecular profiles of
all cells involved with the disease process is likely the only way to resolve many of the
seemingly contradictory results. These data could then be compiled with large scale IHC
studies to generate enormous databases that would allow for more informed decisions when
designing anti-cancer compounds. The unfortunate implication is that many of the types of
studies needed to deconvolute this morass of data will be difficult to perform in small
laboratories, and not profitable enough in the short run to be carried out by large companies.
Metastatic progression of cancer, however, is a vastly complex process that will require
equally complex, collaborative efforts to effectively combat.

NO- DONOR COMPOUNDS

Nitric oxide donating compounds, which release free NO-:, or NO- mimetics, which have
similar activity as free NO-:, have potential as cancer therapeutic agents as well as being
extremely useful tools to probe the chemistry, biochemistry, and cell signaling events
brought about by NO- exposure. All NO- donor compounds, however, are not created equal.
Some compounds spontaneously release free NO: while others require enzymatic activation
or an oxidation/reduction event to generate NO-: [71]. Other compounds don’t release free
NO- at all but instead transfer a NO- equivalent to another molecule often in the form of a
nitrosonium ion (NO™). These compounds have NO-like activity without generating any free
NO:. The importance of understanding the chemistry of these compounds cannot be
understated. Many of the discrepancies seen in the literature might be easily explained by
methodological or chemical differences attributable to the choice of NO-donor compound
used in a particular experiment. The most commonly used NO- donors fall into three broad
categories: clinical nitrovasodilators [72], S-nitrosothiols [73], and NONOates
(diazeniumdiolates) [71, 74]. In addition to these, other compounds are available to explore
the redox chemistry of NO- (i.e., NO- metabolites and other nitrogen oxides) and can
provide important insights into NO- biology. These include synthetic peroxynitrite
(ONOQ") [75], SIN-1 (3-morpholinosydnonimine) which releases NO- and superoxide
(027) [76], and Angeli's salt (Nay;N»03), which produces nitroxyl (HNO) [77]. All of these
compounds have their experimental uses but cannot be considered equivalent.
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Another important and often overlooked point to consider when using any of these
compounds is the differences in their release kinetics. This parameter can have a great
influence on experimental outcome (/n vivoand in vitro), as it largely determines the level
of NO- present. Examining one class of NO-releasing compounds (NONOates), for example,
demonstrates how seemingly similar experimental conditions can give dramatically different
results. If an /n vitro experiment was performed where three separate plates of cancer cells
were exposed to NO- for the same amount of time, entirely different results would most
likely be obtained depending upon the NO-donor that was used. Fig. (2) demonstrates the
effect of treating three identical plates of cultured tumor cells with different NONOates
(DEA/NO 100 pM, Sper/NO 100 pM, and DETA/NO 1,000 uM). Although all of these
compounds spontaneously decay to release free NO-, their decomposition kinetics are
drastically different. DEA/NO has a half-life of ~2—4 min; Sper/NO has a half-life of about
39 min; DETA/NO has a half-life of >20h [71]. This complicates the experiment in several
key ways. Although the starting NO-donor concentrations are the same for DEA/NO and
Sper/NO (100 pM), both the duration of NO- exposure and the steady-state concentrations of
NO- will be significantly diverse based solely on differences in their NO- release kinetics.
One of the big misconceptions about using NO-donor compounds is that the starting donor
concentration somehow directly translates to the actual concentration of NO- that the cells
are experiencing. This is a problem for /n vitroand in vivo experiments. A large starting
concentration of a NO-donor does not necessarily indicate a large concentration of NO- will
develop. This is exemplified by Fig. (2A) which shows differences in the measured steady-
state NO-: concentrations in the media of NONOate treated cells. It can be seen that cells
treated with DEA/ NO will experience a very high concentration of NO- for only several
minutes. On the other hand, cells treated with Sper/NO will be exposed to NO- for several
hours and the DETA/NO treated cells will be exposed to a continuous steady-state NO-
concentration for days. Since many NO-regulated proteins, like HIF-1q, respond in a
concentration and duration dependent manner to NO- [60], it’s not surprising that these
different treatment conditions would give drastically different results and lead to entirely
different conclusions regarding the influence of NO- on this tumor-related pathway. Fig.
(2B) demonstrates the regulation of HIF-1a by NO- using the identical NONOate treatment
conditions of Fig. (2A). Looking at cells treated with DEA/NO, it appears that NO- does not
regulate HIF-1a at all. When cells are treated with Sper/NO alone, NO- regulates HIF-1a at
time points <4 hours and has no impact at time points >4 hours. The experiment with
DETA/NO indicates that NO- regulates HIF-1a over a wide range of time points.
Furthermore, although a concentration of 100 uM was sufficient to regulate HIF-1a when
Sper/NO was use, this concentration of DETA/NO would not generate sufficiently high NO-
concentrations to elicit this response. Even though it is already well established that at
HIF-1a can be stabilized by NO- [60, 78, 79], the data presented here highlight the
importance of donor compound release kinetics and emphasize how contradictory
conclusions can be drawn based upon the time point, choice of donor, and donor
concentration. Simple methodological differences can have a substantial impact on the
interpretations of NO-regulated signaling pathways including those where a role of NO- has
yet to be elucidated. These principals have to be kept in mind when analyzing both /n vitro
and /n vivo data. Although a more detailed explanation of the differences between various
NO-donor compounds is out of the scope of this review, many other factors should be
considered before choosing a specific NO- donor for an experiment or clinical application.
The choice will likely influence the outcome in ways that are not always immediately
obvious. Some factors that can affect the release of NO- from NO-donating compounds or
the concentration of NO- after it has been released include: light, pH, transition metals,
media volume, +/- serum, culture vessel size, temperature, cell density, cell type, duration
of exposure, scavengers, redox environment, pO,, etc. [71]. A greater appreciation of these
parameters will improve experimental therapeutic design and allow researchers to determine
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what outcomes can be directly attributed to NO- exposure and what outcomes are the result
of confounding variability introduced by experimental setup.

Examination of microarray studies performed on the same cell line using different NO-
donor compounds highlights the importance of paying careful attention to the chemical
environment of the experiment when interpreting the results. Two different microarray
studies using U937 cells provide an excellent example. In the first study, U937 cells, a non
Hodgkin’s lymphoma isolated in 1974, were differentiated for 48 hrs with PMA then treated
for 6 hrs with 400 uM of the nitrosothiol GSNO. RNA was then analyzed using Affimetrix
HuGeneFL 6800 microarrays®[80]. The second study treated U937 cells 500 uM DPTA (3
h t1/2), a diazeniumdiolate. 15 min prior to treatment, cells were incubated with PTIO.
Samples were collected at 4 and 14 hrs and RNA was analyzed using printed cDNA
microarrays [81]. Examination of all of the genes listed as differentially regulated revealed
that only 16% of the genes overlapped between the two studies. Some of the differential
expression is undoubtedly caused by the use of different array platforms, but the vastly
different treatment methods clearly are not targeting the same signaling pathways in the two
experiments. This seems obvious when their methods are examined closely. Careful
considerations of methodological differences, however, are largely overlooked in the review
literature. The first study is investigating the effect of NO: on gene regulation using a
nitrosothiol NO-donor. Although these results are interesting in their own right, caution
must be taken not to overstate the role of NO-. It is well known that nitrosothiols can result
in NO-like activity without releasing any free NO-. The methodology used in the second
study favors the formation of higher nitrogen oxides (like N,O3) which again can have
different and unique chemistry from that of pure NO-. The biological importance of
nitrosothiols and various nitrogen oxides is an area of intense research and debate yet their
significance is still a mystery. While these are both excellent and potentially important
studies, they are fundamentally different and cannot be analyzed from the standpoint of NO-
on gene regulation.

NOS INHIBITION

Nitric oxide inhibits the progression of cancer by decreasing tumor growth, angiogenesis,
migration, metastasis, etc. Conversely, there are many instances where NO- augments these
same tumorigenic properties. In these situations, from a therapeutic standpoint, it would be
advantageous to down-regulate NOS expression or inhibit the endogenous production of
NO-. Specific targeting of tumor NOS enzymes using NOS inhibitors is one approach that
has been applied with mixed results. Many NOS inhibitors are structural analogs of arginine
that inhibit substrate binding to the enzyme.

Several studies have demonstrated a reduction in tumor blood flow in response to oral
administration of NG-nitro-L-arginine methyl ester (L-NAME), a non-specific NOS
inhibitor. These effects could be completely reversed by supplementation with L-arginine,
indicating changes in NO- production may be attributed to these effects [82]. Another study
using a rat p22 carcinosarcoma model demonstrated that oral administration of a NOS
inhibitor significantly decreased tumor volume compared to untreated controls over at 40
day period. Interestingly, cessation of NOS-inhibitor administration midway though
treatment (day 15) had an immediate effect on tumor volume by accelerating the rate of
tumor growth comparable to that of untreated controls [83].

Although NOS inhibition itself may be therapeutically beneficial for certain cancers, there is
mounting evidence that selective NOS inhibitors may have even greater chemo-preventive
properties when co-administered with other anticancer agents. One study demonstrated that
the combined administration of SC-51, a selective iNOS inhibitor, with celecoxib, a COX-2
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inhibitor, inhibited COX-2 activity to a greater extent than did either of these agents
administered alone. Since COX-2 is known to play a key role in colon tumor development, it
is thought that this might be a more efficacious treatment strategy [34]. Another group
investigated the effects of iINOS inhibition in conjunction with IL-2 therapy in a C3-L5-
mammary-adenocarcinoma-bearing mouse model. These mice were treated with one or two
rounds of various doses of IL-2 with or without the NOS inhibitor L-NAME. They
concluded that L-NAME had anti-tumor effects and reduced the severity of IL-2-induced
capillary leakage which would make it a good candidate for IL-2-based immunotherapy of
cancer [84]. In a rat mammary adenocarcinoma model, NOS inhibition prior to or
immediately after a carcinogenic insult, protected against the development of cancer
suggesting a possible chemo-preventive function. When rats were exposed to whole-body
gamma-irradiation followed by a 3-day oral administration of NOS inhibitors, tumor
incidence declined significantly (>25%) compared to untreated controls. Additionally, of the
mammary tumors that did develop in the irradiated rats, all were estrogen receptor positive
while the tumors that developed in the rats administered NOS inhibitors were estrogen
receptor was negative. These results indicate that NO- may be involved in the development
of estrogen-dependent mammary adenocarcinomas following radiation [85].

Although inhibition of NOS produces somewhat promising results when performed in
conjunction with various chemotherapeutic approaches, there are several studies that suggest
this might not be the case with radiotherapy. Part of the problem with solid tumors is that
they tend to be hypoxic, and the degree of hypoxia correlates with resistance to chemo- and
radio- therapies [86]. Nitric oxide, whether released from iNOS or exogenously
administered via NO- donating drugs, has been shown to enhance radiosensitivity [87]. This
is thought to happen partially through a reduction in hypoxic conditions by increasing tumor
perfusion. These findings suggest that combining a NO- donor with conventional
radiotherapy or chemo-radiotherapy may be a novel therapeutic strategy for cancer
treatment. It also indicates that the use of NOS inhibitors in combination with radiotherapy
might actually exacerbate the disease.

NO- RELEASING DRUGS

There is clear evidence that NO- plays a role in various aspects of the progression of certain
cancers. The functions of NO- in tumor development, as we have seen, can be either
stimulatory or inhibitory. Therefore researchers have investigated both NOS inhibitors and
NO-donating compounds as potential anti-cancer agents. Many of the NO-donating
compounds are the result of the combination of a NO-releasing moiety with an existing anti-
cancer (or other) drug in an effort to increase the efficacy of the original drug. One class of
these compounds is the nitric oxide-donating nonsteroidal antiinflammatories (NO-
NSAIDs). These drugs consist of a conventional NSAID linked to a NO-releasing moiety
and fall in into two main structural categories: organic nitrates and diazeniumdiolates.
Compounds in both of these classes have shown promising anticancer properties. Recently,
there has been some debate as to whether these compounds actually release free NO- and
whether NO- is necessarily for their modes of action at all. The diazeniumdiolate compounds
release NO- and have been shown in several models to have potential anti cancer properties.
For example, the compound PABA/NO designed by Keefer’s group was shown to inhibit
human leukemia cell proliferation and release free NO- upon activation by glutathione [88].
Another compound produced by this group is JS-K. It is a diazeniumdiolate prodrug
designed to release free NO- when metabolized by the enzyme glutathione S-transferases.
When it was tested in several human multiple myeloma models, it was capable of inhibiting
tumor growth possibly through DNA damage [89].
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Organic nitrates such as GT-094 synthesized by Thatcher’s group was designed as a
potential chemo-preventive agent of colon cancer. This was the first nitrate reported to
reduce aberrant crypt foci (by 45%) when administered after a carcinogen in a model of
colorectal cancer. This compound shows promise for colorectal cancer chemoprevention due
to its anti-inflammatory and cytoprotective activity [90]. Rigas’s group has done extensive
research on NO-donating aspirin (NO-ASA), which also falls under the category of organic
nitrates. They demonstrated that in human colon cancer models NO-ASA, like aspirin, has
powerful antiproliferative effects, yet it is 1,000 more potent than aspirin [91].

Even though these organic nitrates show potential anticancer effects in a variety of different
model systems, there is strong evidence that these effects may not be mediated by NO- at all.
One proposed mechanism of action of a subset of NO-ASA involves the formation of a
quinone methide with the NO-releasing group functioning as a leaving group [92-94]. The
quinone methide is then thought to exert its toxicity through reactions with various cellular
nucleophiles such as GSH. In fact when the NO-releasing moiety (— ONO>) in one NO-ASA
was replaced with a chlorine (—Cl) it was just as potent, if not more potent, in inhibiting the
growth of colon cancer cells [92]. In another study, replacement of (-ONO>) by bromine (—
Br) in NO-ASA resulted in equal genotoxicity in cancer cells. Furthermore, several of these
studies have demonstrated that these NO-NSAIDS actually down regulate iNOS expression
[90]. Not only do some NO-NSAIDS not release free NO-, but they also potentially inhibit
the endogenous production of NO-. Ironically then, NO-SAIDS might function by
decreasing rather than increasing NO- levels and have nothing to do with cellular NO-
chemistry.

DISCUSSION

Nitric oxide and cancer is an emerging, exciting, and potentially therapeutically viable field
of research. Many important and revealing studies have been conducted that highlight the
importance of NO- in the etiology, progression, and treatment of various cancers. Due to the
unique chemical properties of NO-, researchers are faced with immense challenges in
deciphering the specific contributions of this molecule to any one aspect of the disease. It is
well established that the presence of NO- or NOS protein can be either stimulatory or
inhibitory on the carcinogenic progress. The purpose of highlighting this dichotomy is not to
diminish the potential impact of these studies or suggest that the apparent ambiguity of NO:
and cancer has no clinical relevance. This area of investigation will produce promising
therapeutic strategies when the underlying reasons for this bipolar behavior are resolved.
Once many of the shortcomings in the methodological differences, protocol
standardizations, and analytical technology are overcome, great strides can be made in this
field.

The chemistry of NO- under biological conditions is exceedingly complicated. Trying to
understand the biochemical reactions and cellular responses under controlled /in vitro
conditions is challenging. It becomes drastically more difficult when these studies are
extended to /7 vivo animal models and of course more complicated still in a clinical setting.
Very few fields of study investigate a molecule or drug without having a quantitative picture
of its biological concentration. This is a problem with the field of NO- in general and not just
in relation to cancer research. There are still no viable direct experimental or clinical means
to measure the precise concentration of NO- /n vivo. Although many electrochemical and
imaging techniques allow for some qualitative measures of NO- in /n vivo animals models,
we still have very little idea of the actual concentration of NO- in a human tumor. It is
difficult to attribute particular tumor phenotypes to the presence or absence of NO-, because
its concentration can only be inferred by indirect means. Meticulous /7 vitro measurements
have started to reveal the precise temporal and concentration-dependent parameters of NO-
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that result in specific and predictable molecular and phenotypic outcomes. Due to the
difficulties in direct NO- measurements in live animals, the hope is that using these
established /n vitro “molecular signatures” of NO- will allow researchers to infer the
contributions of NO- to observed /n vivo phenotypes.

The predictive value of NOS mRNA and protein levels are problematic as well. Many
excellent studies have pointed out that these levels may indeed be associated with a more or
less metastatic tumor phonotype. Caution should be taken, however, in assigning the
outcome to the presence or absence of NO-. The complexity of NOS regulation and the
influence of substrate availability on NO- synthesis make it challenging to know the amount
and duration of NO- production with any certainty. Oxygen availability can influence the
amount of NO- produced from NOS. Lack of O,, such as in a hypoxic tumor, can abolish
NO: production altogether, and several studies have demonstrated that hypoxia alone is
enough to up-regulate NOS protein levels. Comparing NOS protein levels in a hypoxic
tumor to normal or well oxygenated tissues of the same origin gives the erroneous
impression that the hypoxic tumor is exposed to greater NO- levels even thought its
synthesis would be halted or drastically reduced at low O, concentrations. Nevertheless,
NOS protein or mMRNA levels alone may be sufficient and significant prognostic indicators
even in the absence of any NO- production as predictive indicators can be present without
contributing to disease etiology.

Given that NO- plays a potentially important role in the advancement or inhibition of certain
tumors, therapeutic opportunities to exploit these pathway are being explored. These span
the range from inhibition of endogenous NO- production, to exogenous delivery of NO-
generating drugs. Both of these strategies have had treatment success in certain cancer
models. Since each type of malignancy is drastically different from the next, cancer therapy
must be specifically tailored to both the type and stage of the diseases. This is true for cancer
chemotherapies in general, and not surprisingly, it is extended to those therapies that have a
NO-mediated approach. Future research will determine the specific types of treatment and
stage of disease progression that is most efficacious for NO- intervention. Advancements in
drug delivery, specificity of tissue targeting, and accurate assessment of NO-
pharmacokinetics will all potentially lead to viable NO- chemotherapeutics. Nitric oxide, or
the nitrogen oxides that arise as intermediates from reactions of NO-, have many cellular
targets. The list of possible direct NO- targets and NO-attributable protein, lipid, and DNA
modifications are continually growing. For this reason, simple strategies of turning NO-
production on or off in a tumor can have multiple ramifications. It is known, for instance,
that high levels of NO: (>500 nM) induce p53 activation and that considerably less amount
of NO: (=100-200 nM) is required for HIF-1a stabilization. It should be theoretically
possible, then, to design NO-releasing drugs that deliver cytotoxic or apoptotic levels of NO-
that induce p53 activation. When these same drugs are administered under different
circumstances, however, they might deliver less NO- potentially stimulating angiogenic and
mitogenic pathways through HIF-1a activation. Because of tumor heterogeneity and kinetic
constraints of NO-releasing drugs, it is impossible to deliver uniform NO- concentrations to
a solid tumor. In addition to the numerous tumor-related proteins that could be beneficially
targeted using NO-, there is always the risk of interfering with the numerous pathways
necessary for normal physiologic function of the surrounding tissues. It’s difficult, for
instance, to turn on p53 without affecting sGC, mitochondria respiration, and a host of other
important, NO-driven responses. Although this example over simplifies the challenges of
NO-: chemotherapy, it emphasizes the potential pitfalls of using pure NO- donors alone to
target solid tumors.

Regardless of the modes of action of NO-related anticancer agents, we must not lose site of
the big picture: treating and curing cancer. That is to say, if an NO-designed drug reduces
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cancer morbidity or mortality and we determine it has no NO-relevant chemistry, it doesn’t
matter. There is obviously great value in clinical observations independent of the precise
mechanisms. Because of the extraordinary chemical properties of NO-, distinct challenges
exist that are unique to this field. Nitric oxide as a cancer therapy has great potential and
numerous possibilities. Continued investigations into this promising area will hopefully
yield effective and selective treatments towards a host of cancer types.
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Fig. (1).
The effect of oxygen on nitric oxide releasing chemotherapeutics. Oxygen affects both the
concentration of NO (y-axis) and the distance it diffuses (x-axis). The half-life of NO is a
function of the oxygen concentration; low oxygen (hypoxia) increases the half-life of NO.
The longer the half-life of NO, the greater its local concentration will be and the further
distance it will diffuse from its point of origin. Various cellular targets (A, B, C, D) will be
differentially affected by NO based simply on its local concentration. Hypoxia will extend
the distance that NO diffuses and therefore allow it to interact with a greater number of
targets that are a further distance away (x-axis, C and D). Hypoxia will also raise the local
concentration of NO and increase the likelihood that it will activate proteins which are less
sensitive to NO (y-axis, C and D). The impact of O, on NO concentration is an important
factor that greatly influences the effect of NO-based chemotherapeutics on tumor phenotype.
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Fig. (2).
All donor compounds are not created equal. A) Measurements of NO in the media of
NONOate treated cells. MCF-7 cells were treated with either DEA/NO, Sper/NO or DETA/
NO, and NO concentrations were determined from 100pl aliquots of medium. Samples were
analyzed by chemiluminescence at the indicated time points. B) Western blot demonstrating
the temporal relationship between NO exposure and HIF-1a accumulation in MCF-7 cells
exposed to the three different NONOQates. Cells were serum-starved overnight, treated with
NONOates and harvested at the indicated time points (modified from [60]).
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