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Preface

The recent developments on understanding the challenging topic of nitric oxide
(NO) and its derivatives in the field of cancer have yielded significant advances in
the potential therapeutic use of NO-related donors in the fight against cancer, used
either alone or in combination with other therapies to achieve synergy. The first
book in this field “Nitric Oxide and Cancer: Prognosis, Prevention, and Therapy”
was published in 2010 by Springer, New York. This book consisted of many reviews
by authoritative scientists/ clinicians and included topics as follows: (1) The role of
NO in the pathogenesis of cancer (2) The dual roles of NO in protecting or induc-
ing cell death (3) The role of NO in metastasis (4) The chemo-immunosensitizing
activities of NO (5) The prognostic significance of NO and (6) The therapeutic ap-
plications of NO. Hence, this first book provided a general introduction regarding
the important role NO may play in cancer, a taboo subject that has not seriously
been considered in the past.

This new book “Nitric Oxide and Cancer: Pathogenesis and Therapy” extends
and adds several relevant advances that have been made in the last several years
with a thorough understanding of the current status of NO in cancer and its potential
therapeutic translational application in the clinic. This book has assembled contri-
butions from experts in this field and reports on up to date reviews on novel findings
on various topics of interest to both the scientific and non-scientific communities.

Part I deals with the “Molecular cell signaling by NO in cancer.” Five contribu-
tions cover this topic. Doctors Du and Geller (University of Pittsburgh) reviewed
the Wnt/B-catenin signaling pathways modulated iNOS/NO signaling in inflamma-
tion-induced carcinogenesis. They used transgenic animal models for their stud-
ies. Signals by iNOS/NO result in loss of heterozygosity of adenomatous polyposis
colon (APC) and activate the Wnt/B-catenin signaling pathway and contribute to
the development of cancer. In fact, inhibition of iNOS decreases the Wnt/B-catenin
signaling and cancer growth. These investigators established three pathways for the
interaction between iNOS and the Wnt signaling, namely (i) a positive feedback
loop in which iNOS causes APC and B-catenin mutations and by Wnt-inducing
iNOS expression (ii) a negative feedback between Wnt and Dichhoff-1 (DKK1)
in which iNOS inhibits DKK1 gene expression and (iii) cross-regulation between
the NF-xB and Wnt/B-catenin pathways through iNOS/NO genes. They suggested
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that combining iNOS inhibitors with NSAIDs may synergize for more potent anti-
cancer effects. Dr. Yakovlev (Virginia Commonwealth University) reviews “Nitric
Oxide and Genomic Stability.” 1t is well established that inflammation induces
iNOS and results in the overproduction of NO and reactive nitrogen species (RNS)
that participate in carcinogenesis by different mechanisms. Dr. Yakovlev discusses
the NO/ RNS-dependent mechanisms of genomic instability and bystander effects.
He reviews the mechanisms of “Synthetic lethality” of NO-RNS donor/PARP in-
hibitor combination in sensitizing cancer cells to DNA-mediated damage effects.
Dr. Scicinski and colleagues (Mountainview, California) review “Targeting hyponi-
troxia in cancer therapy.” Hyponitroxia is a pro-neoplastic effector and they review
strategies to reverse this effect by increasing NO and killing the tumor cells. NOS
is inhibited due to hypoxia and stimulation under oxic conditions. They discuss at-
tempts to manipulate hypoxia in cancer treatments and they postulate that manipu-
lation of NO levels may represent a potential conversion form hypoxia to enoxia as
a function of mutually reinforcing the relationship of NO and oxygen. Dr. Glynn
and colleagues (National University, Ireland) discussed “The role of NO in tumor
invasion and metastasis.” They proposed that NOS expression in tumor epithelia
has a tumor promoting activity, while NOS expression in tumor-associated macro-
phages has an anti-tumor activity. Hence, tumor progression/ regression depends on
the balance between these two NO-associated activities. They present a challeng-
ing complexity of the cellular source of NO, the direct exposure and the amount of
NO, all of which, form NO-mediated suppressive or stimulating activities in the
tumor microenvironment. They proposed that more research is warranted to achieve
a highly selective application to favor anti-tumor activity over pro-tumor activity by
NO. Dr. Postovit (University of Alberta) reviews “The role of NO in the regulation
of the pro-tumorigenic and hypoxic phenotype.” Clearly, tumor hypoxia correlates
with poor clinical prognosis. Dr. Postovit discusses how NO can mimic and miti-
gate the effect of hypoxia in tumors as a function of the NO concentration. Several
clinical trials have been used as examples in which NO-mediated anti-tumor effects
correlated with inhibition of hypoxia. Furthermore, a report is discussed in which
patients were treated with GTN and resulting in an increased response rate and de-
creased time to progression in stages IIIb/IV NSCLC treated with cis platinum and
vinorelbine. Further, a retrospective study showed that GTN increases the response
rate of patients with lung cancer treated with docetaxel and carboplatin. The pa-
tients treated with GTN showed decreased levels of VEGF and HIF-1a., corroborat-
ing the role of NO in mitigating the pro-tumorigenic effects of hypoxia. Dr. Postovit
cautions of NO-mediated treatments to consider the paradoxical role of NO in the
regulation of hypoxia-induced manifestations.

Part II covers three reviews on “S-nitrosylation and cancer.” Dr. Brown and col-
leagues (Columbia State University) discussed “The signaling mediated by NO and
through its S-nitrosylation of various proteins and their impact on the tumor cells.”
S-nitrosylation is reversible and involves the attachment of a nitroso moiety to the
reactive thiol/cysteine residues and producing S-nitrothiol (SNO). Several proteins
have been reported to be S-nitrosylated that are involved in transcription, DNA re-
pair, and apoptosis, and also proteins involved in tumorigenesis. These investigators
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have summarized in a table format several proteins that are S-nitrosylated and that
are involved in either the progression or inhibition of cancer. Clearly, a better un-
derstanding of the mechanisms of signaling and consequences of S-nitrosylation is
needed to enable the selective anti-tumorigenic activity over the pro-tumorigenic
activity. Dr. Jeannin and colleagues (Burgundy University, Dijon, France) review
“S-nitrosylation of cancer cells.” They discussed several protein targets of chemo-
therapy that are S-nitrosylated. They discuss the potential role of activation of death
receptor signaling pathways by NO to treat tumors. They elaborated on the role of
NO in the regulation of death receptors, directly or indirectly, and how in combina-
tion with chemotherapeutics result in synergistic anti-tumor effects. Clearly, the po-
tential clinical application of suitable NO donors in combination with chemothera-
peutic drugs may result in an improved clinical response in cancer patients. Doctors
Luanpitpong and Rojanasakul (West Virginia University) discussed “The role of
S-nitrosylation in cancer metastasis.” They reviewed the roles of S-nitrosylation in
cancer focusing on anoikis, resistance, cell invasion, migration, and angiogenesis,
all of which are key events in metastasis. In their review, they discuss the role of the
constitutively activated PI3K-AKT signaling pathway, in turned on or off, via S-ni-
trosylation of the phosphatase PTEN. PTEN activity is inhibited by S-nitrosylation
and, thus, enhances PI3K-AKT activity and cell survival. The mechanism of anoikis
resistance in cancer and S-nitrosylation were well discussed. In addition, they also
discuss the S-nitrosylation of various proteins involved in metastasis and apoptosis,
including FLIP, Bcel2, cavolin 1, c-Src, EGFR, Ras, MMP-9, etc. These various S-
nitrosylated proteins are shown to play an important role in the metastatic cascade
and resistance to apoptosis.

Part III deals with the “Modulation of anti-tumor immune responses by NO.”
Three contributions are presented. Dr. Garban (University of California, Los Ange-
les) reviews “The role of NO on the anti-tumor immune response.” He discusses the
reported literature on the role of NO in the sensitization of drug-resistant tumor cells
to immune-mediated cytotoxic activities. In addition, he discusses the role of NO-
mediated modification of proteins that results in the potentiation of antigenicity.
For instance, he refers on the role of NO in IL-2-mediated activation of anti-tumor
response. He summarizes the role of NO on the inhibition of the constitutively ac-
tivated NF-kB pathway and downstream inhibition of anti-apoptotic gene products
as well as pro-inflammatory cytokines. In addition, he discusses the role of NO
on the inhibition of the resistant factor Yin-Yang 1 (YY1) and FOXP3. Dr. Siesjo
(Lund University, Sweden) reviews “The regulation of anti-tumor immune response
by NO.” He discusses the contrasting roles of NO by direct cytotoxicity and by
inhibition of anti-tumor immune reactivity. He elaborates on the role of NO on the
regulation of both central and peripheral tolerance. Among the topics discussed, he
reviews the regulation of T-cells activated by NO, the immune-suppressive role of
NO, the potentiation of anti-tumor cytotoxic cells by NO, the role of dendritic cells
and suppressor cells modulated by NO and the mechanism of NO-mediated im-
mune suppression. He attributes the obstacle in manipulating NO in cancer therapy
due to the lack of clinically approved NO donors or NO inhibitors. He also sug-
gests the potential of combination of immunotherapy and NO-modulating agents
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on the fight against cancer. Dr. Doctors Janakiram and Rao reviewed “Nitric Oxide:
Immune modulation of tumor growth.” It is well known that in the tumor microen-
vironment NO is generated by tumor cells, infiltrated cells, and tissue cells in the
microenvironment. Hence, the generation of NO and its levels play a pivotal role
in the regulation of tumor growth, both as an enhancer and as a repressor. Clearly,
this complexity of the tumor microenvironment and the interaction of tumor cells
with the infiltrating immune cells create a system that is not predictable and thus,
difficult to establish the best approach to favor NO anti-cancer effects through the
use of NO donors or NO inhibitors in clinical therapy.

Part IV deals with “Therapeutics and overcoming resistance.” Dr. Bonavida re-
views the “Role of NO in chemo-immune resistance.” In this review, he focused on
the underlying mechanisms that regulate resistance and how NO treatment results
in the reversal of resistance. Emphasis was placed on a dysregulated loop in can-
cer cells, namely, the NF-kB/Snail/YY 1/RKIP loop, that was reported to regulate
both drug and immune resistance. Each gene product in the loop was reported to
regulate resistance as assessed by the use of specific inhibitors. Treatment with NO
donors leads to the modification of the dysregulated loop resulting in the inhibi-
tion of NF-«B, Snail, and YY1 and concomitantly with the derepression and the
upregulation of RKIP. The mechanism of inhibition of NO was examined and was
found to be, in part, due to the direct S-nitrosylation of NF-kB (p50 and p65) and
also by S-nitrosylation of Snail and YY1. The direct inhibition of NO as well as
indirect inhibition of YY'I and Snail through NF-«B inhibition resulted in upregula-
tion of RKIP and reversal of resistance. In addition, evidence was presented on the
activity of NO donors in chemo-immunosensitization of resistant cells. A discussion
was provided on the role of NO on inhibiting EMT via inhibition of the loop since
inhibition of Snail, a metastasis inducer, was responsible, in part, to the inhibition
of EMT and metastasis. Dr. McCarthy and McCrudder (University of Belfast, UK)
discuss “Emerging role of NO-mediated therapeutics.” They reviewed the emerg-
ing strategies of utilizing NO-mediated therapeutics for cancer. They also review
the role of iNOS gene therapy and its limitations, which was not effective in vivo.
These investigators have reported a novel inducible and tumor-specific activation of
the iNOS gene for therapy. Using inducible promoters, they were able to deliver the
iNOS gene for therapy and observed a delay in tumor growth. They pointed out that,
in combination, treatments with high concentrations of NO may not result in anti-
tumor activity. For example, NO can react with some chemo-therapeutic drugs such
as etoposide and abolishes its activity. Other examples of iNOS upregulation for
promoting tumor growth were presented. Doctors Rapozzi and Della Pietro (Uni-
versity of Udine, Italy) reviewed “The role of NO in photodynamic therapy (PDT).”
PDT is clinically used therapeutically for treatment of early stages of cutaneous tu-
mors. As PDT may induce apoptotic effects, these investigators have examined the
role of NO in mediating PDT anti-tumor response. They discussed the induction of
iNOS/NO by PDT and NO-mediated tumor cell death by PDT. They also discussed
the alternatives to delivering NO-releasing compounds to enhance PDT anti-tumor
response. They present the possibility of conjugating NO with a photosensitizer in
PDT. This is a new application of PDT which has significant clinical ramifications.
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Dr. Muntane and colleagues (University of Sevilla, Spain) reviewed “The inhibi-
tion of cell death signaling by NO in cancer cells.” They discuss the role of NO
in anti-tumor activity by the regulation of stress response mediated by HIF1-o and
p53 that lead to cell growth arrest and apoptosis. They also discuss the induction
of DNA damage by NO, the increase of p53 and cell death. They report that NO
nitrosylates critical thiols in DNA repair enzymes in hepatoma cells that results in
chemo-sensitization. Dr. Scicinski and colleagues (Mountainview, California) re-
view “Discovery and development of RRX-001.” They have developed a new com-
pound, RRx-001, the first of a class of NO-mediated epigenetic anti-cancer agents.
They reported that RRx-001 (designed by combining two structural components, a
di-nitroazetidine derived from TNAZ [tri-nitroazetidine] and o-bromoacetate) was
active as a single agent in vitro and in vivo against tumor cell lines. They describe
the mechanisms by which RRx-001 mediates its activity via NO. They have com-
pleted a phase I study with RRx-001 and, aside from phase I end point, they also
found clinical benefits in 70% of patients with multiple tumor types. Of interest,
RRx-001 sensitized patients who previously failed therapy. Based on these positive
findings, a phase II is being considered.

Part V deals with “NO-mediated alterations in gene products.” Dr. Othman and
colleagues (Northwestern University) review “The role of NO in coagulation in
cancer.” It is well known that NO is a rapid vasodilator and inhibitor of coagulation.
Cancer patients are at high risk of developing venous and arterial thrombo-embolic
events. They discuss the relationship of pro-coagulant factors and NO, the role of
NO and global hemostasis, the link among hypoxia, NO, and coagulation, NO as a
fibrinogen system, and NO and thrombosis. They also discuss both the pro and anti-
tumorigenic effects of NO-mediated therapies. Doctors Mutus and Sin (University
of Windsor, Canada) review “The relationship between neutral sphingomyelase 2
and NO and their implications in cancer therapy.” Neutral sphingomyenase 2 is
a regulator of ceramide and sphingolipid signals. Under oxidative stress, such as
anti-cancer drugs, the level of SMase? is upregulated resulting in increased levels of
cellular ceramide, which lead to activate pathways that lead to apoptosis.

Clearly, the above contributions have added a new dimension in understanding
the complex roles of NO in cancer and have presented several mechanisms of its
multiple effects and its potential for therapy when used under optimal conditions.
It is, noteworthy, that current studies are aimed at developing novel NO donors that
will be effective in the treatment of highly resistant cancer as well as preventing
metastasis, when used alone or in combination with sub-toxic therapeutics. In addi-
tion, current studies are also exploring the development of complexes consisting of
NO and other agents for targeted delivery to enhance specificity and reduce toxicity.

Benjamin Bonavida
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Chapter 1

Inflammation-Associated Carcinogenesis
Involves Interaction Between the iNOS/NO
and Wnt/B-catenin Signaling Pathways

Qiang Du and David A. Geller

Abstract Wnt/B-catenin/TCF signaling is associated with carcinogenesis, and
chronic inflammation activated NF-kB plays an essential role in the initiation of a
cancer. Recent evidence shows that NF-kB constitutive activation synergizes with
Wnt signaling. iNOS/NO signaling causes APC loss of heterozygosity and acti-
vates the Wnt/B-catenin signaling pathway, which contributes to oncogenic initia-
tion and cancer development. In this chapter, we focus on the molecular interactions
between iNOS and Wnt/B-catenin signaling for carcinogenesis. iNOS is induced in
chronic inflammation by cytokines mainly through the NF-xB and STAT transcrip-
tion pathways. The iNOS/NO signaling exerts key roles in driving carcinogenesis
mediated by Wnt/B-catenin. iNOS/NO induces reactive oxygen and nitrogen species
(RONS) and can cause APC or -catenin mutation, resulting in f-catenin accumula-
tion. However, chemical or genetic inhibition of iNOS can decrease Wnt/p-catenin
signaling and carcinogenesis. At least three pathways are established for the interac-
tion between iNOS and Wnt signaling: (1) a positive feedback loop established by
iNOS causing APC or B-catenin mutation via reactive species, and by Wnt target-
ing iNOS gene expression; (2) a negative feedback mechanism between Wnt and
Dickkofp-1 (DKK1) where iNOS inhibits DKK1 gene expression; and (3) cross-
regulation between NF-kB and Wnt/B-catenin pathways mainly through iNOS/NO
generating reactive species which induce B-catenin activation. We conclude that
the iNOS/NO signaling plays a central role in the interaction between NF-kB and
Wnt/B-catenin pathways that regulate inflammation-associated carcinogenesis.
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Keywords Carcinogenesis * Inflammation - INOS - NF-«B - Nitric oxide
- Wnt/B-catenin

Abbreviations

AOM Azoxymethane

APC Adenomatous polyposis coli

B-TrCP1  B-Transducin-repeat-containing protein 1
CRC Colorectal cancer

CAC Colitis-associated CRC

COX-2 Cyclooxygenase 2
DKK1 Dickkopf-1

DSS Dextran sulphate sodium

GSK3p Glycogen synthase kinase 33

IBD Inflammatory bowel disease

IECs Intestinal epithelial cells

IKKB (2) IkB kinasef (2)

iNOS Inducible nitric oxide synthase

LOH Loss of heterozygosity

LRP5/6  Lipoprotein receptor: related protein 5/6
NO Nitric oxide

NSAIDs Non-steroidal anti-inflammatory drugs
RONS Reactive oxygen and nitrogen species
RNS Reactive nitrogen species

ROS Reactive oxygen species

TCF T cell factor

TNFa Tumor necrosis factor-o

TLRs Toll-like receptors
TGF-p Transformed growth factor-f3
VEGF Vesicular epithelial growth factor

Overview of INOS and Wnt/-catenin in Carcinogenesis

Canonical Wnt signaling occurs when the oncoprotein B-catenin binds to nuclear
partners (members of the T-cell factor (TCF)-lymphocyte enhancer factor (LEF)
family) to create a transcription factor that regulates genes involved in cellular ac-
tivation. Both Wnt/B-catenin and the inducible nitric oxide synthase (iNOS)/nitric
oxide (NO) pathways have important roles in carcinogenesis [1—4], and both have
been shown to be dysregulated in colon and breast carcinomas [5-9]. These ob-
servations led to explore the association of these two pathways in carcinogenesis,
especially for understanding molecular mechanisms linking chronic inflammation
and cancer initiation in their related microenvironment. By using transgenic animal
models, recent studies have made great progress in intestinal tumorigenesis through
the IKKB/NF-kB/iNOS/NO and Wnt/B-catenin signaling pathways.
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The oncogenic role of Wnt/B-catenin signaling in tumor formation has been
known for more than 30 years [10—13]. The alteration of B-catenin cellular localiza-
tion from membrane to cytosol or nucleus is a key step for it to be a co-transcription
factor targeting gene expression. The target genes (the Wnt home page: http://www.
stanford.edu/group/nusselab/cgi-bin/wnt/) of the B-catenin/TCF signaling, such as
c-MYC, cyclin D1 [14, 15] and human iNOS [16], have been shown to be carci-
nogenic. Either adenomatous polyposis coli (APC) or -catenin gene mutation can
cause B-catenin accumulation and translocation to the nucleus and in turn, consti-
tutively activates oncogenic Wnt signaling which is regarded as the initiating event
in colorectal cancer [10—12]. The B-catenin degradation complex not only controls
the levels of B-catenin protein by proteolysis, but also inhibits its nuclear localiza-
tion. APC is a component of this complex. The mutational inactivation of tumor
suppressor genes, such as APC, p53 and TGF-f (transforming growth factor ) are
contributory steps in the pathophysiology of colorectal cancer [17]. Also somatic
mutations and deletions that inactivate both copies of APC are present in many spo-
radic colorectal adenomas and cancers [12]. Chromosomal instability is an efficient
mechanism for causing physical loss of a wild-type copy of a tumor-suppressor
gene, such as APC, p53, and SMAD family member 4 (SMAD4), whose normal
activities oppose the malignant phenotype [17].

Recently, progress has been made in understanding the role of inflammation re-
lated to carcinogenesis. One of the critical issues is that inflammation-related carci-
nogenesis is associated with Wnt/B-catenin signaling activation. Data obtained from
animal models show that -catenin/TCF oncogenic signaling activation mainly oc-
curs through the IKKB/NF-kB pathway. However, another mechanism identified is
where some bacteria such as Fusobacterium nucleatum (Fn) can infect IECs which
promote colorectal carcinogenesis by binding E-cadherin, activating 3-catenin sig-
naling and differentially regulating inflammatory and oncogenic responses via Fn
FadA adhesion [18]. Fn infection modulates the tumor-immune microenvironment
in Apc™™* mouse models for intestinal tumorigenesis [19]. TLR4 activated by co-
lonic bacteria can induce Wnt/B-catenin signaling in a PI3K-dependent manner to
cause intestinal neoplasia in mice [20]. Pathogen-specific TLR2 protein activation
by some bacterial infection programs macrophages to induce Wnt/B-catenin sig-
naling in an iNOS/NO-dependent manner by using C57BL/6 and iNOS~~C57BL/6
mice [21]. Additionally, in an in vitro study IL-1 and tumor associated macrophages,
as well as TNFa can activate NF-kB-dependent PDK1/AKT signaling and thereby
inactivate GSK-3, thereby enhancing Wnt signaling and promoting growth of co-
lon cancer cells. This is a novel molecular link between inflammation and tumor
growth [22, 23]. DSS induced mouse models show that iNOS plays a critical role
in mediating the inflammatory response during colitis [24], and also B-catenin in
the nucleus and an early induction of proinflammatory factors were observed [25].
These analyses indicate that Wnt/B-catenin signaling is involved in inflammation-
associated carcinogenesis.

As Clevers [26] histopathologically summarized, the sporadic colorectal cancer
(CRC) follows “an adenoma to carcinoma sequence”. Neoplastic lesions typically
present as aberrant crypt foci (ACF) or micro-adenomas and then develop through
a large adenoma-stage into carcinoma in situ and eventually invasive adenocar-
cinoma, while ulcerative colitis-associated CRC take “inflammation to dysplasia
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to carcinoma sequence”. Despite these differences, the two forms of CRC share
molecular mechanisms. It may be reasonable to consider both, once initiated, as a
single disease entity [26]. A functional link between chronic inflammation and can-
cer has also long been suspected [26—-28]. Population-based studies show that sus-
ceptibility to cancer increases when tissues are chronically inflamed; and long-term
use of non-steroidal anti-inflammatory drugs (NSAIDs) reduces the risk of several
cancers [29]. About 25 % of human cancers are estimated to develop from chronic
inflammation [30, 31]. At least two signaling pathways are involved in the carcino-
genesis caused by activation of NF-«kB [32, 33] and JAK/STAT [34, 35] signaling
pathways. It is clear that Toll-like receptors (TLRs), TNFa receptor and others are
involved in the activation of NF-kB and STAT [34, 36] in inflammation. NF-xB
proteins and STAT3 are key players in inflammation related carcinogenesis. The
activation of these signaling pathways either in cancer cells or in tumor-associated
inflammatory cells promotes malignancy [35, 37], with dangerous implications for
STAT3 and NF-«B collaboration or crosstalk in cancer cells [37]. It is interesting
that both NF-xB and JAK/STAT pathways activate COX-2 and iNOS which are
regarded as carcinogenesis-induced enzymes [32-35].

Transgenic mouse models have been very useful to demonstrate inflammation-
associated cancer. Activated IKK2(p)/NF-kB signaling interacts with Wnt/B-catenin
for the initiation of cancer. Importantly, iNOS plays a unique role in the regulation
of Wnt/B-catenin and NF-kB pathways. Greten et al. found that NF-«kB activation in
both intestinal epithelia cells (IECs) and lamina propria macrophages play a critical
role in the initiation of CRC [32]. In IECs, the pro-tumorigenic function of NF-kB
appears to be mediated through its anti-apoptotic effect that prevents the elimina-
tion of premalignant cells, in which p-catenin signaling has been activated due to
the mutations in the CTTNBI gene. NF-«B is a tumor promoter and the relationship
between NF-kB and B-catenin oncogenic signal was proposed [32]. A subsequent
study found that constitutive IkB kinase 2 (IKK2)/NF-«kB activation in IECs in-
duced mild inflammation in the colon and small intestine. Expression of constitu-
tively active IkB kinase 2 (IKK2ca) in IECs strongly enhanced chemical carcino-
gen—induced intestinal tumor development, and promoted spontaneous tumor in
the colon and small intestine of aged /IKK2calEChom mice. It is very interesting
that constitutive IKK2/NF-kB activation strongly synergized with Wnt signaling to
drive intestinal tumorigenesis by increasing f-catenin activity which might contrib-
ute to increase in proliferation, and elevated expression of genes encoding intestinal
stem cell-associated factors including Asci2, Olfm4, DLK1, and Bmi-1 [38]. iINOS/
NO-induced reactive oxygen and nitrogen species (RONS) accelerate APC loss of
heterozygosity and enhance Wnt -catenin signaling for carcinogenesis [39]. TNFa
increased PB-catenin/TCF signaling activation through induction of NF-kB, which
leads to recruitment of CBP and binding to p-catenin/TCF to enhance transcrip-
tion of Wnt-dependent stem cell genes [40]. IKK2/IKKf induced NF-kB activa-
tion triggers carcinogenesis and the functional inactivation of p53, and constitutive
activation of the NF-kB pathway has been associated with several human cancers.
p53 is a critical gatekeeper of cellular transformation. Data obtained from a recent
study indicates that IKK2/IKKf phosphorylates P53 at serines 362 and 366, which



1 Inflammation-Associated Carcinogenesis Involves Interaction ... 7

leads to its recruitment and ubiquitination by B-transducin-repeat-containing pro-
tein 1 (B-TrCP1) for its degradation. Loss of P53 is very important for an inflamed
cell to survive during the initiation of a cancer cell. Thus, IKK2/IKKf and NF-kB
pathways dominate anti-apoptotic and cellular transformation signaling for inflam-
mation-associated carcinogenesis [41].

The major role of iNOS, when expressed in phagocytic cells upon activation
of NF-kB and other transcription factors, is to fight pathogens during infection by
catalyzing the production of toxic reactive nitrogen species (RNS) [42]. However,
iNOS has also been implicated in the pathogenesis of inflammatory bowel disease
(IBD), where it is expressed in IECs and contributes to tissue damage [43, 44]. High
levels of NO during inflammation can cause DNA damage [45]. NO is known to
cause DNA damage and nitrosylation of proteins [46, 47], and increased production
in tumor cells would be expected to facilitate accumulation of sequential mutations
[48]. NO activates diverse signaling pathways to regulate gene expression [49] and
proliferation [50]. Recent findings have shown that iNOS expression is correlated
with tumor growth and poor prognosis in patients with estrogen receptor-negative
(ER-) breast cancer [8], melanoma [51, 52], glioma [53], and colon cancer [6, 54].
NO activates epithelial growth factor (EGF) receptor signaling pathway [55], p53,
and vascular endothelial growth factor (VEGF) to promote angiogenesis of tumors
[5]. NO and its related reactive species produced in oxidative and nitrosative stress
are thought to be able to cause chromosomal instability, and may serve as signaling
molecules that affect inflammatory epithelia cell carcinogenesis, tumor cell pro-
liferation, survival, metabolism, angiogenesis, and metastasis [56, 57]. Excessive
reactive oxygen species (ROS) and RNS production due to H. pylori infection in
gastric epithelial cells cause DNA damage and are therefore mutagenic. In addition,
they also suppress apoptosis and promote H. pylori-induced gastric carcinogenesis
[58]. Understanding the molecular mechanism of carcinogenesis is important for
considering two aspects of induced DNA damage [57] and interrupted DNA repair
systems. The mismatch repair system [59] and RONS-induced DNA damage can
be recognized by alkyladenine DNA glycosylase (Aag) to initiate base excision
repair [58], especially during inflammation and the carcinogenesis microenviron-
ment [60—62].

iINOS/NO is Associated with the Initiation of Intestinal
Cancers

Established animal models have been used for the study of inflammation-associated
colorectal cancer, and are mainly divided into two groups. One is where colitis is
induced by chemical means, such as dextran sulphate sodium (DSS) treatment com-
bined with a carcinogen such as azoxymethane (AOM), and one where carcinoma
develops due to genetic alterations, such as gene IKK2/IKKf [32, 38-40], IL-10
gene knockout [63], and mutant mice for /L-2 and f macroglobulin genes [64].
AOM treated mice have been reported as effective colon cancer models with iNOS
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and COX-2 overexpression, and B-catenin activation [65]. Immunohistochemis-
try investigation of such dysplasia and neoplasms revealed that all lesions were
positive for f-catenin, COX-2 and iNOS, but did not show P53 immunoreactivity
in AOM and DSS treated mice [66]. Data obtained from rat colon adenocarcino-
mas induced by AOM, the frequent mutation and an altered cellular localization of
[-catenin was described along with up-regulation of iNOS and COX-2 by analyz-
ing the samples from hyperplastic and dysplastic type aberrant crypt, adenoma and
adenocarcinoma [65]. Mutation analysis by the PCR-single strand conformation
polymorphism method and direct sequencing demonstrated the f-catenin gene to be
mutated in 2 of 3 dysplastic ACF, 2 of 6 adenomas and 20 of 26 adenocarcinomas,
while immunohistochemical staining showed an alteration in cellular localization
of B-catenin in all dysplastic ACF, adenomas and adenocarcinomas examined [65].
These important changes of B-catenin, iNOS and COX-2 gene expression were not
only observed in carcinoma, but also in ACF and adenoma in AOM-induced mice
[48, 67]. These results also show that 3-catenin alterations might be related to the
induction of iNOS expression, these being early events in carcinogen-induced co-
lon tumorigenesis, which may play important roles in causing dysplastic changes
[65]. Moreover, when 2-amino-1-methyl-6-phenylimidazo[4, 5-b]pyridine (PhIP)
and DSS are used to induce rapid colon carcinogenesis in mice, co-expression of
[-catenin and iNOS was also observed [68, 69]. iNOS was also observed to promote
H. pylori-mediated gastric carcinogenesis [70]. Another interesting study showed
that iNOS over-expression resulted in increased -catenin expression in oral cancer
cells [71]. The induced B-catenin mutation, which might be a co-transcription factor
for the activation of B-catenin/TCF signaling, was suggested in mice and rats treated
with AOM/DSS [65, 72]. Collectively, these findings indicate that the alterations
of B-catenin, iNOS and COX-2 expressions are observed in the different phases of
tumor formation, especially during the early stages of dysplastic changes. -catenin/
TCF signaling might be involved in the initiation of the experimental cancers, and
the activation of oncogenic Wnt signaling contributes to iNOS expression.

In the models described by Nam et al. [70] and Handa et al. [56], H. pylori-
infected iNOS™~ mice had gastric cancer induced by administration of N-methyl-N-
nitrosourea. The overall incidence of gastric cancer after 50 weeks was significantly
lower in iNOS™" mice compared with their wild-type counterparts. An accumula-
tion of intracellular ROS/RNS can induce DNA point mutations, thus disrupting
the expression and function of several tumor-suppressing genes such as P53, which
might contribute to the pathogenesis of gastric cancer [56, 70]. Data obtained from
another important observation [73] showed that iNOS mRNA expression was relat-
ed to P53 and APC mutation in primary colitis-associated colorectal (CAC) models.
This might imply that iNOS/NO is a trigger to induce carcinogenic signaling p53
and APC mutation. In a recent study, chronic epithelial NF-kB activation acceler-
ates APC loss of function and intestinal tumor initiation through iNOS up-regula-
tion and further indicates that oxidative stress derived from iNOS/NO production
contributes to APC mutation and B-catenin signaling activation for carcinogenesis
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[39]. In the study, the authors generated Ikkf (EE) 'E€ transgenic mice expressing
constitutively active kB kinase f (IKKp) in IECs. Despite the absence of destruc-
tive colonic inflammation, Tkkf (EE) "#€ mice developed intestinal tumors after a
long latency. However, when crossed to mice (Apc4EC) with IEC-specific allelic
deletion of the APC tumor suppressor locus, Tkkf (EE) "E€ mice exhibited more
[B-catenin (+) early lesions and visible small intestinal and colonic tumors relative
to Apc™EC mice, and their survival was severely compromised. IEC of Ikkf3 (EE)
EC mice expressed high amounts of iNOS and elevated DNA damage markers and
contained more oxidative DNA lesions. Tumors in Apc*4£€ mice are formed when
some cells randomly loose the WT Apc allele, thereby allowing B-catenin activa-
tion and clonal expansion, similarly to the Apc™" model. Treatment of IkkfS (EE)
EC/4pcAEC mice with an iNOS inhibitor decreased DNA damage markers and re-
duced early -catenin (+) lesions and tumor load. The results suggest that persistent
NF-kB activation and iNOS expression in [ECs may accelerate Apc loss of hetero-
zygosity (LOH) by enhancing nitrosative DNA damage, thereby leading to acceler-
ated formation of -catenin+ lesions. This is an important study that established the
molecular link between NF-«B (chronic inflammation) and Wnt/B-catenin (onco-
genesis) pathways through accelerating loss of the wild type Apc allele by iNOS/
NO induced reactive species [39].

Another experimental approach has been to use inhibitors or compounds to study
the effect on carcinogenesis in AOM and other carcinogen-treated animal models.

The polyphenol curcumin inhibited carcinogenesis by interfering with Wnt/j3-
catenin and other oncogenic pathways by inhibiting iNOS, COX-2, B-catenin and
other Wnt target genes in colitis-associated cancer [74]. Silibinin inhibited AOM-
induced colon tumorigenesis in A/J mice [75] by decreasing iNOS expression and
inactivating [3-catenin [76]. Hydroxylated polymethoxy-flavones (PMFs) decreased
the number of adenomatous polyposis coli tumors in colonic tissues of mice [77]. 2,
3’, 4, 4, 5’-Pentamethoxy-trans-stilbene, a resveratrol derivative, inhibits colitis-
associated colorectal carcinogenesis by significantly reducing the number of co-
lonic neoplasms in mice [78]. Grape seed extracts (GSE) can decrease ACF through
down-regulating NF-kB and inactivating fB-catenin in AOM rats [79]. Licochal-
cone A (LicA) downregulates iNOS and COX-2 and inactivates -catenin in the
colon [80]. Dietary intake of pterostilbene, a constituent of blueberries, inhibits
the B-catenin/p65 downstream signaling pathway and colon carcinogenesis in rats
[81]. Taken together, these observations strongly imply that iNOS expression and
B-catenin signaling exert key roles during intestinal carcinogenesis. Given inflam-
mation-related iNOS activation and NO production can cause DNA damage in [ECs
in vivo, and considering the relationship among B-catenin, COX-2 and iNOS has
been noticed in AOM models and the evidence from transgenic models [32, 39],
iNOS/NO might be an effector for inducing carcinogenesis signaling. It is clear that
activation of NF-xB pathway and expression of iNOS in epithelial cells contribute
to inflammation-mediated oxidative and nitrosative stress, and along with NAPDH
oxidase can induce genomic instability [82].
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INOS/NO Promotes p-catenin/TCF Signaling for
Carcinogenesis

Several studies have investigated the causative link between iNOS/NO-mediated
induction of B-catenin/TCF signaling and subsequent carcinogenesis. A research
group studied IMCE (Apc™"*) cells, and a sister cell line of young adult mouse
colon (YAMC) (4pc*’*) with similar genetic background but differing in Apc geno-
type and consequently -catenin levels. Unlike most colon cancer cell lines, this pair
of cell lines has either non-detectable or low basal level of B-catenin when they are
cultured under non-permissive and non-proliferative conditions. They found that
IMCE cells, in comparison with YAMC cells, had markedly higher B-catenin/LEF-
1 DNA complex formation under both resting conditions and after induction with
NO. Using electrophoretic mobility shift assays, they described that both NOR-
1 and S-nitro-N-acetyl-D L-penicillamine (SNAP) NO donors caused B-catenin/
LEF-1 DNA complex formation in YAMC cells. Super-shift by anti-B-catenin an-
tibody confirmed the presence of B-catenin in the complex. When they used the
other NO-releasing agents (E)-methyl-2-[(E)-hydroxyimino]-5-nitro-6-methoxy-
3-hexeneamide and SNAP, they also found NO greatly enhanced the formation of
B-catenin/LEF-1 DNA binding complexes in a concentration- and time-dependent
fashion in YAMC and IMCE cells [83]. Cell fractionation studies indicated that NO
donors caused an increase in free soluble cytoplasmic B-catenin. This is further cor-
roborated by the immunocytochemistry data showing the redistribution of -catenin
from the predominantly membrane localization into the cytoplasm to the nucleus
after treatment with NO donors. Although the molecular mechanism is still under
investigation, the effect of NO seems to increase free soluble B-catenin and the for-
mation of nuclear B-catenin/LEF-1 DNA complex [83].

Significantly, IMCE cells showed a markedly greater amount of nuclear
B-catenin/LEF-1 DNA binding complex in response to NO. This study indicates
that the defective B-catenin degradation machinery attributable to Apc™™"* muta-
tion in IMCE cells not only affects basal levels, but also contributes to NO-induced
dysregulation of cytoplasmic fB-catenin and nuclear B-catenin/LEF-1 DNA binding
complex formation [84]. Another mechanism elucidated was that matrix metallo-
proteinases (MMPs) mediate NO-induced dissociation of B-catenin from membrane
bound E-cadherin, and the formation of nuclear B-catenin/LEF-1 complex [85].
Consistent with the in vitro evidence from Apc™™* cell lines [83—85], the results
from Apc™™* mice (with Apc mutation) [86, 87] treated with DSS show increased
colonic neoplasms. These results imply that APC-related B-catenin/TCF signaling
promotes tumorigenesis by enhancing iNOS/NO and B-catenin signals [88].

Despite being a mediator of pro-inflammatory responses in colitis, iNOS acts as
a tumor promoter in colorectal cancer by modulating Apc/p-catenin/TCF signaling
activation, thereby resulting in tumor multiplicity in min mice [88]. Furthermore,
genetic disruption of iNOS reduces the incidences of gastric carcinogenesis induced
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by H. pylori [70]. Grape seed extract prevents intestinal tumorigenesis in Apc™™*
mice by down-regulating iNOS and other proteins, as well as inactivating 3-catenin
signaling [89]. Moreover, Min mice that had chronic iNOS inhibition or double
knockout mice with Apc™™*/iNOS~~ showed fewer intestinal tumors. These results
imply that iNOS-derived NO contributes to tumor formation and promotes carcino-
genesis by increasing Apc/B-catenin/TCF signaling [90].

Prior investigations show that APC and -catenin mutations are frequently found
in colon cancer, and that COX-2 and iNOS are commonly overexpressed. Since al-
tered localization of f-catenin was apparent in lesions expressing iNOS, it might be
possible that B-catenin alteration is related to the induction of iNOS expression. The
evidence from these animal models strongly suggests that iNOS/NO contributes to
B-catenin/TCF signaling by APC LOH and B-catenin mutation [32, 39, 65]. Results
from the transgenic [32, 39] and Min mice [90] studies suggest that iNOS is a tran-
scriptional target of Wnt/B-catenin signaling in cancer cells [16]. We previously
proposed a positive feedback loop between iNOS and Wnt signaling pathways [91,
92], leading to B-catenin/TCF driven carcinogenesis (Fig. 1.1).

iINOS/NO Fine-Tunes B-catenin/TCF Signaling by Down-
Regulating DKK1

The (Dickkopf) DKK family of glycoproteins encodes at least 4 members of se-
creted proteins in vertebrates. DKK1, 2, and 4 regulate Wnt signaling by binding
the same receptor [93]. DKK1 was first identified as a Wnt antagonist and embry-
onic head inducer in Xenopus [94]. Wnts activates the canonical signaling pathway
by binding the frizzled seven transmembrane receptor and coreceptor lipoprotein
receptor-related protein 5/6 (LRP5/6) forming a ternary complex that stabilizes
B-catenin. DKKs bind and modulate Wnt coreceptor of the LRP5/6 class, which
are indispensable for routing Wnt signaling to the B-catenin pathway [95]. LRP5
and LRP6 are closely related type I transmembrane proteins and function as Wnt
coreceptors whose activity is modulated by DKKs [95].

DKK1 is an endogenous antagonist of Wnt/B-catenin and plays a key role for the
establishment of negative feedback mechanism to regulate Wnt/B-catenin through
an autocrine loop. Interestingly, Wnt/B-catenin signaling transcriptionally targets
both iNOS and DKK1 [16, 96-98]. We studied the relationship between iNOS/
NO and DKK1 and found that iNOS/NO down-regulates DKK 1 gene expression,
thereby abrogating the negative feedback of DKK 1 on Wnt/B-catenin signaling, and
up-regulating Wnt/B-catenin signaling [99]. The net effect is a more powerful on-
cogenic Wnt/B-catenin pathway that promotes carcinogenesis. The genetic control
mechanisms for the negative regulation of DKK1 might be defined as iNOS fine-
tuning of B-catenin/TCF signaling (Fig. 1.1, 1.2).
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Fig. 1.1 Activated NF-kB/iNOS signaling induces carcinogenic signals through APC/B-catenin
pathway. The model shows a mechanism where NF-kB/iNOS and Wnt/B-catenin signaling cross-
regulate chronic inflammation-associated carcinogenesis [26, 40, 91]. Chronic inflammation acti-
vates NF-kB in intestinal epithelial cells through TNFo, Toll-like and other cytokine receptors,
which causes iNOS over-expression and NO production. NO-related RONS can cause APC and/
or B-catenin mutation, which leads to B-catenin accumulation in cytosol, and in turn, activated
Wnt/B-catenin-TCF signaling, which contributes to intestinal carcinogenesis. iNOS is a transcrip-
tional target of Wnt signaling and also down-regulates DKK1 gene expression. Thus, iNOS is a
key mediator of both a positive feedback loop between inflammatory and Wnt signaling, or in a
negative feedback loop between Wnt signaling and DKK1. iNOS/NO serves as a dominant switch
in the regulation of Wnt/B-catenin and NF-kB pathways. An additional role of NF-kB/iNOS/NO
is the anti-apoptotic properties, which prevents inflamed epithelial cells from apoptotic-mediated
death. TNFa induced NF-«kB binds with CBP and physically interacts with B-catenin/TCF to
enhance the transcription of Wnt-dependent stem cell genes
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INOS/NO Regulates the Interaction Between B-catenin/
TCF and NF-kB Pathways

Chronic inflammation-associated carcinogenesis involves two major pathways,
NF-kB and JAK/STAT [32—34]. Data obtained from these studies demonstrate that
iNOS and COX-2 are activated, resulting in p53 and B-catenin DNA mutations.
Importantly, iNOS and NO can accelerate APC LOH [39], and cause APC [100]
and B-catenin mutation [48, 101]. Activation of B-catenin/TCF signaling is crucial
for the initiation of cancer. Based on the evidence from different animal models and
clinical observations, we propose that interaction between inflammatory signaling
such as constitutive NF-kB activation and [-catenin/TCF pathway contributes to
carcinogenesis (Fig. 1.2). Although we previously reviewed the cross-regulation
between Wnt and NF-«B signaling pathway [91], new studies have shed additional
light on the complex mechanisms. Crosstalk can also occur in the tumor microenvi-
ronment between the inflammatory cells and cancer cells.

Macrophage-derived TNFa can induce B-catenin nuclear translocation and po-
tentiates Wnt/p-catenin signaling during gastric carcinogenesis by phosphorylat-
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Fig. 1.2 Feedback loops between iNOS/NO, NF-kB and Wnt/f-catenin pathways. NF-kB path-
way can be induced through activating TNFo, Toll-like and other cytokine receptors [40, 36].
NF-«B physically interacts with B-catenin/TCF to promote carcinogenesis. iNOS is transcription-
ally targeted by both the NF-xB or Wnt/B-catenin pathways [16, 110]. RONS derived from iNOS/
NO can cause APC or/and p-catenin mutation [39, 101] and enhance Wnt/B-catenin signaling for
carcinogenesis. NO inhibits DKK 1 gene expression, which is an antagonist of Wnt signaling [99].
NO production negatively regulates NF-kB pathway for iNOS gene expression and/or iNOS activ-
ity. iNOS inhibitors down-regulate Wnt/B-catenin signaling and inhibit carcinogenesis [39, 99]
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ing glycogen synthase kinase 33 (GSK-3p) in gastric epithelial cells independently
of the NF-kB pathway [23]. The NF-kB pathway indirectly interacts with Wnt/[3-
catenin between inflammatory cells and cancer cells, because the activation of NF-
kB targets TNFa expression in inflammatory cells, which in turn, activates Wnt
through NF-kB. By using a genetic model of IEC-restricted constitutive Wnt acti-
vation, NF-kB was shown to modulate Wnt signaling where IEC specific ablation
of RelA/p65 retards crypt stem cell expansion. In contrast, elevated NF-«kB signal-
ing enhances Wnt activation and induces de-differentiation of non-stem cells that
acquire tumor-initiating capacity. The data supports the concept of bidirectional
conversion and highlights the importance of inflammatory signaling for de-differ-
entiation and generation of tumor-initiating cells in vivo. One molecular mechanism
shown was that NF-kB along with CBP physically binds to B-catenin/TCF and en-
hances Wnt signaling [40].

It is interesting that the #iNOS gene is transcriptionally regulated by the NF-
kB [102] and Wnt/B-catenin pathways [16]. Recently, Du et al. [92] found that
Whnt/B-catenin signaling regulated cytokine- or TNFa-induced hiNOS expression
through interaction with NF-kB. SW480 cells stably transformed with wild-type
APC showed decreased -catenin protein and increased TNFa-induced p65 NF-kB
binding as well as iNOS and Trafl expression. -catenin inversely correlated with
iNOS and Fas expression in vivo in hepatocellular carcinoma (HCC) tumor sam-
ples. Our in vitro and in vivo data show that -catenin signaling inversely correlates
with cytokine-induced hiNOS and other NF-kB-dependent gene expressions. These
findings underscore the complex role of Wnt/B-catenin, NF-kB, and iNOS signaling
in the pathophysiology of inflammation-associated carcinogenesis.

Modulation of host cell death pathways induced by chronic inflammation has
been recognized as another important aspect of tumorigenesis. For the initiation
of cancer cells, one of the early events is to prevent the inflamed cells from death
by anti-apoptotic mechanisms. Deng et al demonstrated cross-regulation between
NF-kB and B-catenin by direct binding with both p65 and p50 [103]. By interact-
ing with NF-kB subunits, $-catenin markedly attenuated the DNA binding ability
of NF-xB complexes, transactivation activity, and target gene expression including
Fas and Traf. Interestingly, a strong inverse correlation was also identified between
the expression levels of f-catenin and Fas in colon and breast tumors, suggesting
that B-catenin regulates NF-«kB and its targets in vivo. The consequences of reduced
NF-kB DNA-binding activity by B-catenin could promote oncogenesis [103]. It has
long been noticed that high levels of induced NO can cause apoptosis, and iNOS
and NO are observed to be elevated in chronic colonic inflammation. NO can stimu-
late apoptosis and, paradoxically, is implicated in the development of colon cancer.
Resistance of colonic epithelial cells to the induction of apoptosis may contrib-
ute to tumor development. Using a -catenin overexpression system that increased
cytosolic B-catenin rendered colonic epithelial cells more resistant to NO-induced
apoptotic cell death, independent of NO-induced accumulation of p53. Mechanisms
involved were the inhibition of NO-induced release of cytochrome ¢ from mito-
chondria, and blocking of NO-induced suppression of the anti-apoptotic protein,
Bcl-xL, and phosphorylation of AKT [104]. The consequence is clonal expansion of
these cells, which may undergo further transformation to cancer [104].
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Crosstalk was also seen in colonic crypts. Binding to receptor ANXII at the
plasma membrane, progastrine promotes intracellular signaling by up-regulating
the IKKa, B/NF-kB and Wnt/B-catenin pathways in colonic crypts. B-catenin ac-
tivation, however, was downstream to IKKa, B/NF-kB, because NEMO peptide
inhibited B-catenin activation via activating Tyr216 phosphorylation of GSK-3f.
NEMO peptide also blocked goblet cell hyperplasia implicating the IKKa, B/NF-xB
and/or Wnt/B-catenin pathways in its regulation [105]. Normal intestinal stem cells
reside at the bottom of the crypt, and the tumor microenvironment is a niche for
gastrointestinal stem cells. The tumor-initiating cells require Wnt signaling, and ac-
tivated NF-kB by TNFa enhances f-catenin signaling and transcription of the stem
cell transcriptome [40, 60]. More evidence from Xenopus axis formation supports
this notion. Sensitive axis formation assays in the embryo demonstrate that dorsal-
ization by Wnt/B-catenin requires NF-kB protein activity, and vice versa. Xenopus
nodal-related 3 (Xnr3) is one of the genes with dual -catenin/NF-«B input, and a
proximal NF-kB consensus site contributes to the regional activity of its promoter.
Also in vitro binding of Xenopus p-catenin to several XRel proteins was observed.
The interaction is observed in vivo upon Wnt-stimulation. These results suggest that
[-catenin acts as a transcriptional co-activator of NF-kB-dependent transcription
in frog primary embryonic cells, and imply that the interaction between these two
pathways is a genetically conserved mechanism in development [106]. Figure 1.2
summarizes the essential interaction between Wnt and NF-kB signaling pathways
in carcinogenesis, and it is clear to assume that iNOS/NO is an important mediator
for the cross-regulation between Wnt and NF-«B signaling pathways.

Specific iNOS Inhibitors Down-Regulate B-catenin/TCF
Signaling

Evidence from animal studies demonstrates that genetic inhibition of iNOS can de-
crease Apc/B-catenin signaling-induced carcinogenesis [90, 70]. Other studies have
shown that agents that inhibit iNOS protein activity can block carcinogenesis and
tumor development through down-regulating B-catenin/TCF signaling. The evi-
dence from specific iNOS inhibitor assays implies that iNOS/NO plays key roles in
cancer initiation. Considering the pathologic roles of COX-2 and iNOS for Wnt/B-
catenin associated carcinogenesis, selective COX-2 and iNOS inhibitors might play
critical roles in inhibiting carcinogenesis and cancer prevention.

Treatment of Ikkf (EE) "E</Apc™EC mice with the iNOS inhibitor, aminogua-
nidine hydrochloride (AG), decreased DNA damage markers and reduced early
[-catenin (+) lesions and tumor load [39]. Other iNOS specific inhibitors 1400W
and BYK 191023 have also been shown to decrease carcinogenesis and tumor de-
velopment in xenograft mouse models [99]. These results along with the observa-
tion that long term use of NSAIDs reduced the risk of several cancers [26, 27] may
lead to strategies using next generation NSAIDs combined with either iNOS and/
or COX-2 inhibitors for the prevention of chronic inflammation-related cancers.
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INOS/NO Activates Wnt/pB-catenin Signaling Through
Other Oncogenic Pathways

In addition to chronic inflammation associated-activation of Wnt/B-catenin signal-
ing via NF-kB/iNOS-NO signaling, other pathways are also involved in iNOS/NO
oncogenic signaling. A research team [107, 108] using ER- breast cancers found
that NO play roles in inducing EGFR/Src-mediated activation of oncogenic signal
transduction pathways by a mechanism inducing S-nitrosylation. They found that
iNOS is associated with a basal-like transcription pattern in human breast cancer.
NO-mediated nitrosation of thiols and nitration of tyrosines led to the activation of
membrane receptors EGFR, and other proteins Src, Ras, and CD63. These events
initiate oncogenic signaling pathways such as PI3K/AKT, RAS/ERK, B-catenin,
NF-kB, and AP-1. The results suggest that iNOS can serve as a major "non-muta-
tional driver" of ER- breast cancer [108].

Conclusions and Future Directions

In this chapter we describe iNOS/NO as a key mediator in the regulation of Wnt/j3-
catenin signaling and its crosstalk with NF-kB. iNOS/NO-induced RONS directly
cause APC LOH and f3-catenin mutation. Accumulated f3-catenin in the cytosol then
serves as an important source for -catenin/TCF oncogenic signaling to interact
with NF-kB to initiate intestinal tumor development. By down-regulating DKK 1
gene expression, iNOS/NO controls the DKK1 and Wnt negative feedback loop
to fine-tune B-catenin/TCF signaling and promotes carcinogenic properties. iNOS
regulates Wnt/B-catenin signaling in carcinogenesis initiated by NF-kB activation.
Chronic inflammation triggers TNFa, TLRs and other cytokine pathways to acti-
vate NF-kB in [ECs. NF-«kB serves as a central switch to block apoptotic signals
in inflamed IECs, and induces iNOS expression and NO production that provoke
oxidative and nitrosative stress via ROS and RNS, thereby causing DNA damage in
IECs. iNOS/NO-related APC LOH or B-catenin mutation and inhibition of DKK1
expression constitutively activates B-catenin/TCF signaling for carcinogenesis in
colon and small intestine (Fig. 1.1).

In this model we also describe that iNOS/NO plays as a dominant role in the
crosstalk between the Wnt/B-catenin and NF-kB pathways. There is both a posi-
tive feedback loop between iNOS/NO and Wnt/B-catenin signaling pathways, and
a negative feedback mechanism between DKK 1 and Wnt/B-catenin signaling path-
ways (Fig. 1.2). Even though research progress has been made for elucidation of
the link between inflammation and carcinogenesis, the determinants and detailed
mechanisms involved in such divergent pathways are only beginning to be under-
stood and represent a focus for future research.

Developing preventative and therapeutic cancer strategies is a major goal. It is
possible that highly selective iNOS inhibitors may be effective for preventing or
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treating certain kinds of cancers. Combining iNOS inhibitors with NSAIDs po-
tentially may synergize for more effective anti-cancer effects. On the other hand,
an important issue to consider is that treatment-induced inflammation may lead
to resistance against an immunotherapy. Studies indicate that TNFa derived from
activated macrophages can change the target expression for T cell therapy in mela-
noma cells and induce resistance [109]. Observation for unexpected consequences
will have to be carried out. While iNOS/NO is involved in the regulation of gene
expression for carcinogenesis mainly through modification of transcription, it will
be essential to also consider epigenetic effects.
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Chapter 2
Nitric Oxide and Genomic Stability

Vasily A. Yakovlev

Abstract Epidemiological evidence accumulating over the years has provided a
positive correlation between cancer incidence and chronic inflammation. Regard-
less of etiology, inflammatory conditions are characterized by overexpression of
inducible nitric oxide synthase (iNOS) and overproduction of nitric oxide/reactive
nitrogen species (NO/RNS) in epithelial and inflammatory cells at the site of car-
cinogenesis. NO/RNS produced in infected and inflamed tissues can contribute to
the process of carcinogenesis by different mechanisms. In this chapter, we discuss
NO/RNS-dependent mechanisms of genomic instability (GI) and bystander effects.
We explain the mechanism of “synthetic lethality” of the NO-donor/PARP-inhibi-
tor combination and its role in sensitization of the cancer cells to DNA-damaging
agents. We postulate the “mutator field” theory and the definition of mutagenesis
efficacy.
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HRND High concentration range of NO-donors

IBDs Inflammatory bowel diseases
iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharides

MN Micronuclei

MRND  Moderate concentration range of NO-donors
NHEJ Non-homologous end joining

NHL Non-Hodgkin lymphoma

NO/RNS Nitric oxide/reactive nitrogen species

OLP Oral lichen planus

OScCcC Oral squamous cell carcinoma
ov Opisthorchis viverrini

PARP1 Poly(ADP-ribose) polymerase 1
PC Prostate cancer

ROS Reactive oxygen species

SNP Single nucleotide polymorphisms
SSB Single-strand breaks

SSF Stress signal factors

Inflammation and Carcinogenesis: Role of NO/RNS
Generation

The link between inflammation and cancer was proposed more than 150 years ago
when Virchow suggested that malignancies tend to arise at sites of chronic inflam-
mation. Epidemiological evidence accumulating over the years has provided a posi-
tive correlation between cancer incidence and chronic inflammation [2], and it is
now a well-recognized hallmark of cancer development [3—5]. Infection is proposed
to contribute to carcinogenesis through inflammation- related mechanisms. Infec-
tion with hepatitis C virus, Helicobacter pylori and the liver fluke, Opisthorchis vi-
verrini (OV), are important risk factors for hepatocellular carcinoma (HCC), gastric
cancer, and cholangiocarcinoma, respectively. Inflammatory bowel diseases (IBDs)
and oral diseases, such as oral lichen planus (OLP) and leukoplakia, are associated
with colon carcinogenesis and oral squamous cell carcinoma (OSCC). Chronic gas-
tro-esophageal reflux disease (GERD) underlies molecular progression to esopha-
geal adenocarcinoma (EADC). Regardless of etiology, all these conditions are char-
acterized by overexpression of inducible nitric oxide synthase (iNOS), overproduc-
tion of NO/RNS in epithelial and inflammatory cells at the site of carcinogenesis,
and formation of DNA damages [6—16]. Antibacterial, antiviral, and antiparasitic
drugs dramatically diminished the inflammatory stimulated iNOS expression and
formation of the DNA lesions. iNOS inhibitors and NO/RNS-scavengers also sig-
nificantly reduced DNA damages [13, 17, 18]. Therefore, it is considered that ex-
cessive amounts of reactive nitrogen species produced via iNOS during chronic
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inflammation may play a key role in stimulation of DNA damages formation and
activation of carcinogenesis.

Non-Inflammatory Stimulation of NO/RNS Generation
and Its Role in Carcinogenesis

Not only inflammatory conditions can stimulate different types of NOSs. It would
be logical to assume that any prolonged stimulation of NO/RNS production can
lead to accumulation of DNA lesions and carcinogenesis. For example, the activ-
ity of NOSs can be stimulated by single nucleotide polymorphisms (SNPs). It was
shown that SNP of the iNOS gene (NOS2A4 Ser608Leu) was responsible for a two-
fold risk increase for non-Hodgkin lymphoma (NHL) (OR=2.2,95% CI=1.1-4.4).
This risk increase was consistent by cell lineage (B- and T-cell NHL) and pro-
nounced for the two most common subtypes, diffuse large B-cell (OR=3.4,95%
CI=1.5-7.8) and follicular lymphomas (OR=2.6, 95% CI=1.0-6.8) [19]. Another
group of investigators revealed that the polymorphism in the promoter region of
the endothelial NOS (eNOS) gene (786 Thr>Cys) was the most important promoter
alteration of the eNOS gene, which significanlty affected the prostate cancer (PC)
progression. The incorporation of the Cys allele was associated with increased lev-
els of eNOS transcripts and responsible for variations in the plasma NO, which may
promote cancer progression by providing a selective growth advantage to a tumor.
The authors suggested that NOS3 transcript level may be used as a biomarker to-
gether with the PCA3 marker for molecular staging of the PC [20].

NO/RNS: Different Concentrations, Different Effects

NO/RNS production is often associated with contradictory effects on cell prolifera-
tion and cytotoxicity, variably promoting and inhibiting apoptosis in normal and
tumor cells [21-23]. Wink and coworkers have examined these contradictory ob-
servations and have proposed a set of five graduated levels of NO/RNS cellular
responses that range from the promotion of cell survival and proliferation at low
concentrations of NO/RNS to the promotion of cell cycle arrest and apoptosis at
high concentrations of NO/RNS [21]. While high concentrations of NO/RNS can
cause direct DNA damage and stimulate DNA double-strand brake (DSB), there is
an emerging appreciation for determining the role of lower NO/RNS concentrations
in signaling pathways related to apoptosis, cell cycle, and other facets of cell func-
tions.

Previous reports show that NO/RNS production correlates with NO donor
concentrations and time of incubation [24]. Measurements, using an NO-specific
electrode, of actual NO concentrations during cell exposure to 125 to 500 pmol/L
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of DETA indicated relatively constant NO concentrations in the 150-400 nmol/L
range [24-26]. The NO concentrations produced in vivo at sites of colonic crypt
chronic inflammation and airway inflammation were below 300 nmol/L and below
400 nmol/L, respectively [25, 27]. Many solid tumors grow in the inflammatory
microenvironment [28-30], and it was demonstrated that the NO concentration was
significantly higher than in the normal tissue. The NO concentration in the cutane-
ous melanoma reaches 200 nmol/L with the maximum on the periphery of the tumor
[31]. In comparison, normal in vivo NO concentrations in the absence of inflam-
mation are unlikely to exceed 50 nmol/L [8]. Hence, the amount of NO produced
from~ 100 to~350 umol/L of NO-donors (DETA NONOate or SNAP) in vitro rep-
resents the NO concentrations maintained in vivo at sites of the chronic inflamma-
tion and the growing edge of melanoma. This moderate concentration range of NO-
donors (MRND) has a very interesting number of qualities (Fig. 2.1): A. It doesn’t
stimulate direct DNA damage and, as a result, doesn’t affect ATM/ATR-dependent
pathways [32]; B. It doesn’t inhibit cell proliferation (in fact, 50-200 umol/L of
DETA NONOate or SNAP demonstrates a stimulatory effect on proliferation of
the different cell lines); C. It significantly down-regulates error-free homologous
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Fig. 2.1 Schematic representation of changes in the cell proliferation and DNA Homologous
Recombination Repair (HRR) as a function of NO-donor (DETA NONOate) concentration. The
green zone represents moderate concentration range of NO-donors in vitro and corresponds to NO/
RNS concentrations under chronic inflammatory conditions and tumors inflammatory microenvi-
ronment in vivo. The red zone represents high concentration range of NO-donors, which is widely
used for investigation of NO-dependent DNA damage
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Table 2.1 The relative fold decrease of HRR by different concentrations of the NO-donors. A-549
(human lung adenocarcinoma epithelial cell line) and MCF-10A (immortalized human breast epi-
thelial cell line) were incubated 18 h with indicated concentrations of NO-donors (SNAP or DETA

NONOate). (HRR was measured by DRGFP reporter based assay [1])

NO-donor concentration A549 MCF-10 A

(uM) SNAP DETA SNAP DETA
0 1 1 1 1

50 1.84 1.39 1.54 2.06
100 2.29 2.73 1.95 3.36
200 5.08 20.89 7.4 24.67
300 37.6 188 74 74

recombination repair (HRR) of DNA DSBs (see Table 2.1) and substitutes it by
error-prone non-homologous end joining (NHEJ), which stimulates the effect of
genomic instability (NO/RNS-dependent mechanisms of HRR-NHEJ substitution
will be discussed below). DSBs are serious genetic lesions that must be repaired to
prevent catastrophic loss of chromosomes. In general, two classes of mechanisms
exist for repairing DSBs, HRR or NHEJ [33]. HRR requires an identical (or nearly
identical) template strand of DNA to mend a lesion whereas NHEJ repairs a double-
strand gap in DNA without a homologous template. NHEJ is guided entirely by
information in the lesion, which makes NHEJ error prone in comparison to HRR.

As it was shown by different groups of investigators, significant DNA damage as
well as stimulation of DNA-damage signaling pathways (for example: ATM/ATR-
dependent phosphorylation and activation of p53) can be achieved by using a high
concentration range of NO-donors (HRND) >500 pmol/L of NO-donor [34-36,
32]. The HRND is also characterized by significant inhibition of the cell prolifera-
tion and the activation of apoptosis (Fig. 2.1).

If we compare the efficacy of MRND and HRND with respect to mutagenesis,
MRND allows the generation of DNA errors by switching from error free HRR to
error-prone NHEJ. Also, stimulation of cell proliferation and downregulation of
apoptosis by MRND of NO-donors facilitate the accumulation of the DNA errors
in new generations of cells. On the other hand, HRND generates much more DNA
errors by downregulation of HRR and by direct DNA damage. However, inhibi-
tion of the cell proliferation and the activation of apoptosis leads to elimination
of most of the affected cells and prevents the accumulation of DNA mutations in
the next cells generations. Hence, MRND, as well as the NO/RNS concentrations
maintained in vivo at sites of chronic inflammation and growing edges of tumors,
can be characterized as the most favorable environment for mutagenesis (MFEM)
(see Fig. 2.1).
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Mechanisms of NO/RNS-Dependent Mutagenesis

NO/RNS produced in infected and inflamed tissues can contribute to the process
of carcinogenesis by different mechanisms. NO/RNS mediate cellular regulation
through the posttranslational modifications of a number of regulatory proteins. The
best studied of these modifications are S-nitrosylation (reversible oxidation of cys-
teine) [37-39] and tyrosine nitration [40—42]. NO/RNS-dependent posttranslational
proteins modifications (Tyrosine nitration and S-nitrosylation) are well-accepted
markers of the tissue inflammation, also stimulating attention by their significant
impact to carcinogenesis and tumor growth. These modifications can up- or down-
regulate functions of many proteins. The breast cancer type 1 susceptibility protein
(BRCAU1) contributes to cell viability in multiple ways, it plays a critical role in
HRR of DNA DSBs, cell cycle checkpoint control, transcription, and regulation of
chromosome segregation [43—45]. The loss of BRCA1 protein function predisposes
to the development of breast and ovarian cancers [46].

BRCAL expression is negatively regulated at the transcriptional level by the re-
pressive complex of retinoblastoma-like protein 2 (RBL2) and E2F4. Formation of
the repression RBL2/E2F4 complex can be accelerated by, for example, RBL2 de-
phosphorylation. Recently, protein phosphatase 2 A (PP2A), an enzyme responsible
for RBL2 dephosphorylation, was shown to be activated by nitration on Tyr284
[47]. Inflammatory levels of NO/RNS, which don’t induce significant DNA damage
and maintains the ATM/ATR-dependent pathways intact, stimulate substantial de-
phosphorylation of RBL2. RBL2 dephosphorylation promotes a repressive RBL2/
E2F4 complex formation with subsequent block of BRCA1 expression (Fig. 2.2)
[1]. As result, BRCA1-dependent mechanisms of genomic stability can be signifi-
cantly compromised. Interestingly, the same mechanism of BRCA1 downregulation
takes place in the different types of cells under hypoxic condition [48]. That NOS
activity and NO/RNS generations are stimulated under certain hypoxic conditions
[49-51] suggest that some pro-carcinogenic effects of hypoxic microenvironment
are also NO/RNS- dependent.

Inflammation, Tumor Inflammatory Microenvironment,
‘/ NOS Nucleotide Polymorphism.

NQA‘I!NS P
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.mcnww%’% - Maintaining of
Genomic Instability;

- - Mutagenesis.
BRCA1 Promoter

Fig.2.2 Schematic representation of NO/RNS-dependent inhibition of BRCA1 protein expression
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We recently found that protein RADS51, another critical mediator of HRR, is
downregulated by NO/RNS (Fig. 2.3). Analyses of the RADS51 gene promoter ac-
tivity and mRNA stability suggested that the NO/RNS-dependent regulation of this
gene occurs via transcriptional repression (unpublished data). The E2F site in the
RADS5 1 promoter matches an identical sequence at a similar relative location within
the BRCA I proximal promoter [52], and this BRCA I promoter element also mediates
the repression of this gene in response to NO/RNS increase (Fig. 2.2). Hence, the
expression of both proteins critical for HRR can be affected through the same signal-
ing pathway: RNS/PP2A/RBL2/E2F4/proximal promoter of BRCAI and RADS51.

Synthetic Lethality: Combination of NO-Donors and
PARP-Inhibitors

Poly(ADP-ribose) polymerase 1 (PARP1) is an abundant nuclear enzyme that
synthesizes poly(ADP-ribose) polymer when activated by DNA nicks or breaks.
Binding of PARP1 to DNA strand breaks is critical for resealing of the DNA sin-
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gle-strand breaks (SSB) during base excision repair (BER) [53—57]. Loss of PARP
activity results in accumulation of DNA SSBs, which are subsequently converted to
DNA DSBs by the cellular replication and/or transcription machinery (see Fig. 2.4).
In BRCA-positive cells, these DSBs are repaired by HRR, but they cannot be prop-
erly repaired in BRCA-deficient cells, leading to genomic instability, chromosomal
rearrangements, and as a result—cell death [58, 59]. This effect is known as a syn-
thetic lethality: when inhibition in either of the two signaling pathways (by gene
mutation or chemical inhibitor) is present and remains independently viable, but
when present together, the combination results in non-viability.

The role of PARP1 in the DNA damage response promoted the development of
PARP inhibitors as chemo- and radio-sensitizers for the treatment of cancers har-
boring mutations in the BRCA genes [60]. Overall, it has been estimated that inher-
ited BRCA 1 or BRCA2 mutations account for 5-10 % of breast cancers and 10-15%
of ovarian cancers among white women in the United States [61]. However, a low
frequency of BRCAI loss in non-hereditary tumors can limit the clinical use of this
approach [58]. The possibility of applying the synthetic lethality in many types of
cancers by lowering BRCA1 expression by pharmacological NO-donor treatments
is very appealing (Fig. 2.4). In our recent work, we tested the effect of NO-donor/
PARP-inhibitor combination on the sensitization of cancer cell lines to ionizing
radiation (IR) (Fig. 2.5).

1. HR-Proficient Cells With Intact BER:

SSB Repaired DNA

2. HR-Proficient Cells Exposed to PARP inhibitor:

SSB DSB Repaired DNA

3. HR-Proficient Cells Exposed to combination of PARP inhibitor with NO-donor:

Activation of NHEJ,
Genomic Instability,
SSB DSB Cellular Death.

Fig. 2.4 A proposed stimulation of synthetic lethality by combination of PARP- inhibitor and
NO-donor
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Fig. 2.5 Combined treatment with NO-donor SNAP (200 uM) and PARP inhibitor ABT-888
(10 uM) significantly increased sensitivity of A-549 and H-1299 (human non-small lung carci-
noma cell line) to ionizing radiation. (unpublished data)

From Bystander Effect to Mutator Field

The radiation-induced bystander effect (RIBE) was studied widely in the past de-
cades since the description of this phenomenon by Nagasawa and Little in 1992
[25]. It was shown that the irradiated cells release some “stress signal factors” (SSF)
to affect the adjacent cells, or to affect the cells, which have received the medium,
conditioned by the irradiated cells. These cells, which are not irradiated but are af-
fected by the SSF, are called bystander cells. These SSF cause excess DNA damage,
expression of DNA damage related proteins, chromosome aberration, mutations,
and malignant transformation in the non- irradiated bystander cells [26].

The uniqueness of nitric oxide (NOe¢) as a redox signaling molecule resides in
part in its relative stability and hydrophobic properties that permit its diffusion
through the cytoplasm and plasma membranes over several cell diameter distances
[62]. Hence, stimulation of NO< generation can affect different pathways within
the cell in which it is produced or penetrates cell membranes to modulate signaling
pathways in the bystander cells [63]. Recent studies have demonstrated the im-
portant role of NOe in mediating the bystander response induced by low-dose ir-
radiation. Shao et al. [27, 31] presented evidence for a significant increase in the
incidence of micronuclei (MN) in the non-irradiated bystander cells that were in the
vicinity of ones irradiated through either the nuclei or the cytoplasm with a micro-
beam facility. Pre-treatment with a scavenger of NOe (c-PTIO) abolished excess of
MN formation. Using the DAF-FM diacetate, NO-activated fluorescent probe, and
targeted with a precision microbeam, Shao et al. [27] detected an increase in the
number of fluorescent-positive cells than the actual number of directly irradiated
cells. In another study, Han et al. revealed that the stimulated cell proliferation and
the increased MN and DSB were observed simultaneously in the bystander cell
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population, which were co-cultured with cells irradiated by low-dose o-particles
(1-10 cGy) in a mixed system [64]. NOe played an essential role in the stimulation
of these effects in the bystander cell population. Low concentrations of NOe, gener-
ated by spermidine (NO-donor), were proved to induce cell proliferation, DSB, and
MN simultaneously.

Different factors can stimulate NOe production in target cells and increased DNA
damage in bystander ones. Irradiation, as well as, stimulation of RAW 264.7 (mouse
leukaemic monocyte macrophage cell line) by LPS induced an iNOS activity and
NOe generation, which increased the DNA damage in bystander cells [65]. Pretreat-
ment of target macrophages or bystander cells with the direct NOS inhibitor (L-
NAME) significantly reduced the induction of gene expression and DNA damage
in the bystander cells.

How NOe can stimulate DNA damage in the bystander cells? Some authors hy-
pothesized that moderate concentrations of NO/RNS stimulate proliferation and
shortening of the cell cycle in bystander cells, which gave them insufficient time
to repair DSBs. The increased cell division might increase the probability of car-
cinogenesis in bystander cells since cell proliferation increased the probability of
mutation from the mis-repaired DSBs [64]. However, another group of researchers
demonstrated that accumulation of bystander DNA damages (BDD) is not depen-
dent on the length of the cell cycle. Their results indicated that accumulation of
BDD is possible in non-proliferative cells with a high transcription level [66, 67].
We know that NO/RNS concentrations, which stimulated cell proliferation, can-
not damage DNA directly, but can block error-free HRR of DSB and lead to ac-
cumulation of mis-repaired DSB lesions. In our recent work, we demonstrated that
NOe, generated in macrophages, initiated block of BRCA1 protein expression and
subsequent inhibition of HRR in bystander cell lines (Fig. 2.6) [1]. Hence, NOS
activation and overproduction of NO/RNS under chronic inflammation or tumor
inflammatory microenvironment affect not only cells with activated NOS, but also
bystander, not activated, cells. This effect can be determined as a “field effect” of
genomic instability, maintained by the active inflammatory microenvironment. The
similar “field effect” in cancer biology, related to the stromal production of reactive
oxygen species (ROS) and NO/RNS, was recently proposed by another group of
investigators [68]. They proposed that such “field effect” could be related not only
to the immune cells, but also to the adjacent fibroblasts, as an additional source of
ROS and NO/RNS. eNOS- expressing fibroblasts have the ability to downregulate
Cav-1 (endogenous eNOS inhibitor) and induce mitochondrial dysfunction in ad-
jacent fibroblasts that do not express eNOS. As such, the effects of stromal oxida-
tive stress can be laterally propagated, amplified, and are effectively “contagious”:
spread from cell- to-cell like a virus, creating a “mutator field”, promoting wide-
spread genomic instability [68].

If we accept NO/RNS-depended mutagenesis as a completely stochastic process,
we can postulate that the efficacy of mutagenesis (ME) and carcinogenesis in such
“mutagenic filed” depends on the area of the field (FA), the strength of NO/RNS-
maintained genomic instability (SGI), and the duration of this field maintenance
(FD):
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Fig. 2.6 NO-dependent BRCA1 down regulation in bystander MCF-10 A cell line. Stimulation of
endogenous iNOS in RAW264.7 cell lines leads to stimulation of total Tyrosine nitration, RBL2
dephosphorylation, and BRCA1 downregulation in bystander MCF-10 A cells. Co-cultured MCF-
10 A/RAW264.7 cell lines were incubated with 0.5 mg/mL of LPS for 18 h. (adopted from [1])

ME=FA*x FD x SGI**
We need to mention that this is a very simplified equation: *—it is obvious that
FA cannot be always constant; **—SGI can demonstrate a different strength along

the mutagenic field.
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Chapter 3
Targeting Hyponitroxia in Cancer Therapy
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Abstract It was Oscar Wilde who said “nothing succeeds like excess.” Tumors, in
particular, subscribe to this creed of greed, avidly consuming glucose, glutamine
and lipids while simultaneously overexpressing and stimulating signal transduc-
tion pathways in order to accelerate the rate of proliferation and progression. Nitric
oxide (NO) is the rare exception to the success of excess in tumors since, in this
case, less is more: at low “hyponitroxic” levels NO promotes proliferation while at
high levels NO suppresses it.
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Introduction

The aim of this chapter is to explore and discuss the two sides of nitric oxide (NO)
in cancer biology, which can function as a dose-dependent tumor promoter or pro-
tector. Tumor promotion is greatest at persistently low NO concentrations, which
we refer to as hyponitroxia. This chapter will also discuss the potential role of hy-
ponitroxia as a novel therapeutic target to treat cancer; tumors thrive in a Goldi-
locks zone—*“not too much, not too little, but just right"—of NO concentration and
excursions outside of this zone of nitric oxide signal strength by the application of
NO donors and inhibitors result in cell death, thus, providing new opportunities for
pharmacological intervention in cancer.

Synergistic interactions between tumor hypoxia and hyponitroxia or low levels
of nitric oxide (NO) influence and contribute to upregulation of signaling pathways
mediated by nuclear factor-kappaB (NF-kB) and hypoxia-inducible factor-lalpha
(HIF-1alpha) [1] that drive metastatic progression, drug resistance and post-treat-
ment relapses.

This chapter highlights the function of hyponitroxia as a pro-neoplastic effector
at concentrations that are present in tumor tissues, summarizes pharmacologic strat-
egies to force the tumor out of its NO comfort zone into an NO kill zone and makes
the case for hyponitroxia as a high priority and accessible target for intervention in
cancer therapy.

The Hyponitroxia and Hypoxia Axis

Tumors are adapted to thrive within a narrow ‘comfort’ zone of free radical stress
[2]. They have the ability to insulate themselves with ARE-mediated antioxidant
production and cope with redox stress but only to an extent; few tumors will thrive
when the free radical burden deviates significantly and persistently beyond that
comfort zone. As a free radical, nitric oxide is a double edged prooxidant sword that
benefits tumors at low doses and inflicts harm to them at higher concentrations; risk
reduction in tumors is mediated through hyponitroxia: endogenous production of
low levels of nitric oxide (<100 nmol/L) [3, 4] are catalyzed by three nitric oxide
synthase (NOS) enzymes, two of which are constitutive (neuronal or brain NOS
and endothelial NOS), and the third is inducible (iNOS) [5, 6] associated with the
oxidative burst of macrophages. At these low concentrations, nitric oxide mediates
redox signaling pathways and promotes malignant conversion, tumor progression
[6] and resistance to therapy in multiple cancers including prostate [7], colonic ad-
enocarcinomas, lung adenocarcinomas [8] and mammary adenocarcinomas [8, 9].
Nitric oxide can also act as an oncogenic agent through activities that include cell
proliferation, invasion, metastasis and stem cell renewal [3]. This biphasic relation-
ship, characterized by a beneficial effect at low doses and a detrimental effect at
high doses, represents a modified form of hormesis [10], a U-shaped or curvilinear
dose response model.
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Hypoxia interacts and synergizes with the oncogenicity of nitric oxide: molecu-
lar O, is an essential substrate for the activity of nitric oxide synthases and oxygen
insufficiency limits endogenous NO production by these enzymes [11, 12]. As the
hypoxia gradient increases, NO synthesis in tumors decreases, however, since total
anoxia is rarely, if ever, reached, NO synthesis is only downregulated [ 12], resulting
in the continued constitutive induction of the enzyme guanyl cyclase (GC) [13], the
accumulation of cGMP and the stimulation of cGMP-dependent kinases. Hypoxia
also increases arginase activity [ 14], an enzyme, which converts L-arginine to urea,
limiting arginine availability to act as a substrate for NO production. Thus, as a
downregulating mechanism for endogenous NO production hypoxia leads to hypo-
nitroxia [15] promoting a protumorogenic status.

Conversely, hyponitroxia can heighten hypoxia via nitric oxide modulation of
blood flow and increased mitochondrial oxygen utilization [16, 17]. From this per-
spective, hypoxia and hyponitroxia are two halves of a coupled axis that mutually
influence each other and each other’s downstream targets.

The “Goldilocks Zone” and Nitric Oxide

Since its discovery, NO has been implicated in a wide and dizzying variety of po-
tential effects and mechanisms, both physiologic and pathological. Frustratingly,
NO is highly dependent on context and modulatory milieu, that is, the effects dif-
fer in normal vs neoplastic tissue and according to the concentration—cytotoxicity
at high doses and mitogenicity at low doses [18]—and for these reasons NO is a
moving target that defies easy generalization or descriptions of function. By gen-
eral consensus it seems that NO is characterized as a riddle, wrapped in a mystery,
inside an enigma; its biology is fickle, unpredictable and nearly impossible to pin
down to the point of hand-wringing exasperation; and more than occasionally that
frustration with its seemingly irrational biologic complexity boils over and mani-
fests in the normally staid scientific literature as name-calling—"“two-faced” [19],
“flip-flopper” [20], “foe” [21], and “enemy” [22] are some of the opprobria applied
to nitric oxide.

The way out of this conundrum may be to consider NO in its context with O,—
as partners in crime or two sides of the same coin, with the perturbation of the
one feeding back on the other in mutually reinforcing, interconnected vicious or
virtuous circles (Fig. 3.1). Hyponitroxia fuels hypoxia in a vicious cycle and vice
versa while euoxia drives nitroxia and vice versa. As oxygen decreases so does its
accomplice nitric oxide, which is favorable for tumor proliferation and progression
and, conversely, to the detriment of the tumor, increased O, drives a virtuous circle
of increased NO and tumor perfusion. In tumors, hypoxia is a product of aberrant
vasculature with poor blood flow that hyponitroxia compounds. NO, then, is the
‘power behind the O, throne’, a kind of puppet master, that pulls the strings and
wields a considerable influence on oxygen levels.
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Fig.3.1 The mutually reinforcing vicious cycle of hypoxia/hyponitroxia drives tumor progression.
Whereas attempts to treat hypoxic tumors via improved oxygenation, for example with hyperbaric
oxygen or erythropoetin, have by and large been unsuccessful, total inhibition or restoration of
nitric oxide levels is an accessible pharmacologic lever by which to reoxygenate the tumor and
transform the vicious cycle of hypoxia/hyponitroxia into a virtuous cycle of euoxia/nitroxia

Compared with tumor oxygenation, NO is a relatively accessible target. The rea-
son is that tumors are limited to a relatively narrow bandwidth or threshold of NO
tolerance, a concentration range that could be called the “Goldilocks zone;” this
term borrowed from astronomy refers to the perfectly aligned location of the Earth
precisely in the habitable region or zone of the sun [23, 24] wherein temperatures
and conditions are manifestly compatible with life, as we know it. This razor thin
margin between harm and benefit of prooxidant NO makes the tumor highly vulner-
able to changes in NO levels. If the concentration is shifted even slightly in an up
or down direction, the ‘safe zone’ becomes a ‘kill zone’ for the tumor, as discussed
below (Fig. 3.2).

The Dose and Cytotoxicity Threshold

As a radical with a free electron capable of interacting with reactive oxygen spe-
cies such as the superoxide anion, NO is associated with a rogue’s gallery of highly
reactive nitrogen oxides (NOx). The term nitrosative stress refers to the formation
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Fig. 3.2 Tumor response to hyponitroxia and hypernitroxia. Tumors require an optimal concentra-
tion of nitric oxide for proliferation. Very low levels of intratumoral levels of nitric oxide inhibit
tumor growth, while very high levels induce tumor cell death

of this poisonous brew of NOx, such as peroxynitrite (ONOQO~), nitrogen dioxide
(NO,), and dinitrogen trioxide (N,0O,), responsible for cytotoxic nitration and oxi-
dation reactions [23, 25, 26]. In particular, the formation of peroxynitrite, which
follows first order kinetics [23], is dependent on the concentrations of NO and su-
peroxide anion.

Xie et al [27] demonstrated that high levels of NO from transfection of murine
K-1735 melanoma cells with iNOS resulted in suppression of tumorigenicity and
metastasis. The cytotoxicity of higher concentrations of NO is related to the forma-
tion of NOx and peroxynitrite formation, in light of severely impaired antioxidant
machinery in tumors compared with healthy cells [28].

However, cytotoxicity may not require super elevated doses but approximate
restoration to physiologic levels [29] with correction of hyponitroxia: Frederiksen
et al demonstrated that NO enrichment with low concentrations of the NO mimetics
glyceryl trinitrate (GTN) and isosorbide dinitrate attenuated growth of doxorubicin-
resistant tumors in prostate cancer mouse models.

At the other end of the spectrum, Kashiwagi and Jain [30] described radiosen-
sitization in glioma xenografts with NOS inhibition; lower concentrations of NO
reduce signal transduction below a physiologic baseline, leading to a loss of the
aberrant induction of proangiogenic [31] signaling [32] networks that promote ma-
lignant progression.

Against this emerging background of conflicting preclinical evidence that both
pro- and anti-NO cancer therapies are therapeutically effective, human clinical tri-
als with both nitric oxide donors and nitric oxide inhibitors such as A) nitroglycerin
(NTG) B) L-NNA and C) RRx-001 to modulate the hyponitroxia tumor advantage
and, thereby, push the tumor out of its hormetic comfort zone have been initiated.
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A. Nitroglycerin

Nitroglycerin is an approved anti-anginal NO-donating nitrate ester [33] reposi-
tioned as an anticancer single agent and a chemosensitizer in late stage cancer clini-
cal trials.

Monotherapy

In a phase II study treatment with low-dose, sustained delivery of glyceryl trini-
trate to the prostate after failure of primary therapy in prostate cancer resulted in
a significant decrease in PSA. The authors suggested that, although low-dose NO
had no direct cytotoxic effect, NO decreased invasiveness and metastatic potential
[20, 34], potentially by raising levels of nitric oxide to physiologic ranges. A sec-
ond explanation is the possibility of tachyphylaxis (decreased responsiveness after
repeated doses) with the inhibition of guanyl cyclase due to the sustained delivery
of NO [35].

Chemosensitization

In a double blind phase II randomized study, 120 patients with stage IIIB/IV NSCLC
[36] were randomized to a polychemotherapeutic regimen of vinorelbine and cispl-
atin with a nitroglycerin patch (Arm A) or with a placebo patch (Arm B). The rates
of overall response and time to disease progression were significantly increased in
the nitroglycerin arm; the explanation may be related to elevation of NO levels into
a normal physiologic range in the tumor or NO-induced feedback inhibition with
disruption of the proangiogenic redox signaling circuitry.

B. L-NNA

Given the reliance of tumors [37] on NO, N-nitro-l-arginine (L-NNA), a competi-
tive inhibitor of nitric oxide synthase with selectivity for the neuronal and endo-
thelial isoforms of the enzyme, was investigated in a phase 1 NSCLC. Serial as-
sessment with dynamic contrast-enhanced computed tomography demonstrated a
sustained decrease in tumor perfusion by 40 % up to 24 h post-treatment [38]. It is
unknown whether the decreased blood volume induced tumor shrinkage.

The extrapolation from these data suggests that tumors thrive within a hyponi-
troxic “sweet spot” of signaling cell strength; excursions below and above this nar-
row range result in cell death. The inhibition of NO synthesis leads to catastrophic
shutdown of vascular function, with inhibition of NO-dependent angiogenesis and
vascular patency.
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The sustained disruption of the tumor vasculature was preceded by a mild tran-
sient increase in systemic blood pressure due to a differential dependence on NO in
healthy and cancerous tissues [39]. Unlike the tightly regulated homeostatic control
of the cardiovascular system, the patency of vessels within these tumors is main-
tained by increased expression of NO. Therefore, the consequence of NO inhibition
was a net vasoconstrictor effect with a collapse of blood flow.

C. RRx-001

RRx-001 [40] is a novel aerospace-industry derived Phase 2 molecule with epigen-
etic and NO-donating properties. The molecule is characterized by a marked lack of
systemic toxicity, related to selective modification of hemoglobin in the red blood
cell, resulting in a catalytic, hypoxia-driven overproduction of nitrogen oxides
(NOx), free radicals, diffusible metabolites, chemokines and cytokines, which are
preferentially toxic and selectively targeted to the tumor and the tumor vasculature.
One basis for therapeutic selectivity is oxidative inactivation of DNA methyltrans-
ferases and histone deacetylases in the tumor [41].

RRx-001-modified red blood cells are long-lived, biocompatible, circulating
couriers, a kind of FedEx for cancer therapy, that deliver their free radical kiss of
death directly to the tumor “zip code” in the presence of low oxygen, leading to
selective tumor cytotoxicity. In effect, these red blood cells are ‘reprogrammed’ to
generate NOx with increased catalytic efficiency, amplifying oxidative stress under
low oxygen conditions specific to the tumor microenvironment.

As an NO donor, RRx-001 covalently binds to and allosterically modifies its tar-
get, deoxygenated hemoglobin (deoxyHb) [42]. DeoxyHb has an enzymatic func-
tion as a nitrite reductase, which reduces or converts the inorganic anion nitrite
into nitric oxide under hypoxic conditions. The binding of RRx-001 to deoxyhe-
moglobin, therefore, converts red blood cells into circulating NO bioreactors with a
tropism for hypoxic tumors [43]. This in situ generation of ROS/RNS shifts the bio-
character of the tumor microenvironment from habitable to inhabitable. The ultra-
short lifetime of ROS and RNS confines their activity to the tumor, sparing normal
tissues from toxicity. In this way, the adaptation of tumor cells is prevented, the pro-
angiogenic signaling equilibrium responsible for the maintenance of the oncogenic
phenotype is prevented and a free radical storm is selectively released in the tumor.

The highlights from a completed Phase I trial in multiple types of cancer in-
cluded prolonged disease stabilization>9 months and resensitization of chemore-
sistant colorectal tumors to treatments such as FOLFIRI that were formerly tried
and failed via epigenetic modulation linked to nitro-oxidative stress [44, 45]. At the
time of this book chapter, a Phase 3 trial in hepatocellular carcinoma vs sorafenib
is planned.
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Conclusions and Future Directions

A search on clinicaltrials.gov revealed over a hundred studies involving cancer and
hypoxia. By contrast, there is less than a handful involving cancer and NO, a reflec-
tion perhaps of the frustration with its unpredictable and contradictory behavior.

The solution to this problem may be to consider NO as one part of an integrated
whole, of which the other half is oxygen: NOS is inhibited under hypoxia and stim-
ulated under oxic conditions, while NO interferes with mitochondrial respiration
and increases oxygen availability. In addition, NO and superoxide anion scavenge
each other [46]. In this coupled control, modulation of one element of the axis
should induce modulation of the other in the same direction i.e. up or down.

This is a potentially promising and exciting anticancer strategy since direct ap-
proaches to boost oxygenation and correct tumor hypoxia for therapeutic advan-
tage with hyperbaric oxygen, erythropoietin administration or methods of enhanced
delivery have by and large been unsuccessful [47]. By contrast, hyponitroxia may
provide indirect access to the stubbornly resistant problem of tumor hypoxia.

The reliance of the tumor on a narrow hyponitroxic range conducive to invasion,
angiogenesis and metastasis and the sensitivity to perturbation of NO concentra-
tion represents a tipping point of vulnerability and fragility that is relatively easily
exploitable; any significant alteration in NO levels in either direction, below or
above, is likely to elicit a pivotal antitumor response especially in combination with
chemotherapy or ionizing radiation.

The central challenge to the adoption of NO manipulation above or below hypo-
nitroxic values is the prevailing mindset that hypoxia is not only a separate thera-
peutic target from NO but unequal in its importance given the latter’s predictably
unpredictable properties. However, this perception of NO as entirely untamable and
unreliable may need to be revised in light of the single-agent activity of RRx-001,
the red blood cell-mediated NO-donor sourced from the aerospace industry. With
RRx-001, the therapeutic gauntlet has been thrown down to challenge conventional
models of drug development and the importance of hyponitroxia as a target for
treatment.

A universally recognized hallmark of solid tumors is hypoxia, which contributes
to cancer cell survival, angiogenesis and chemo/radioresistance. Despite the ac-
ceptance of its presence and the identification of its importance in tumors, efforts
to eradicate it generally have been unsuccessful. However, the ability to manipulate
NO levels with GTN (and other organic nitrates), RRx-001 and L-NNA above and
below the “Goldilocks zone” represents a potential pharmacologic entry point or
lever to influence the oxygenation status in tumors and tip the balance from hy-
poxia to euoxia due to the mutually reinforcing relationship of NO and oxygen. A
nitroxic-based strategy will hopefully help both identify prospective patients and
develop more efficacious but less toxic treatment options.
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Chapter 4
Mechanisms of Nitric Oxide-Dependent
Regulation of Tumor Invasion and Metastasis

Aideen E. Ryan, Amy J. Burke, Francis J. Giles, Francis J. Sullivan and
Sharon A. Glynn

Abstract The nitric oxide synthases (NOS) are key enzymes activated as part of
the wound healing and host immune response. Their product nitric oxide (NO) is
a short-lived, pleiotropic molecule that is a key physiological signaling molecule.
Emerging evidence suggests that the NOS may be key regulators of tumor inva-
sion and metastasis. However, there are markedly conflicting findings in the lit-
erature regarding NO and its role in carcinogenesis and tumor progression, and
in particular its effect on tumor invasion and metastasis. In this review, we pres-
ent the evidence for the roles played by the NOS in particular focusing on their
cellular sources, which include but are not limited to tumor epithelial cells and
tumor-associated macrophages. We propose that NOS expression in tumor epithelia
cells tends towards activation of tumor-promoting effects, while NOS expression in
tumor-associated macrophages has a tumor-inhibitory effect. The balance between
the two as such determines whether a tumor progresses or regresses. This presents a
therapeutic opportunity to target tumor invasion and metastasis by either disrupting
tumor epithelial NOS expression by NOS inhibition, or by introducing NOS vectors
or NO-donating drugs to increase the levels of intratumor NO to those that induce
DNA damage and apoptosis.
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Abbreviations

ADAM A Desintegrin And Metalloproteinase
EGFR epidermal growth factor receptor
eNOS endothelial nitric oxide synthase
GEMM  genetically engineered mouse model
IFN-a interferon alpha

IFN-y interferon gamma

iMCs immature myeloid cells

iNOS inducible nitric oxide synthase
LDI low dose irradiation

LPS lipoploysaccaride

MLEF2 myeloid leukemia factor 2
MMP matrix metalloproteinase

NADPH nicotinamide adenine dinucleotide phosphate-oxidase
NF-xB  nuclear factor kappa-light-chain-enhancer of activated B cells NO- nitric

oxide
NOS nitric oxide synthase
nNOS neuronal nitric oxide synthase

NO2 Nitrogen Dioxide, ROS- reactive oxygen species
NSCLC  non small cell lung carcinoma

RNS reactive nitrogen species
SNO S nitrosation, RPL39- ribosomal protein L39TAM—tumor associated
macrophages

TGF-f  transforming growth factor beta
TLRx toll like receptor

TNF tumor necrosis factor

VEGF vascular endothelial growth factor

Introduction

There is strong evidence of a role for nitric oxide (NO) in the regulation of tu-
mor invasion and metastasis. NO can be generated by three different isoforms of
NO-Synthase (NOS)—neuronal (nNOS/NOS1), inducible (iNOS/NOS2) and en-
dothelial (eNOS/NOS3). The NOS are dimeric enzymes, each monomer consist-
ing of two distinct catalytic domains: an NH2-terminal oxygenase domain and a
COOH-terminal reductase domain, which catalyze NO synthesis from L-arginine
using NADPH and molecular oxygen as co-substrates [1, 2]. NO synthesis is a two-
step process with NOS hydroxylating L-arginine to N-hydroxy-L-arginine, which
is then oxidized to L-citrulline and NO [3, 4]. The unpaired electron in NO enables
reaction with an array of substrates including inorganic molecules (e.g. oxygen, su-
peroxide or transition metals), structures in deoxyribonucleic acid (DNA), prosthet-
ic groups (e.g. heme) or proteins, facilitating extensive biological effects [5]. NOS1
and NOS3 generate short nanomolar bursts of NO, while NOS2 produces micromo-
lar concentrations of NO over sustained periods [6]. In this review, we discuss the
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implications of NOS expression in the tumor microenvironment and the cell-type
specific effects of NO production on tumor growth and metastatic potential.

Concentration-Dependent Effects of NO

Before we can consider the impact of NO on tumor biology and metastasis, one
needs to understand the concentration effects of NO on the cell. At low concen-
trations, NO acts as a signal transducer and affects many physiological processes
including blood flow regulation, iron homeostasis and neurotransmission. Con-
versely, at high concentrations it exerts cytotoxic protective effects, e.g. the immune
response against infections and potentially for the elimination of tumors [7]. In
addition to its direct biological effects, NO can exert indirect effects through reac-
tion with reactive oxygen species such as superoxide radicals, to generate reactive
nitrogen species (RNS), nitrogen dioxide (NO2) and peroxynitrite (ONOO™) [8].
Peroxynitrite promotes cellular transformation by functioning as a powerful anti-
oxidant and interacting with or oxidizing kinases and transcription factors, perturb-
ing the cellular signaling network [9], in addition to tyrosine nitration of proteins
[10]. Nitrites, nitrates, s-nitrosothiols and nitrosamines are metabolites of NO and
mediators of its cytotoxic/cytoprotective effects, namely, inhibition of mitochon-
drial respiration, protein and DNA damage leading to gene mutation, loss of protein
function, necrosis and apoptosis [11].

It is well established that NO operates in a bimodal fashion. The dichotomous
effects of NO on cancer arise from its ability to positively or negatively regulate
crucial processes including proliferation, migration, invasion, survival, angiogen-
esis, and metastasis, depending on the concentration of NO involved. An additional
layer of complexity arises when one includes the impact of NO flux, and the dura-
tion of NO exposure [8, 12, 13]. NO effects will also be dependent on tissue oxygen
tension and local superoxide concentrations [14], and therefore are influenced by
tissue oxygenation/hypoxia and the composition of the tumor microenvironment.

Evidence for the Effects of Tumor Epithelial-Associated
NOS Expression in the Development of Human Metastatic
Disease

NO and NOS?2 are associated with numerous tumor types including lung [15, 16],
colon [17, 18], breast [19-21], melanoma [22] and pancreatic cancers [23]. For the
purposes of this review, we focus on the impact of NO and NOS on tumor invasion
and metastasis in the best characterized cancers which include breast cancer, mela-
noma, colorectal cancer, pancreatic cancer, prostate cancer and to a lesser extent
lung cancer. The ability of the neoplastic cell to activate invasion and metastasis
is one of the major hallmarks of cancer as recognized in the 2000 landmark paper
by Hanahan and Weinberg [24]. In their 2011 update, they identified the ability of
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the tumor to avoid immune detection, in addition to tumor-promoting inflammation
as being emerging hallmarks of cancer [25]. NOS are key inflammatory mediators
induced as part of the wound healing response, and as such are potential candidate
regulators of the 3 hallmarks of cancer listed above.

NOS2 is frequently expressed in the tumor epithelia of breast tumors [19-21],
[26, 27]. Its expression correlates with high tumor grade [19, 20, 26], increased
angiogenesis [19, 26] and decreased breast cancer specific survival [19, 21, 27],
suggesting that it may play a role in breast cancer metastasis. The NOS2 association
with poor outcome in breast cancer seems to be largely associated with estrogen
receptor (ER) negative breast tumors [19], and of limited prognostic potential in ER
positive tumors. Clinical data show that NOS2 expression in ER-negative breast
tumors correlate with tumor vascularization, accumulations of p53 mutations, and
activated EGFR [19]. NO has also been shown to induce CD44 and c-Myc, linked
to stem cell-like phenotype in breast cancer [28]. This mechanism of action by NO
is mediated in part by the Ets-1 transcription factor in a Ras-dependent manner
[29]. A recent study demonstrated that polymorphisms in the NOS2A gene are as-
sociated with the development of ER/progesterone receptor (PR)-negative breast
cancer [30]. One potential mechanism by which NOS2 may influence breast cancer
metastasis is via S-nitrosation (SNO) of the EGFR and c¢-Src leading to enhanced
signaling by these proteins [31]. This includes activation of -catenin, leading to
translocation to the nucleus and TCF transcriptional activity leading to activation
of epithelial mesenchymal transition (EMT) [31]. NOS2 has also been shown to
activate J-catenin signaling through inhibition of Dickkopf-1, a negative regulation
of B-catenin signaling [32]. Another mechanism by which NOS2 promotes invasion
and metastasis in breast cancer may be through the up-regulation of the matrix me-
talloproteinases (MMP)-2 [33] and MMP-9 [34] which aid in tumor invasion and
extravasation. Indeed, anti-metastatic agents have been shown to exert their effects
through the downregulation of NOS2, MMP-2 and MMP-9 [35]. A Desintegrin And
Metalloproteinase 23 (ADAM23) intratumoral heterogeneity was recently shown to
promote tumor metastasis in breast cancer [36]. ADAM23™ tumor cells tend to dis-
play enhanced cell migration and invasion. Intriguingly, ADAM23~ tumor cells pro-
moted the invasion of ADAM23 “tumor cells. This was though increased expression
of NOS3 in the ADAM23™ tumor cells. ShRNA inhibition of NOS3 led to reduced
invasive capacity and ablated the pro-invasive effects of ADAM23~ tumor cells on
ADAM23*tumor cells [36]. Dave et al identified ribosomal protein L39 (RPL39)
and myeloid leukemia factor 2 (MLF2) as candidates for the regulation of breast
cancer stem cell self-renewal. ShRNA directed against RPL39 and MLF2 resulted
in reduced tumor volume, tumor metastasis and improved survival. Overexpression
of RPL39 and MLF?2 resulted in increased expression of NOS2 and NOS3, but not
NOSI. The NOS inhibitor, L-NAME, significantly reduced RPL39 and MLF2-me-
diated cell migration indicating that NOS plays a major role in RPL39 and MLF2-
associated cell migration [37].

High levels of NOS2 in primary ulveal [38] and stage III [39, 40] melanoma le-
sions are predictive of poor outcome and risk of metastasis. NOS2 and nitrotyrosine
formation in metastatic melanoma are also associated with poor outcome whether
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measured from date of diagnosis or date of treatment [41]. Ahmed and Van Den
Oord reported that NOS2 may be more critical in the early invasive radial growth
phase by stimulation of neo-angiogenesis, than the later vertical phase of metastatic
melanoma development [42]. Studies suggest that NOS2 expression in melanoma
is associated with the development of blood and lymphatic microvessel formations
that may support the development of metastatic disease [43]. Conversely, induc-
tion of NOS2 in the murine melanoma K-1735 using retroviral mediated transfer
resulted in reduced tumor growth and decreased lung metastasis compared to con-
trols [44]. This brings to question whether introduction of high levels of NOS2 in
non-adapted tumor cells may have inhibitory effects as the cells may tolerate high
loads of nitrosative stress, compared to tumor cells that naturally express NOS2.
Similar effects are seen with the induction of NOS2 in prostate cancer cells [45].
In addition to NOS2, melanoma cells also express NOS3, which correlates with the
expression of VEGF and increased microvessel density. This may be another way
by which NO induces neovascularization in melanoma [46]. NOS3 may also play
a role in in lymphatic microvessel formation in melanoma [47]. NOS1 expression
in melanoma regulates suppression of immune surveillance. Amplification of the
NOSI1 locus correlates with aberrant IFN signaling. In this instance, NOS1 appears
to act as an inhibitor of phospho-STAT1 induction following IFN-a stimulation in
CD4+ and CD8+ T cells and monocytes suppressing immune response post [FN
stimulation leading to immune dysfunction [48]. Another potential mechanism of
action in melanoma is through repression of CXCL10. NOS2 expressing melanoma
cells exhibit decreased CXCL10 levels which are associated with poor outcome
[49]. Treatment of NOS2 negative melanoma cell lines with NO suppresses the ex-
pression of CXCL10 which acts as a T-cell attractant. Scavenging of NO in NOS2
overexpressing melanoma cells with cPTIO leads to the down regulation of ILS8
and the upregulation of CXCL10. cPTIO-treated melanoma cells induce increased
migration of plasmacytoid dendritic cells, which is reversible with the addition of
SNAP (NO-donor). This effect was reversed with the addition of a CXCL10 block-
ing antibody [49].

Colorectal cancers stain positively for NOS2 in both tumor epithelia and infil-
trating mononuclear cells [18]. NOS2 expression is highest in adenoma [18] and
then subsequently decreases with advancing stage [18, 50] while the lowest levels
were seen in metastatic lesions [18]. Further research showed that high levels of
NOS2 are predictive of poor outcome and the development of metastasis [51]. A
key feature for developing metastasis appears to be maintenance of enzymatically
active NOS2 [51]. NOS2 is a particularly good predictor of outcome in patients
diagnosed with stage II and stage III disease, and correlates with node positive
disease at diagnosis [52]. NOS2 also correlates positively with lymph node me-
tastasis and lymphatic invasion in colorectal carcinoma [53]. NOS2 expression in
adenoma and colorectal cancer correlates with the accumulation of p53 mutations in
adenoma (34 %) and colorectal cancer (48 %), with the predominant mutation being
G:C to A:T transitions at CpG dinucleotides [17]. This indicates that early acquisi-
tion of NOS2-associated p53 mutations in adenomas may be a driver of progression
from adenoma to carcinoma. Ulcerative colitis, an inflammatory bowel disease, is
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known to predispose patients to the development of colorectal cancer. p53 muta-
tion positive ulcerative colitis lesions also correlated with the expression of NOS2
[54]. Similar to melanoma, NOS2 correlates with VEGF expression and microves-
sel density, implicating it in tumor angiogenesis [55]. NOS2 is also a driver of cell
invasion in colorectal cancer cells. NOS2 expressing cell lines exhibit increased
invasive capacity compared to NOS2 negative cell lines, which is repressed upon
NOS2 inhibition. Exogenous NO treatment of NOS2 negative colorectal cancer cell
lines increases their invasive capacity [56]. Investigations into the mechanisms by
which NOS2 increases invasive capacity in colorectal cancer cells show that NO
increases the expression of the cell migratory proteins RhoB and Racl, in addition
to increases in MMP-2 and MMP-9 [57].

NOS3 appears to play a dominant role in prostate cancer outcome. The NOS3
4a/b polymorphism is associated with the detection of circulating tumor cells in
prostate cancer patients which may be a risk factor for the development of mi-
crometastasis [58]. Subsequently, Sanli et al reported an association between the
NOS3 4a/b polymorphism and increased plasma nitrate/nitrite (NO,) levels, and an
increased risk of diagnosis with late stage disease and for the development of bone
metastasis in prostate cancer patients [59]. A separate study also showed a positive
correlation between serum and tissue levels of NO_, and Gleason Score and patho-
logical stage at diagnosis [60]. Conversely, the nitrate levels were inversely asso-
ciated with advanced-stage prostate cancer in the Health professional study [61].
A second polymorphism in NOS3 (Glu-Asp298) is also associated with advanced
disease and the development of bone metastasis [62]. In addition to polymorphism
in NOS3, tumor expression of NOS3 correlates with poor outcome in prostate can-
cer patients, in particular when nuclear NOS3 staining is detectible. Nuclear NOS3
staining was associated with the formation of nuclear ER?/NOS3 complexes [63].
NOS2 may also play a role in prostate cancer. Aaltomaa et al examined the asso-
ciation of NOS2 with prostate cancer diagnosis. While NOS2 was associated with
diagnosis of advanced stage disease, it was not predictive of biochemical recur-
rence. No data were available for the risk of metastasis or overall survival [64]. In
a second study by the same authors, strong NOS2 expression in tumor cells was
again positively associated with advanced stage disease (p=0.001), in addition to
high Gleason score and risk of metastasis. While strong NOS2 expression was as-
sociated with patient outcome in the univariate analysis, it was not found to be an
independent predictor of outcome in prostate cancer [65].

The role for NOS2 in lung cancer is less clear. Ambs et al demonstrated that
NOS1 and NOS3 activities are low in non-small cell lung carcinoma (NSCLC).
NOS2 expression was also low in NSCLC, except for in the squamous cell carci-
noma (SCC) subtype, where tumor epithelial and tumor infiltrating macrophages
staining were observed [16]. Marrogi et al reported that NOS2 expression in
NSCLC correlated with increase microvessel density, but not with patient outcome
[66]. Puhakka et al reported that NOS2 expression was relatively low compared to
NOS1 or NOS3 in lung cancer [67]. In tumors negative for NOS2, strong NOS2
positivity of intra-alveolar macrophages cells was observed including NOS2 posi-
tive macrophages infiltration of tumor tissue. This was accompanied by increased
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apoptosis index compared to NOS2 positive tumors. No association of NOS2 with
outcome was observed in this dataset (#=89). While the evidence provided here
for a role of tumor epithelial associated NOS in tumor invasion and metastasis is
compelling, it is important to recognize and place this in the context of an increasing
body of evidence that also supports an anti-tumor effect of NOS2 expression in tu-
mor infiltrating macrophages. Much of this emerging data have been demonstrated
in experimental tumor models, but nonetheless provide convincing evidence that
the role of NOS2 in the tumor microenvironment is more complex than previously
envisaged. In the following section, we present this body of evidence, including the
first group of confirmatory studies from human cancer patient cohorts.

Evidence for the Effects of Macrophage-Associated NOS2
Expression in Experimental Tumor Models

Tumor-associated macrophages (TAMs) constitute a large proportion of the inflam-
matory cells that infiltrate human solid tumors, including breast [68], colon [69],
gastric [70] and ovary [71], and represents one of the hallmarks of cancer-associated
inflammation [72]. Many epidemiological studies have demonstrated correlations
between TAM infiltration and poor prognosis [68, 70, 71]. TAMs are heteroge-
neous, with distinct phenotypes that are influenced by the tumor microenvironment.
In tumors, macrophages can be recruited to suppress T cells both by promotion of
abnormal and dysfunctional blood vessels and also by inhibitory effects on extrava-
sated T cells [73]. Additionally, TAMs can influence many hallmarks of cancer pro-
gression including tumor cell survival, invasion, metastasis and inflammation [69].
Recent studies however, have provided evidence that macrophages can be involved
in both tumor promotion and tumor cell killing, depending on macrophage activa-
tion. Macrophage activation results in two broad but distinct macrophage pheno-
types, M1 and M2. M1-like macrophages are induced by exposure to interferon
(IFN)-y or LPS and M2-like macrophages, which can be further subdivided into
3 groups; M2a, induced with IL-4 and IL-13; M2b, which are stimulated by im-
mune complexes and Toll-like receptor (TLR) agonists; and exert host defensive
function against viral and microbial infections through producing large amounts
of inflammatory cytokines and nitric oxide (NO). On the other hand, M2 macro-
phages function in the scavenging of debris, angiogenesis, remodeling, and repair
of wounded/damaged tissues. M2 macrophages produce arginase, resulting in the
generation of ornithine and polyamines [74] and have been also shown to facilitate
tumor progression by various different mechanisms [75—79]. M2 macrophages can
also suppress adaptive tumor specific immune responses [80]. In contrast, the anti-
tumor effects of M1 macrophages have been largely attributed to the production of
NO [81-84]. It is well recognized that NOS2 dominates arginine metabolism in M1
macrophages to convert into nitric oxide that combining with oxygen radicals leads
to the formation of cytotoxic peroxynitrite [85].
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Although NOS2 has been previously associated with immunosuppressive func-
tions through its ability to suppress T cell function [86, 87], several studies now ex-
ist that demonstrate enhanced anti-tumor immune responses and subsequent tumor
rejection can be mediated by macrophage production of NO in experimental tumor
models. Klug and colleagues recently showed that induction of an NOS2*M1-like
macrophage phenotype is required and sufficient to mediate effector T cell recruit-
ment into tumor tissue [83]. Using a genetically engineered mouse model (GEMM)
(RIP1-Tag5) of pancreatic islet carcinoma and a xenotransplanted model of human
melanoma, the authors could show that low dose irradiation (LDI) induced a dif-
ferentiation switch resulting in enhanced tumor infiltration by CD8+ T cells. This
increased infiltration of CD8+ T cells, the primary effectors of anti-tumor immu-
nity, was dependent on tumor infiltrating macrophage NOS2 expression and NO
secretion and was abrogated following pharmacological inhibition of NOS2 in this
model. This effect of NO is supported by previous studies showing that NO is im-
portant in the process of CD8+ T cell differentiation [88, 89]. Additionally, both
LDI and T cell transfer converted the dysfunctional tumor blood vessels into a more
‘normalized’ vascular network, which likely facilitate the homing and extravasation
of transferred CD8+ cells into the tumors. In another study, using Stat6”~ tumor
bearing mice, Sinha et al. showed convincingly that following surgical resection of
primary mammary gland tumors (4T1), >60 % mice survive indefinitely compared
to <5 % of their Stat6""* counterparts [90]. Macrophages from Stat6-/- tumor bear-
ing mice displayed an M1-like phenotype with a low level expression of arginase
and high level of NO, which the authors showed was cytotoxic for 4T1 tumor cells
and largely responsible for the dramatic effect on tumor regression in Stat6~~ mice.
Importantly, Sinha and colleagues suggest that because NO preferentially induces
type I T cell differentiation [81], CD8+ T cells of Stat6”~ may be more efficacious
because Stat6” macrophages are polarized towards NO production, which they
showed to be dependent on IFN-y in their model [90].

Furthermore, Sica and colleagues, showed that blocking activation of the IL-10
pathway in tumor infiltrating macrophages resulted in the restoration of NF-kB-
dependent inflammatory functions, including the expression of NO and TNF-q,
thereby inducing an M 1-like inflammatory phenotype and intratumoral cytotoxicity
in models of fibrosarcoma and melanoma [91]. Similarly, in a model of perito-
neal metastasis, we recently demonstrated that the presence of an NOS2 express-
ing tumor infiltrating macrophage, in tumors lacking NF-«kB activity, resulted in
significantly increased survival in tumor bearing mice [82]. The presence of in-
tratumoral NOS2 expressing macrophages was associated with increased CD8* T
cell activation, higher levels of intratumoral apoptosis and decreased micro-vessel
density [82]. These effects could be reversed following macrophage depletion in
vivo, demonstrating the anti-tumor, cytotoxic effects of M1-like macrophages in
NF-kB deficient tumors. In another study, Guiducci and colleagues demonstrated
that inducing a switch in macrophage polarization using the TLR9 ligand, CpG, in
addition to anti-IL-10 receptor antibody triggered the subsequent rejection of pre-
established colon tumors [92]. Interestingly, two other studies demonstrated that
strategies to manipulation of macrophage phenotype, to promote the expression
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of NOS2 and other M1-like cytokines, including IL-12, TNF-a and IL-1B [93], or
suppress an M2-like macrophage phenotype, can suppress both tumor angiogenesis
and tumor growth and metastasis [94]. Using another strategy, Luo et al. demon-
strated a dramatic reduction in pro-angiogenic factors released by TAMs, including
VEGF and MMP-9 using a legumian-based DNA vaccine that successfully induced
a CD8" T cell response against TAMs. Importantly, the success of this strategy was
demonstrated in murine models of metastatic breast, colon, and non-small cell lung
cancers, where 75 % of vaccinated mice survived lethal tumor cell challenges and
62 % were completely free of metastases.

As shown here, although tumor epithelial NOS2 expression has been associ-
ated with poor prognosis in several human tumors including breast [19], pancreas
and lung [11], localization of expression varies in the diverse compartments of the
complex tumor microenvironment. In support of the experimental tumor studies
summarized above, several recent reports on human tumor have provided evidence
that NOS2 is expressed in infiltrating macrophages, and the subsequent produc-
tion of nitric oxide is positively associated with tumor rejection and survival time
in non-small cell lung cancer (NSLC) [95, 96], gastric [70] and pancreatic cancers
[83]. A study by Pantano et al. showed that M1 macrophage density, as determined
by CD68 and NOS2 staining, was a prognostic factor in multivariate analysis in
predicting patients survival time after radical surgery in gastric cancer patients [70].
In an earlier study, Ma and colleagues, found that M1 densities in tumor islets and/
or stroma are positively associated with patients survival time [95].More recently,
in a comprehensive study, Klug et al. demonstrated in a retrospective analysis of hu-
man pancreatic adenocarcinoma previously treated by LDI in a neoadjuvant setting,
that NOS2-expressing macrophages and CD8+ T cells were significantly increased
[83]. Increased intraepithelial T cell infiltrates are correlated with improved sur-
vival in patients with pancreatic cancer. Crucially, the authors showed that NOS2
expression in human tumor infiltrating macrophages was induced by local low dose
irradiation, which can be easily applied clinically [73].

Conclusion

Although considerable progress has been made in understanding NOS2/NO signal-
ing, the NOS2-targeted cancer therapy is complicated by many factors, not least by
the complexity of the tumor microenvironment. Although NOS2 up regulation has
been associated previously with immunosuppressive functions in stromal cells, in-
cluding immature myeloid cells (iMCs) [97], and mesenchymal stromal cells [87],
recent studies reviewed here reveal an unexpected role for NOS2 in promotion of an
effective anti-tumor CD8-mediated immune response [83], normalization of tumor
vasculature [83, 98, 99] and induction of cytotoxicity in tumor cells [82, 90, 91,
100]. These findings indicate that the diverse role of NO in the tumor microenviron-
ment needs to be investigated in more detail. Most likely, the cellular source, the du-
ration of exposure and the amount of NO are critical for its suppressive as opposed



58 A. E. Ryan et al.

to its stimulatory capacity, particularly in the complex microenvironment of solid
tumors. As suggested recently by De Palma and colleagues [73], these apparently
contradictory roles for NO may reflect a mutual inhibitory interplay between NOS2
tumor epithelial cells, NOS2 macrophages and other tumor stromal cells, including
mesenchymal stromal cells and myeloid derived suppressor cells in the complex
tumor microenvironment. How these effects can be selectively manipulated and
achieved, in the context of targeted cancer therapy, will undoubtedly be the focus
of future research efforts.
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Chapter 5

Role of Nitric Oxide in the Regulation

of the Pro-tumourigenic Hypoxic Phenotype:
From Instigation to Mitigation

Lynne-Marie Postovit

Abstract Low oxygen levels (hypoxia) are a biophysical consequence of tumour
growth that exceeds vascular capacity. Hence, hypoxia is commonly present in
solid tumours. Many studies, spanning decades, have demonstrated that the extent
of tumour hypoxia is positively correlated with a poor clinical prognosis. These
clinical findings have been corroborated with laboratory-based studies demonstrat-
ing that hypoxia induces hallmarks of cancer such as metabolic reprogramming,
metastatic potential, immune cell evasion and angiogenesis. Accordingly, there has
been a great emphasis placed on the need to understand the mechanisms by which
hypoxia promotes tumourigenic phenotypes; so that interventional therapeutics can
be developed. One candidate modulator of the hypoxic response is Nitric Oxide
(NO). In this review, we describe how NO can mimic or mitigate the effects of
hypoxia in tumours in a context and concentration-dependent manner. We further
reveal emerging research suggesting that NO signalling may be harnessed to pre-
vent tumour progression.
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Introduction

Low oxygen tensions (hypoxia) are a common feature of solid tumours [1]. Indeed,
depending on the size and type of tumour, between 1 and 50% of cancer cells are
exposed to less than 1.3% O, [2]. One of the first models of tumour hypoxia, pro-
posed by Thomlinson and Gray in 1955, posited that cells located farther than 70—
150 um away from a blood supply experience hypoxia due to the inability of oxygen
to diffuse beyond this distance. Notably, this study, and several others that followed,
showed that unlike many normal cells, cancer cells survive in chronic levels of
hypoxia for hours to a few days [3-5]. More recently, measuring blood flow and
oxygen levels in xenografts revealed the phenomenon of perfusion-limited hypoxia
(acute or fluctuating hypoxia), in which perfusion of blood vessels is inefficient and
dynamic, due to rapid and pathological angiogenesis. This type of perfusion defect
results in transient periods of severe hypoxia within the tumour [6—8]. Hence, solid
tumours commonly experience hypoxia, due to both diffusion limitations and ab-
normally formed blood vessels [9].

Several studies have demonstrated that hypoxia causes tumour cells to acquire
and sustain more aggressive phenotypes. For example, hypoxia induces the expres-
sion of proteins such as the urokinase receptor (uPAR) [10], which promote inva-
sion and metastasis and enhance immune tolerance by inducing the expression of
the chemokine CC-chemokine ligand 28 (CCL28) which promotes the recruitment
of regulatory T cells [11]. In addition, through the up-regulation of glucose trans-
porters such as GLUT1, hypoxia promotes glycolytic metabolism [12] and by in-
ducing VEGEF it facilitates angiogenesis [13, 14]. Finally, hypoxia allows cells to
resist apoptosis and induces the expression of multidrug resistance proteins, such as
the P-glycoprotein that allow the efflux of drugs [15, 16]. Hence, hypoxia is able to
potently activate many of the hallmarks of cancer, making it an important target for
anti-neoplastic treatments [1, 14, 17, 18].

In contrast to hypoxia, which is almost entirely cancer-promoting, Nitric Oxide
(NO) plays a controversial role in cancer, stimulating progression in some cases and
mitigating it in others. These apparently paradoxical roles for NO in cancer have
been reviewed extensively by others and are due largely to context and concentra-
tion-dependent effects [19, 20]. This review will further highlight the importance of
context by describing how NO signalling can both activate and mitigate the hypoxic
response in cancer cells. It will further highlight emerging studies indicating that
NO signalling may be targeted to prevent hypoxia-induced cancer hallmarks.

Hypoxia: A Microenvironmental Driver
of Tumour Progression

Oxygen levels play a pivotal role in regulating gene expression and cellular
behaviour. This phenomenon is particularly apparent when oxygen availability
decreases, leading to a state of low oxygen or hypoxia [9, 21]. The levels of oxygen
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in healthy tissues vary greatly with physiological “normoxia” ranging from ~20 %
in the upper airways to ~0.5% in tissues such as the retina [22, 23]. In contrast,
growing tumours are characterized by “hypoxia” wherein oxygen tensions fall be-
low physiological levels. For example, hypoxia is common within breast cancers
which have a median O, concentration of 1.3 %, as compared to ~8.5 % for normal
breast tissue [24]. In response to hypoxia, cells express genes that are essential
for their survival. In tumour cells, this O,-regulated gene expression leads to more
aggressive phenotypes, including those that increase the ability of cells to resist
therapy, recruit a vasculature, and metastasize [10, 21, 25-27]. Accordingly, there
is a growing body of evidence correlating tumour hypoxia with a poor clinical out-
come for patients with a variety of cancers [25, 28-31].

Hypoxia initiates complex and specialized responses at the molecular, cellu-
lar, and organismal levels to re-establish oxygen homeostasis and minimize injury
[32]. For example, in response to hypoxia, there is reduced oxidative phosphoryla-
tion, and repression of energy-demanding processes, such as translation of mRNA
[33]. Moreover, glycolysis is upregulated to compensate for reduced ATP produc-
tion [33]. Most transcription is reduced during times of hypoxia; however, a subset
of genes is increased dramatically, including Vascular Endothelial Growth Factor
(VEGF), Erythropoietin (EPO), and Glucose Transporters 1 and 3 (SLC241 and
SLC2A43) [32-34]. These alterations allow cells to adapt to the low oxygen condi-
tions, and as a consequence also promote tumour progression. Hypoxia-induced
VEGF expression increases angiogenesis, enabling further growth and providing a
vascular conduit for metastasis [14]. Moreover, the induction of extracellular ma-
trix (ECM)-associated proteins such as Lysyl Oxidase (LOX), and certain matrix
metalloproteinases allow cells to invade from the primary tissue site and to colonize
secondary metastatic sites such as the lung [35-38]. Critical drug resistance pro-
teins, such as P-glycoprotein, are induced by hypoxia, facilitating therapy resistance
[39]. Finally, hypoxia promotes immune escape by causing the shedding of immune
stimulating MICA from the cell surface and by up-regulating the expression of the
immune inhibitory factor, Programmed Cell Death Ligand-1 (PD-L1) [40, 41]. In-
deed, the pro-tumourigenic effects of hypoxia are vast, and have been the subject of
several excellent reviews [1, 14, 17, 18].

Tumour hypoxia can also induce and/or support cancer stem cells [9]. For ex-
ample, hypoxia promotes CD133™ cancer stem cell populations in glioblastomas
[42] and hypoxia can induce the expression of a hESC— associated gene signature,
inclusive of POUSFI and NANOG, in a number of cancer cell types, including pros-
tate cancer and brain cancer [43]. Several studies have also suggested that hypoxia
can induce cancer stem cell-like phenotypes in breast cancers. Well-differentiated
T47D, MCF-7 and CAMA breast cancer cells dedifferentiate following 3 days of
exposure to 1% O,, characterized by a decrease in estrogen receptor expression,
and an increase in cytokertain 19 (an epithelial stem cell marker) [44]. Moreover,
several studies have used archival breast cancer samples to demonstrate that CD44/
CD24" breast cancer stem cells are enriched in hypoxic tumours, delineated by the
expression of Hypoxia Inducible Factor-1 (HIF-1) or Carbonic Anhydrase IX (CA9)
[45, 46]. Finally, exposure to low O, increases epithelial-to mesenchymal transition
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(EMT) in breast cancer cells concomitant with a marked enhancement of tumour
initiation and metastatic potential [47-51]. Thus, in addition to driving classical
hallmarks of cancer, hypoxia may actually promote the very seed of this disease.

Hypoxia Inducible Factors: Master Transcriptional
Regulators of the Hypoxic Response

Approximately 1-1.5% of the genome is transcriptionally regulated by hypoxia,
either through Hypoxia Inducible Factor (HIF)-dependent or HIF-independent path-
ways [52—54]. The HIF pathway is present in nearly all eukaryotic cells wherein it
dominates the cellular response to hypoxia [54]. HIFs are heterodimeric transcription
factors composed of an a(HIF-o) and a B(HIF-B/aryl hydrocarbon receptor nuclear
translocator (ARNT)) subunits, both of which belong to the basic helix-loop-helix
per-arnt-sim protein family [54]. HIF-18 is constitutively expressed while the o sub-
unit is tightly regulated at the levels of protein stability and transactivational activity.
Under normal physiological conditions, HIF-1 activity is virtually absent. Howev-
er, following a reduction in O,, there is a marked increase in HIF-1 DNA-binding
and functional activity. Under normal conditions, HIF-1a is a substrate for the von
Hippel-Lindau tumour suppressor protein (pVHL) ubiquitylation complex, and is
consequentially targeted for degradation by the 26 S proteosome. Recognition by
VHL is dependent on hydroxylation of prolyl residues in the O,-dependent degrada-
tion domain of HIF-1a. The enzymes that catalyze this event, the HIF-1a prolyl-hy-
droxylases (PHDs), have an absolute requirement for molecular O, as a co-substrate
and for iron as a co-factor; hence, disruptions in O, availability or iron homeostasis
similarly result in HIF-1a accumulation and activity [28, 55-57]. In hypoxia, HIF-a
accumulates in the cytoplasm as it is no longer targeted for degradation [54, 58, 59].
HIF-a then translocates to the nucleus where it heterodimerizes with HIF-B/ARNT
and binds to hypoxia responsive element (HRE) regions in target genes. There are
three known HIF-a proteins (HIF-1, HIF-2 and HIF-3) of which HIF-1 and HIF-2
are best characterised. HIF-1o and HIF-2a display a high sequence similarity and are
both able to heterodimerize with ARNT and bind to HREs [57, 59].

Nitric Oxide

Nitric oxide plays a pivotal role in regulating multiple biological functions. For
example, it induces vasodilatation, regulates platelet adhesion, acts as a neurotrans-
mitter, and mediates cell growth and apoptosis [60—64]. Because NO is a small
molecule without any charge, it can diffuse freely across cell membranes without
the need for a transport system. Furthermore, NO is not very reactive, hence it is
able to diffuse from adjacent cells without being altered [65, 66]. Accordingly, NO
is a prevalent signalling molecule in the tumour microenvironment. NO also shares
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a number of features that can allow it to interact with and even mimic some of
the functions of oxygen. In particular, the electronic structure of NO makes it an
outstanding ligand for heme moieties. Therefore, NO can bind to proteins such as
prolyl hydroxylases at low concentrations [65—67].

Cellular Nitric Oxide Production

Nitric oxide is produced by nitric oxide synthases (NOS). Three isoforms of NOS
have been discovered: neuronal (nNOS or NOS 1), inducible (iNOS or NOS 1II), and
endothelial (eNOS or NOS III) [68-71]. The levels of NO produced by each NOS
isoform vary between 5 nM and 4 uM [72, 73], with NOS III and NOS I generating
the lower basal levels and NOS II contributing to the more transient micromolar
concentrations. The catalysis of NO involves the conversion of I-Arginine and O,
into NO and citrulline [68—70]. This reaction is dependent on the availability of
several co-factors and co-substrates, including NADPH, FAD, and tetrahydrobi-
opterin [68—74]. Interestingly, cells are also capable of synthesizing endogenous
NOS inhibitors such as NG-monomethyl-l-arginine (I-NMMA) and asymmetrical
dimethylarginine (ADMA) [68, 75]. These methylated l-arginine analogues, which
competitively inhibit NOS by mimicking 1-Arginine, allow for the endogenous
regulation of NO synthesis. Although constitutive in many tissues, the expression
of NOS is regulated by several factors. For example, shear stress has been shown
to increase eNOS levels in endothelial cells, and studies have demonstrated that
cytokines such as Tumour Necrosis Factor alpha (TNF) promote iNOS expression
[76, 77]. Oxygen levels also regulate NOS levels in a cell type and isoform specific
manner [21, 71] by altering enzyme expression and by limiting the availability of
0,, a key substrate for NO synthesis.

Nitric Oxide Production in Hypoxia

Like most phenomena associated with NO, oxygen regulates the expression of NOS
in a context and isoform specific manner. Indeed, hypoxia has been shown to in-
crease, decrease, or not affect cellular NOS levels [71, 78-82], depending on what
model is used and what isoform is measured. For example, the iNOS gene can be sig-
nificantly up-regulated by hypoxia in many cell types [80, 81]. Conversely, hypoxia
has been shown to inhibit the transactivation of the iNOS gene in cells exposed to
certain cytokines, and exposure of B16F10 murine melanoma cells to low levels
of O, results in decreased iNOS protein levels [21, 78]. Moreover, a recent study
using endothelial cells suggests that HIF-1 induces iNOS-dependent NO whereas
HIF-2 reduces it [83]. In contrast to iNOS, studies generally demonstrate that nNOS
is induced by hypoxia [71, 84, 85]. One mechanism underlying this induction in-
volves the up-regulation of a nNOS transcript with a short 5’ Untranslated Region



5 Role of Nitric Oxide in the Regulation of the Pro-tumourigenic Hypoxic Phenotype 71

(5’UTR). This short UTR greatly enhances translational efficiency, allowing higher
levels of nNOS protein to be made, even as hypoxia generally reduces translation
[85]. In contrast to nNOS, the majority of studies suggest that hypoxia reduces the
expression of eNOS [71, 86]. This down-regulation in expression occurs due to
several factors including reduced transcription and mRNA stability [82], increased
expression of an antisense transcript [87], and epigenetic modifications [88].

Given the variations in how hypoxia may affect NOS levels, it is difficult to
predict NO production in the tumour microenvironment, based on the expression
of one isoform. This is further compounded by how oxygen availability may af-
fect NOS activity, based on its requirement as a substrate. For example, the Kms
of oxygen are 350, 130 and 4 mM, for nNOS, iNOS and eNOS, respectively [71,
85]. Hence, NO production by nNOS and iNOS would be greatly limited in the
hypoxic tumour microenvironment. While the effects on eNOS activity would be
minimal, the general down-regulation in the expression of this enzyme in hypoxia
would likely result in a net reduction in NO availability. Indeed, low levels of O,
(1-3 %) inhibit NO production by up to 90 % in macrophages and endothelial cells
[21, 89-91]. Hypoxia also affects NOS activity by regulating the expression of en-
dogenous antagonists. For example, conditions associated with hypoxia have been
shown to up-regulate the expression of the NOS antagonist ADMA [21, 89, 90, 92].
In further support of the concept that hypoxia decreases NOS activity, several stud-
ies have shown that hypoxia and NOS inhibition can commonly affect downstream
signalling. Both hypoxia and NOS inhibition decrease cellular cGMP levels [10, 93,
94]. Culture of MDA-MB-231 breast carcinoma cells in 0.5 % O, results in a reduc-
tion in cGMP accumulation , an effect that can be rescued by the addition of NO
donors [10]. Furthermore, inhibition of the NO-activated cGMP signalling pathway
can elicit responses that are similar to those induced by hypoxia. NOS inhibition
and hypoxia similarly increase uPAR expression, ET-1 production, chemoresis-
tance, cellular invasiveness, and metastatic potential [21, 26, 95, 94]. In addition,
prolonged exposure to L-NAME or knock down of eNOS increases migration and
VEGF production in human umbilical cord vein (HUVEC) cells, concomitant with
stabilized HIF. These effects of NOS inhibition can be mitigated by relatively low
levels (500 nM) of the NO donor, DETA/NO, suggesting that a lack of NO can
mimic certain aspects of hypoxia [97]. Thus, when considering the role of NO in
cancer, one must account for oxygen availability as well as NOS isoform expression
within the tumour microenvironment.

Nitric Oxide Signalling

NO signalling encompasses three broad categories of molecular modifications:
(i) the S-nitrosylation of thiol groups; (ii) peroxynitrite (ONOO-) generation, lead-
ing to nitrotyrosine formation; and (iii) the donation of electrons to transition metals
such as copper, zinc and iron [21, 70]. The path by which NO mediates its effects de-
pends on the local concentrations of NO as well as the microenvironmental context.
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For example, nitrosylation and nitrotyrosine formation occur when NO concentra-
tions are high (> 1 uM) whereas interactions with transition metals, such as the iron
moiety of soluble guanylyl cyclase (sGC), require relatively low (<1 uM) levels of
NO [21, 70, 98, 99].

When NO concentrations exceed 1 pM, the autooxidation of NO to nitrogen di-
oxide (NO,) can occur [100]. NO, subsequently oxidises additional NO molecules
to dinitrogen trioxide (N,0O,), which rapidly decomposes into a nitrite ion (NO,")
and a nitrosonium ion (NO™"). The latter (NO") nitrosylates electrophilic compounds
and deaminates DNA [70, 101]. Another high concentration effect of NO is per-
oxynitrite (ONOO-) generation, a process that leads to peroxynitrous acid forma-
tion and tyrosine nitration [70, 102]. This phenomenon occurs when NO reacts with
a superoxide radical (O,") and is, therefore, dependent on the redox state of a cell
and the activity of copper/zinc superoxide dismutase (SOD), the enzyme which
catalyses the reduction of O, to hydrogen peroxide (H,0,) [70, 103]. Furthermore,
due to its dependence on O, availability, endogenous scavengers such as glutathi-
one (GSH) can regulate the rate of peroxynitrite formation [104]. Peroxynitrite is a
highly reactive oxidant and a strong nitrating agent. As such, it rapidly reacts with
proteins, lipids, sulphydryl groups and DNA, and is believed to be a significant me-
diator of damage by inflammation, ischemia/reperfusion and atherosclerosis [102,
105]. Like nitrosylation, ONOO— has been shown to activate signalling factors,
such as the c-Jun-NH2-terminal kinase (JNK), that are similarly induced by hypoxia
[106, 107].

When NO concentrations are relatively low, interactions with heme-containing
proteins, such as sGC, predominate. SGC is a heterodimeric protein composed of
two subunits (one alpha and one beta) [108]. There are at least two isoforms of each
subunit (al, a2, B1, and $2). However, the $2 subunit does not seem to contribute
to a NO-sensing protein [109] and the a1B1 combination is the most ubiquitously
expressed [21, 108—111]. NO binds to a protoporphyrin IX type heme moiety in
sGC, severing the bond between the heme iron and its ligating histidine residue,
resulting in the activation of the enzyme [112, 113]. SGC amplifies the effects of
NO by catalyzing the second messenger cyclic guanosine monophosphate (cGMP)
from guanosine 5-triphosphate (GTP) [114, 115].

Several proteins interact with cGMP to mediate alterations in gene expression
and cell phenotype. These include the cGMP-dependent protein kinase (PKG),
cGMP activated phosphodiesterases (PDEs), and cGMP-gated ion channels [108,
114]. Of these, PKG, a serine/threonine kinase that is activated following cGMP
binding, is responsible for the many of the cellular effects of cGMP [108, 116].
There are two isoforms of PKG (PKG I and PKG II), however PKG I is the most
ubiquitously expressed [117, 118]. Upon activation, PKG phosphorylates many in-
tracellular targets, often resulting in alterations in gene expression. For example,
PKG can inhibit the Ras/sMAPK pathway by mitigating the activation of cRaf ki-
nase and by inducing the expression of MAPK phosphatase 1 (MKP-1), an enzyme
responsible for MAPK inactivation [119]. The RassMAPK pathway triggers the ac-
tivation of the extracellular regulated kinases (ERK 1 and 2) which can activate pro-
liferation, survival and invasion-associated genes [120]. Therefore, by promoting
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MKP-1 expression, and preventing cRaf activation, PKG may play an important
role in regulating cellular adaptations to changes in the microenvironment.

The levels of cyclic nucleotides within a cell are controlled by a large super-
family of enzymes known as the phosphodiesterases (PDEs) [121-123]. These en-
zymes catalyse the hydrolysis of the 3-phosphodiester bond of cyclic adenosine
monophosphate (cAMP) and cGMP to yield AMP and GMP, respectively. There
are currently 11 PDE families, distinguished by unique combinations of enzymatic
characteristics and pharmacological inhibitory profiles [123]. Thus far, studies have
revealed that PDEs 1, 2, 5, 6, 9, and 11 preferentially degrade cGMP, and that cGMP
can bind to and increase the activities of PDE 2 and PDE 5, thereby providing a
mechanism to control endogenous cGMP signalling [121, 123, 124].

NO as A Hypoxia-Mimetic

NO can activate signalling pathways and phenotypes commonly associated with
hypoxia. These effects of NO are largely attributable to high concentration events
such as nitrosylation. For example, nitrosylation causes the activation of Ras [125,
126]. Consequences of Ras activation include the stimulation of the MAPK and
PI3K pathways, both of which modulate hypoxia induced responses [68, 127]. NO
donors can also promote HIF-1 accumulation via an increase in HIF-1transcription
and translation. This effect of NO on HIF-1 expression is due to the sequential
activation of Ras and PI3K [128]. Finally, stresses to the cell, other than hypoxia,
can also induce HIF in an NO-dependent manner. Indeed, a recent study showed
that doxorubicin increases HIF-1 in breast cancer cells via a process dependent on
NO production by iNOS [129]. NO has been shown to activate phenotypes, such
as invasion and stemness, which are similarly induced by hypoxia. Melanoma cell
invasion and lung colonization is increased in BRAF mutant cells, where PDESA is
down-regulated. The effect of PDESA down-regulation on invasion is mediated by
c¢GMP [130]. NO has also been shown to signal in a cGMP/PKG-dependent manner
to drive Notch signalling in PDGF-induced gliomas; leading to the enhancement
of cancer stem cells and increased tumourigenesis [131]. In agreement with these
findings, iNOS is associated with a poor prognosis in patients with glioma and inhi-
bition of this NOS isoform inhibits glioma growth in animal models [132].

NO can also act directly on the HIF regulatory machinery to enhance the stabi-
lization and/or activity of this important transcription factor. High doses of GSNO
and other NO donors enhance S-nitrosylation of prolyl hydroxylase, leading to
HIF-1a accumulation [133, 134] and binding of HIF to DNA [135]. Furthermore,
NO generated by iNOS S-Nitrosylates Cys 533 in the ODD of HIF-1, decreasing
pVHL binding and enabling HIF accumulation [136]. VHL activity can also be
inhibited by S-Nitrosylation [137]. NO has also been shown to directly enhance
HIF activity through the nitrosylation of a cysteine residue (C800) in the C ter-
minal activation domain of HIF-1 [138]. This nitrosylation increases the associa-
tion of HIF-1 with the p300 co-activator, thereby enhancing HIF-1 transactivation
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and transcriptional activity [138] Finally, NO may even enhance HIF-1 levels in
hypoxia. For example, NO produced endogenously by HCT116 human colon can-
cer cells cultured in mild hypoxia (3% O,) enhanced the accumulation of HIF by
promoting S-Nitrosylation of PHD2 [139]. Hence, in the right context, NO can
instigate hypoxia-associated phenotypes by inducing similar signalling pathways
and stabilizing HIF.

NO in the Mitigation of Hypoxia-Induced Phenotypes

The ability of NO to bind heme proteins in a manner similar to O, suggests that it
may be able to modulate hypoxia-induced phenotypes by mimicking O,. Indeed,
NO can inhibit the hypoxic up-regulation of genes including EPO, ET-1 and VEGF
and NO donors diminish the hypoxic accumulation of HIF-1 [108, 140—-145]. Ac-
cordingly, NO mitigates the hypoxic induction of phenotypes such as cellular inva-
siveness, metastatic potential, immune escape and resistance to therapy [10, 26, 40,
41, 146]. SNP decreases hypoxia-induced invasion and HIF-1 levels in PC3 prostate
cancer and T24 bladder cancer cells [147]. Importantly, GTN and DETA/NO can
also prevent the hypoxic up-regulation of BI6F10 murine melanoma growth in the
lung, suggesting that NO donors could be used to prevent or treat metastatic disease
[21]. As mentioned above, immune escape or evasion has emerged as an important
pro-tumourigenic hypoxia-induced phenotype. Hypoxia increases immune escape
from innate immunity in breast and prostate cancer cells by increasing ADAM10
in a HIF1-dependent manner. ADAMI10 cleaves the MHC Class I chain related
molecule, MICA, so that it can be shed from the cell surface. As MICA triggers
cytolytic function of immune effectors like natural killer (NK) cells, the hypoxic
induction of ADAMI10 allows cancer cells to better evade the immune system and
survive [40]. NO donors or 8Bromo-cGMP impair the hypoxic induction of HIF,
thereby decreasing immune escape. Indeed, GTN blunted the growth of DU145
prostate tumours in mice in a NK-cell dependent manner [40]. GTN can also allay
the hypoxic induction of immune escape from adaptive immunity by preventing the
up-regulation of PDL1, a ligand that reduces the ability of cytotoxic T lymphocytes
to kill cancer cells [41]. Finally, a growing body of evidence demonstrates that NO
can prevent hypoxia-induced therapy resistance. NO mimetics significantly inhibit
hypoxia-induced resistance to doxorubicin and 5-flourouracil in a variety of cell
types [26, 146]. In PC-3 prostate cancer cells, NO-Sulindac reduces the hypoxic
signature by mitigating HIF-1 levels and this effect of NO results in a greater sen-
sitivity to radiation [148, 149]. Collectively, these studies reveal that NO is able to
regulate an array of O,-sensitive phenotypes.

NO can also act directly on the HIF regulatory machinery to decrease the hypox-
ia-induced stabilization and/or activity of this important transcription factor. NO
decreases PHD activity in normoxia, leading to increased HIF-1 levels but increases
it in hypoxia, thereby mitigating the hypoxic induction of HIF-1 [150]. Mechanis-
tically, NO may mimic O, at the Fe** catalytic site [67]. Alternatively, NO may
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impede mitochondrial oxygen consumption by inhibiting cytochrome C, allowing
the repurposing of oxygen toward PHDs, increasing their activity and reducing HIF
levels [141].

Mechanistically, it is likely that many of the anti-tumourigenic effects of NO
in hypoxia are mediated via cGMP-dependent pathways. For example, a non-hy-
drolysable cGMP analogue (8-BrcGMP) can inhibit uPAR expression and in vitro
invasion through the ECM in a manner similar to NO-mimetic treatment [10] and
can abrogate the hypoxic up-regulation of B16F10 murine melanoma cell metas-
tasis [21]. It is likely that this effect of cGMP is mediated by PKG, as treatment
with a selective inhibitor (KT5823) blocks the anti-tumourigenic effects of 8-Brc-
GMP. These findings are in agreement with several other studies demonstrating
that NO inhibits the hypoxic induction of genes including VEGF, EPO and ET-1 by
activating sGC and increasing cGMP levels [142, 151, 152]. More recently, Mu-
rad and colleagues have shown that increasing cGMP, either by overexpressing a
constitutively active sGC or by treating with PDE inhibitors, decreases glioma cell
growth both in vitro and in murine xenograft models [108, 153]. PKG2 activity,
downstream of cGMP , has similarly been shown to inhibit glioma proliferation,
and studies indicate that it may also induce the differentiation of stem cell-like
cells in this cancer [154]. This phenomenon may not be specific to brain cancers,
as a recent study showed that by inhibiting cGMP and PKG signalling, PDE 10 A
promotes cancer-associated -catenin signalling and increases proliferation in co-
lon cancer cells [155]. Moreover, cGMP, induced following binding of to a 67 kDa
laminin receptor and/or treatment with a PDES inhibitor, can inhibit the growth of
multiple cancer cell types, including primary multiple myelomas [156]. Finally,
treatment of DU-145 prostate cancer cells with PDE inhibitors, which prevent the
degradation of cGMP, reduced the hypoxic acquisition of resistance to Doxoru-
bicin, and reversed the hypoxic induction of MICA, leading to an NK-dependent
attenuation of tumour growth in mice [157]. Collectively, these findings indicate
that, through the sequential activation of sGC and PKG, NO is able to mitigate
the hypoxic up-regulation of phenomena such as HIF accumulation, invasion and
metastatic potential.

Conclusions: Moving toward the Clinical Use of NO
for the Treatment of Cancer

NO is emerging as a potential therapy for the treatment of cancers, with positive
results in several clinical trials. In a recent phase II clinical trial on patients with
non-small cell lung cancer (NSCLC), GTN was shown to improve the efficacy of
cisplatin plus vinorelbine and radiotherapy [158]. A previous study similarly dem-
onstrated that GTN could increase response rates and decrease time to progression
in Stage I1Ib/IV NSCLC patients treated with a cisplatin and vinorelbine regimen
[159]. Moreover, a retrospective study showed that GTN increases the response rate
in lung cancer patients treated with docetaxel and carboplatin [159]. In this latter
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study, VEGF and HIF-1 levels were lower in patients treated with GTN, suggest-
ing that NO could be mitigating the pro-tumourigenic effects of hypoxia [160]. In
another phase II study, GTN significantly reduced prostate specific antigen (PSA)
doubling time in patients with primary treatment failure, suggesting that this NO
donor can diminish progression [161]. It is tempting to speculate that the effects of
NO in these trials are due to the inhibition of a hypoxia-induced program. Based on
the confounding roles of NO presented in this review, great caution must be used
when interpreting results, and choosing patients for future trials. For example, it
may be wise to ensure that patients have hypoxic tumours, where the ability of cells
to endogenously produce NO is limited. This is particularly important, as providing
more NO to well oxygenated tumours may initiate, rather than mitigate, hypoxia-
associated gene signatures. Hence, as we forge forward with new treatments that
target NO signalling, we must always consider the paradoxical role of NO in the
regulation of hypoxia-induced phenomena, wherein it can both instigate and miti-
gate pro-tumourigenic phenotypes.
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Chapter 6
Impacts of S-Nitrosylation in Cancer

Tysha N. Medeiros, Dana M. Jarigese, Melissa A. Edwards and
Mark A. Brown

Abstract From its diminutive size and ephemeral nature to its lipophilicity and
ability to rapidly diffuse across cell membranes, nitric oxide (NO) is a highly effec-
tive signal molecule. In this capacity, NO regulates the activity of a wide range of
target proteins through its central function in S-nitrosylation. In the past decade,
S-nitrosylation signaling events have garnered an increasing amount of interest with
regard to their impacts on malignant neoplasms. In this chapter, we review both the
pathogenic and prospective therapeutic roles of S-nitrosylation in cancer biology.
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HIF-1 Hypoxia-inducible factor 1
iNOS Inducible Nitric Oxide Synthase

NOS Nitric Oxide Synthase
nNOS Neuronal Nitric Oxide Synthase
SNO S-nitrosothiol

Introduction

NO-mediated signal transduction is central to many cell regulatory pathways [1,
2] and is essential in some immunological response factors such as the superox-
ide-mediated cytotoxicity of leukocytes [3—6]. The physiological impacts of NO
signaling vary contingent upon the rate and concentration at which it is delivered
[6-9]. For example, although NO-mediated cytotoxicity is induced by extreme, of-
ten precipitous levels of NO [6], platelet accretion is controlled by localization of
relatively low concentrations of nitric oxide [8, 9]. NO signaling is responsible for
the regulation of several immunological pathways targeting cancer [10—12] and has
also been implicated in the initiation of apoptosis in tumors by compromising the
integrity of the mitochondrial membrane resulting in the discharge of cytochrome
c oxidase [13, 14].

Three principal isoforms of NO synthase (NOS) are responsible for the synthesis
of nitric oxide under a broad range of conditions. Acting on a common substrate, L-
arginine, these isoforms include neuronal NOS (nNOS), endothelial NOS (eNOS)
and inducible NOS (iNOS). The nNOS and eNOS isoforms are calcium-dependent
and provide signaling within and outside the central nervous system, respectively.
The iNOS isoform is calcium-independent and is capable of rapidly synthesizing
high concentrations of NO in response to immunological stimuli [15, 16].

An important mechanism of NO-mediated signaling occurs via post-translation-
al modifications to key regulatory proteins. The reversible S-nitrosylation reaction
(Fig. 6.1) involves the attachment of a nitroso moiety to the reactive thiol of cys-
teine residues thereby producing S-nitrosothiol (SNO) [17-19]. To date, a number

Nitroso Group

N
H/\H " e ™

Cysteine SNC

Fig. 6.1 Overview of the S-nitrosylation reaction
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of specific protein targets have been identified by which S-nitrosylation is known
to regulate processes involved in transcription, DNA repair, and apoptosis [20-22].
Unfortunately, aberrant S-nitrosylation is also known to occur and has been impli-
cated in tumorigenic processes. The S-nitrosylation event is dependent upon the
redox state at the site of the reaction. Selectivity for the sulfhydryl group of thiols is
regulated by protein-protein interactions and co-localization with NOS [23]. Cellu-
lar SNO concentration is governed by denitrosylases such as GSNO reductase [24],
thioredoxin [25], and xanthine oxidoreductase [26].

S-Nitrosylation and Cancer

All three NOS isoforms have been shown to be upregulated in a wide range of can-
cers [27]. For example, in breast carcinomas, interaction between STAT3 and the
nuclear epithelial growth factor receptor (EGFR) activates transcription of iNOS
[28]. In turn, activation of iNOS in tumor cells is known to induce upregulation of
VEGF resulting in angiogenesis and tumor growth [29, 30]. Increasing evidence
now implicates S-nitrosylation of VEGF transcriptional regulators in the induction
of angiogenesis in tumor tissues (bentham).

Protein nitrosylation often triggers conformational changes (Fig. 6.2) that either
enhance or inhibit protein function depending on the target molecule. In some cases,
as with TRX-1, nitrosylation and denitrosylation allow proteins to switch between
two independent functions. S-nitrosylation of a growing list of proteins has been

Human TRX-1

Fig. 6.2 The non-modified TRX-1 protein (shown in gray mesh) has been aligned with its nitro-
sylated counterpart to provide a representation of nitrosylation-induced conformational changes.
Nitrosylated cysteine residues are shown in yellow space fill
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Table 6.1 S-Nitrosylated Proteins Involved in the progression of cancer

Protein Impacts of S-Nitrosylation Reference(s)

HIF-1la Stabilization of HIF-1a leading to radiotherapy resistance and [31-35]
promotion of angiogenesis

Bcl-2 Stabilization of Bcl-2 leading to inhibition of apoptosis [36]

AGT Degradation of AGT leading to increased tumor incidence [37]

PTEN Inhibition of PTEN phosphatase activity leading to promotion of | [38]
angiogenesis

pS3 Loss of p53 function leading to inhibition of apoptosis [39]

MKP-7 Promotion of angiogenesis [40]

C-Src Progression of tumor invasion and metastasis [41]

linked to tumor progression and metastasis. A list of S-nitrosylated proteins and
their role in the progression of cancer is provided in Table 6.1 and detailed below.

Hypoxia-inducible factor 1 (HIF-1) governs the transcription of hypoxia-respon-
sive genes including key regulators of angiogenesis, cell cycle, and apoptosis [42].
The heterodimeric complex of HIF-1 contains two subunits including HIF-1a and
HIF-1B. Under normal circumstances, HIF-1a is destroyed via the ubiquitin-protea-
somal degradation pathway. During hypoxia, however, this degradation is inhibited
[31-33]. Likewise, S-nitrosylation at C533 in the degradation domain of HIF-1a
is known to inhibit its degradation. This, in turn, has been shown to promote both
angiogenesis as well as resistance to radiotherapy [34, 35].

Bcl-2 is well documented for its role in inhibiting apoptosis by interfering with
pathways that result in the release of mitochondrial cytochrome c oxidase [43]. Ni-
trosylation of Bcl-2 at C158 and C229 stabilizes the protein and prevents its ubiqui-
tin-proteasomal pathway-mediated degradation [36]. This allows the anti-apoptotic
protein to accumulate in tumor cells where it facilitates evasion of apoptotic signals.
The nitrosylation of Bcl-2 is particularly problematic for cancer patients undergo-
ing treatment with cytotoxic agents such as Cisplatin which are designed, in part, to
target Bcl-2 for destruction [44].

Of-alkylguanine-DNA alkyltransferase (AGT) is a DNA repair enzyme which
is central to the prevention of tumorigenesis caused by alkylating carcinogens. S-
nitrosylation of AGT at C145 has been shown to destabilize the protein and induce
its ubiquitin-proteasomal pathway-mediated degradation [37]. This, in turn, leads to
a loss of critical repair mechanisms associated with alkylating carcinogens, thereby
driving a gradual increase in genetic instability and ultimately, tumorigenesis.

The tumor suppressor PTEN is a protein phosphatase which acts on a number of
substrates to inhibit the angiogenic pathways induced by PI3K/Akt signaling [45].
S-nitrosylation of PTEN has been shown to induce structural changes which result
in a loss of phosphatase activity. This loss of PI3K/Akt signaling inhibition leads to
enhanced angiogenesis and rapid growth in tumor tissues [38].

Other proteins which are known to be modified by S-nitrosylation resulting in
the progression of cancer include p53, MKP-7, and C-Src. MKP-7 dephosphory-
lation is known to inactivate JNK3, thereby inhibiting endothelial cell migration.
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Table 6.2 S-Nitrosylated proteins involved in the inhibition of cancer

Protein Impacts of S-Nitrosylation Reference(s)
FasR Induction of apoptosis and increased sensitivity | [47]

to chemotherapeutics
Hdm?2 Induction of apoptosis [46]
GAPDH Increased sensitivity to chemotherapeutics [48, 49]

NF-kappaB | Reduction of cell proliferation and induction of | [50-54]
apoptosis

However, S-nitrosylation of MKP-7 has been shown to eliminate its phosphatase
activity resulting in prolonged JNK3-mediated enhancement of angiogenesis [40].
S-nitrosylation of p53 results in catastrophic structural changes and consequent loss
of tumor suppression activity [39]. Finally, S-nitrosylation of C-Src significantly
enhances its kinase activity and corresponding impacts on tumor metastasis [41].

While the S-nitrosylation of proteins is often a factor in the progression of tu-
mors, as illustrated above, there are also cases in which nitrosylation functions to
inhibit the development and progression of cancer. For example, the nitrosylation of
Hdm?2 has been shown to prevent its inactivation of p53 [46]. A list of S-nitrosylated
proteins and their role in the inhibition of cancer is provided in Table 6.2 and de-
tailed below.

Interaction of the Fas ligand with its receptor, FasR, leads to the induction of
apoptosis [55]. This response represents one of two primary pathways for initiating
programmed cell death. Unfortunately, this event is often circumvented in a wide
range of cancers. S-nitrosylation of FasR at C304, however, compensates for such
Fas resistance by escalating the process of Fas accumulation at the plasma mem-
brane and facilitating the formation of the death-inducing signaling complex [47].

Hdm?2 is known to be a key regulator of p53. Hdm2 binding of p53 facilitates
both the inhibition and ubiquitination of the tumor suppressor [56]. Ubiquitination
of p53 mediates destabilization and proteasomal degradation. However, S-nitrosyl-
ation of Hdm?2 interferes with the ability of Hdm2 to bind p53, thereby preventing
Hdm?2-faciliated inhibition and ubiquitination of p53 [46].

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is classically recog-
nized for its role in glycolysis. However, it has more recently been shown to play
a distinct signaling role in the process of apoptosis. Under conditions of cell stress,
apoptotic initiation induces S-nitrosylation of GAPDH at C150 [57]. This induces
recruitment, binding, and stabilization of the E3 ubiquitin ligase, Siah1. Subsequent
nuclear translocation of the GAPDH-Siahl complex is mediated via the nuclear
localization signal of Siahl. In the nucleus, Siah1 ubiquitination of nuclear proteins
induces degradation, thereby advancing the apoptotic cascade [48, 49].

Misregulation of the transcriptional regulator NF-kappaB is involved in a broad
range of cancers. The central role of this protein in the regulation of key pathways
related to cell proliferation and survival has made it a common target for prospec-
tive therapeutics. S-nitrosylation of NF-kappaB has been shown to reduce its DNA
binding potential and thereby inhibit activation of its target genes [50-52].
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The list of pro- and anti-cancer protein nitrosylation events described in this sec-
tion represents the few about which we have the clearest understanding. However,
this list is far from complete. There are new nitrosylation events discovered on a
regular basis and many of these have a role in cancer. Among the targets are proteins
such as MKP-1 [58], dynamin [59, 60], Caveolin-1 [61], and B-catenin [62] which,
when nitrosylated, appear to have roles in the progression of cancer. Others, such
as HDAC?2, SIRT1, and DNA-PK, which are nitrosylated as part of the GAPDH
nitrosylation cascade, likely play a role in tumor suppression [48]. A more com-
plete understanding of nitrosylation events involved in cancer and their role in the
progression or inhibition of tumors will likely lead to new avenues in the clinical
management of cancer.

Conclusions

The capacity of cancer cells to cultivate increasing resistance to cytotoxic thera-
peutics has been a key challenge in the clinical management of tumors. This is
further complicated by the dose-limiting toxicity associated with such therapeutics.
Nitric oxide has emerged as a potential adjuvant with an ability to sensitize tumors
to traditional therapies [63]. However, conflicting reports continue to point to the
capacity of NO to actually enhance the development and progression of cancer. An
evaluation of the biological pathways impacted by NO, the levels and localization
of NO required to elicit those impacts, and an understanding of the sensitivity of
these attributes to timing is necessary to therapeutically direct the signaling poten-
tial of NO.

The role of S-nitrosylation in the signaling of NO has garnered increasing inter-
est as many targets of this post-translational modification are involved in critical
pathways of the cell. Of particular interest is a growing list of proteins whose im-
pacts on cancer biology are modified as a result of S-nitrosylation. In some cases,
S-nitrosylation appears to serve as a regulatory mechanism to inhibit cancer. How-
ever, as with all signal events, S-nitrosylation can be manipulated in tumorigenic
processes toward the misregulation of proteins which are critical in the governance
of cell proliferation and survival. Whether involved in the progression or inhibition
of cancer, an understanding of the signal capacities of S-nitrosylation can lead to
a powerful new approach to enhancing anti-cancer mechanisms while inhibiting
misregulated pathways.
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Chapter 7
S-Nitrosylation in Cancer Cells: To Prevent
or to Cause?

Ali Bettaieb, Stéphanie Plenchette, Catherine Paul, Véronique Laurens,
Sabrina Romagny and Jean-Francois Jeannin

Abstract The purpose of this review is to point out some important proteins
targeted by chemotherapy in cancer patients as well as by NO (S-nitrosylation) in
tumor cells. We, therefore, confronted data from clinical and preclinical studies and
discussed their respective anti-tumor effects to determine whether the associations
of chemotherapy with NO donor therapy may be considered as novel therapeutic
approaches (considered as rational therapeutic interventions).
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IKK IxB kinase

INK c-jun NH2-terminal kinase
N,O, Nitrogen trioxide

NF-«xB Nuclear factor-kappa B

NO Nitric oxide

NO Nitrites

NO-NSAIDs NO-donating non-steroidal anti-inflammatory drugs
PKB Protein kinase B

PTEN Phosphatase and TENsin homolog

SM Smac mimetic

SNO S-nitrosothiol

STAT3 Signal transduction and activator of transcription 3

TKI Tyrosine kinase inhibitor

TRAIL Tumor-necrosis-factor related apoptosis inducing ligand
Introduction

The physiological role of cysteines is important. Cysteine residues can be modified
by different post translational modifications controlling the conformation and fate of
target proteins. Thus, (1) by forming disulfide bonds, cysteines contribute to protein
folding (2) their S-palmitoylation and S-acylation are involved in protein location,
stability and activity in membranes and (3) their S-sulfhydration or S-gluthionyl-
ation have been shown to be involved in redox sensing and signaling. Cysteines by
themselves also coordinate metal binding and catalysis, providing protein stability
and activity [1].

S-nitrosylation defines the non-enzymatic binding of a nitroso group to a
sulthydryl group of cysteine residues to form S-nitrosocysteine and appears to be
the principal mechanism by which NO signals. NO can mediate this post-transla-
tional modification either by direct interaction or through related Reactive Nitrogen
Species (RNS) such as peroxinitrite (ONOQO"), nitrogen dioxide (NO,) or dinitrogen
trioxide (N,0,) [2].

Similar to protein phosphorylation, protein S-nitrosylation is a reversible
process that exerts many effects on protein function, by modulating protein activity,
expression, protein-protein interactions and protein localization.

Until 2013, 171 S-nitrosylated proteins were identified from physiological
conditions, 28 under various pathological conditions, and 34 under either physi-
ological or pathological conditions [1] and at least around twenty in cancer [3]. The
number of S-nitrosylated proteins identified remains small and might be underes-
timated due to the difficulties to put into evidence S-nitrosylation. In the present
review, we will shed light on proteins that are targeted in current chemotherapy trials
and that are at the same time shown to be S-nitrosylated in preclinical studies upon
NOS activation or using NO donors. The objective is to determine if S-nitrosylation
can induce an antitumor effect as chemotherapy, targeting the same protein but
following another pathway. This could be a rationale to associate chemotherapy and
S-nitrosylation in clinical trials to prevent tumor resistance.
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Transcription Factors
NF-xB

NO exerts a dual role on NF-«kB activity. NO-mediated activation of NF-«B can
result from upstream stimulation of Ras activity via an S-nitrosylation-dependent
mechanism [4]. On the other hand, S-nitrosylation-mediated inhibition can act on
several targets along the NF-«kB signal transduction pathway. The IKK complex
containing IKKa, IKKf and NEMO (IKKYy) is a central regulator of the classical
NF-xB pathway activation [5]. IKKp phosphorylates IkBa on serine residues 32
and 36, a prerequisite for its polyubiquitination and subsequent degradation by the
proteasome. NF-kB homo- or heterodimers (for example p50/p65) retained in the
cytoplasm by interaction with IkB, thereby, translocate into the nucleus for tran-
scriptional activation of targeted genes [6]. Reynaert and colleagues have reported
that the S-nitrosylation of IKK at cysteine residue 179 can suppress its kinase ac-
tivity and further downstream signaling [7]. In addition, both NF-«B p50 and p65
monomers can also be S-nitrosylated at a cysteine in the DNA-binding region of
the Rel homology domain (RHD) which is highly conserved among the NF-«xB pro-
teins [8, 9]. Indeed, S-nitrosylation of NF-kB p50 (cysteine 62) and p65 (cysteine
38) is correlated with decreased DNA binding and the inhibition of targeted gene
transcription [8, 9]. The classical NF-«kB signaling pathway is active in a number
of tumor cell types, conferring survival advantages by promoting cell proliferation
and cell survival [10]. Recently, NO-donating NSAIDs, known to induce apoptosis
in many cancer cells, have unveiled a new mode of action. Indeed, NO-NSAIDs
mediate S-nitrosylation of NF-kB p65 that, in turn, inhibits cell growth in human
colon cancer cells [11]. For several years, IKK has been exploited as a therapeutic
target for the development of selective inhibitors of the NF-kB pathway [12, 13].
Preclinical studies of BMS-345541, a selective inhibitor of the catalytic subunit of
IKK, have shown anti-cancer activity in human xenograft tumor models including
breast and melanoma [13, 14]. Selective inhibitors of NF-«kB activation, however,
have not reached clinical trials as yet. Interestingly, clinical trials evaluating non-
selective NF-«xB inhibitors such as Bortezomibe and Curcumin in combination with
chemotherapeutic agents are currently ongoing (clinical trials.gov).

STAT 3

Signal transduction and activator of transcription 3 (STAT3) protein is an emerg-
ing target in cancer therapy. Stimulation by extracellular ligands such as cytokines
(IL-6) or growth factors (EGF) results in the tyrosine 705 phosphorylation of
STAT3 proteins via the activation of the upstream tyrosine kinase JAK2. STAT3
regulates cellular functions that lead to oncogenesis, and constitutive activation of
STAT3 is observed in various cancers. Two inhibitors of STAT3 phosphorylation
are now evaluated in clinical trials, OPB-31121 [15, 16] and OPB-51602 (clinical-
trials.gov) and STAT3 antisense-based drugs are also emerging. This is the case of
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ISIS 481464, a modified antisense oligonucleotide [17], now being evaluated in
phase I/II and of a cyclic STAT3 decoy oligonucleotide [18] currently in phase zero.
Recently, it was reported that STAT3 is regulated by S-nitrosylation on cysteine 259
[19]. The NO donor GSNO inhibits IL-6 microglial proliferation via S-nitrosyl-
ation of STAT3 and inhibition of STAT3 phosphorylation. Thus, targeting STAT3
with this NO donor could represent another way to inhibit STAT3 phosphorylation.
Indeed, it was shown that STAT3 phosphorylation in metastatic colorectal cancer
cells was correlated with a decrease in clinical efficacy of anti-EGFR (cetuximab)
therapy [20]. Therefore, STAT3, as a downstream mediator of EGFR, constitutes a
critical molecular target to optimize anti-tumoral therapies.

Receptors

Androgen Receptor

The androgen receptor (AR) is a well-known therapeutic target in prostate cancer.
The hormonal therapy strategy often associates androgen deprivation therapy with
the use of AR antagonists. Blocking AR activation is temporary efficient, but the
disease finally progresses to castration-resistant prostate cancer within 2-3 years.
If the AR signaling cascade is implicated in the initiation it is also implicated in the
progression of the disease in castration-resistant cancers [21]. AR functions as a
ligand-dependent transcription factor and is regulated by its partners and post-trans-
lational modifications. Recently, inactivation of AR function by S-nitrosylation has
been described and characterized on the single cysteine residue 601 of the DNA-
binding domain [22]. It was specified that HSP90, a partner of AR in the cyto-
plasm and a key target of S-nitrosylation, transnitrosylates AR. This decreases AR
ability to bind AR-responsive elements in the promoter region of target genes and
to inhibit AR transcriptional activity. Preclinical data indicate that GSNO inhibits
prostate cancer cell growth in xenograft models. Moreover, a phase II clinical trial
has shown an inhibition of disease progression and a decrease in PSA doubling time
in prostate cancer patients treated with low dose of the NO donor GTN patches [23].
A phase III is currently in progress evaluating the efficacy of two doses of GTN
therapy and the impact of GTN treatment on biomarkers of immune escape. The
tumor microenvironment that is known to influence tumor progression can also be
regulated by AR. In prostate cancer, macrophages appear to promote tumorigenesis
via the CCL4/AR signaling axis and STAT3 phosphorylation. This can be prevented
using an enhancer of AR degradation, ASC-J9 [24]. Evaluating the impact of inac-
tivation by NO of AR function as well as STAT3 phosphorylation on the immune
anti-tumoral response in prostate cancer could be interesting.
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Cell Death Receptors

Some members of the tumor necrosis factor receptor family have been described
to be S-nitrosylated by NO donors. Indeed, our laboratory has shown that the
S-nitrosylation of Fas on its cysteine 304 promotes FasL-mediated apoptosis in
cancer cells [25]. TRAIL-R1 (DR4), is also S-nitrosylated by nitrosylcobalamin
(an analogue of vitamin B12 that delivers NO), on its cysteine 336 and promotes
TRAIL-mediated apoptosis in cancer cells [26]. These data uncover S-nitrosylation
as a new mechanism to render some death receptors more sensitive to their ligands
and leading to an increase of cancer cell death. Considering the selectivity of TRAIL
against tumor cells [27], several TRAIL-based anticancer drugs have been tested
during the last years. Agonistic antibodies recognizing either TRAIL-R1 or -R2
(DRS) and recombinant forms of TRAIL have been developed and tested in clinics.
Despite the anti-tumor activity shown in cell lines and xenograft models with these
molecules, the reported results of clinical trials in monotherapy have been disap-
pointing. Recent clinical trials indicate that the combination of DR4/DRS agonists
with other antitumor agents yields better response rates [28]. Thus, it would be
interesting to evaluate the anti-tumor activity of the combination of recombinant
forms of TRAIL or agonistic antibodies against DR4 and DR5 with NO donors such
as GTN in xenograft models and their safety in clinical trials.

Epidermal Growth Factor Receptor

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor belong-
ing to the ErbB family. These receptors are expressed in a large variety of cells
and are key players in development, proliferation and differentiation. Inappropriate
activation of EGFR is often found in various tumor types, resulting in unregulated
growth stimulation and tumorigenesis [29]. Therefore, EGFR and particularly its
inhibition represent a key target for cancer therapy. The last 30 years have led to the
development of several therapeutic agents targeting EGFR including monoclonal
antibodies, tyrosine-kinase inhibitors (TKIs), antibody based immunoconjugates
(Trastuzumab-Emtansine, EQ75-ADR), antisense oligodeoxynucleotides (GEM
231) or other novel agents [30]. Currently, Cetuximab and Panitumumab are the
only monoclonal antibodies approved in several countries for the treatment of colon
cancer, as well as head and neck cancer [31]. These antibodies bind the extracellular
domain of EGFR, thereby blocking the ligand-binding activity unlike the EGFR
TKIs that directly bind and inactivate the kinase domain [32]. Two generations of
TKI have been developed and tested in clinical trials, such as erlotinib, gefitinib,
afatinib and lapatinib [31]. However, the response of a single agent such as EGFR
antibodies or TKI is relatively low and extensive preclinical studies suggest that
using two different antibodies or an antibody and a tyrosine kinase inhibitor has
additive or synergistic anti-tumor activity [31].
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Another strategy to inhibiting EGFR consists of S-nitrosylation. In fact, few
reports suggest that S-nitrosylation of EGFR, at cysteines 166 or 305, results in
kinase inhibition [33, 34]. However, another report demonstrated that, in human
basal-like breast cancer, DETANO or NO produced by IFN/LPS stimulated-macro-
phages, induces S-nitrosylation of EGFR resulting in reduced signaling and STAT-3
phosphorylation [35].

Enzymes

Ras

Ras proteins is a family of small GTPases that transduce signals after their activa-
tion by phosphorylation [36] or S-nitrosylation. Indeed, S-nitrosylation of cysteine
118 in p2lras stimulates guanine nucleotide exchange leading to activation of the
downstream Ras pathway [4]. Even if the activity of Ras is induced by NO, several
kinases downstream of the Ras effector pathways are targeted by NO. The best un-
derstood and most studied Ras effector pathway is the Raf-MEK-ERK cascade [37].
Recently, it has been reported that ERK undergoes S-nitrosylation at cysteine resi-
due 183 which inhibits its phosphorylation and triggers the apoptotic program [38].
ERK1/2 are the only known substrates of MEK1/2 for which a number of potent
and selective MEK1 and MEK?2 inhibitors have been developed and are currently
under clinical evaluation. Among them, selumetinib (AZD6244). Selumetinib is an
orally bio-available benzimidazole derivative known to potently inhibit MEK1/2
in vitro and in cell-based assays [39]. Preclinical studies showed selumetinib’s
antitumor activity in several human xenograft models including colon, pancreas,
breast, lung cancers and melanoma and led to further clinical development. Cell
based assays suggest that MEK inhibitors may be effective against BRAF but not
Ras mutant cancer cells [40]. Preliminar results of a phase I study concluded that
AZD6244 was well tolerated [41]. Currently, there are up to 70 completed or ongo-
ing Phase I/II clinical trials evaluating AZD6244 as monotherapy or in combination
with conventional cytotoxic drugs (clinicaltrials.gov). Another kinase downstream
of the Ras pathway, JNK2, is S-nitrosylated and leading to the suppression of its
activity [42]. Although JNK is involved in apoptosis, it has been recently shown that
JNK is required for Ras-dependent lung tumor development [43]. Altogether, these
data suggest that, despite the fact that NO activates the Ras pathway, it could also
represent an interesting alternative to target the Ras downstream signaling pathway:.

Akt

Akt/PKB, commonly activated in human cancer, controls cell survival and is
involved in resistance to cancer therapy [44]. Akt/PKB is activated upon cell
stimulation by many different growth factors. In cancer, this kinase is activated as
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a result of mutation-dependent activation of EGFR, PI3K or Akt gene amplifica-
tion (HER2) and deletion or reduction of PTEN function [44, 45]. This has led
to a major effort to develop inhibitors of PI3K/Akt and other components of the
pathway [46]. Currently, there are up to 50 completed or ongoing Phase I/II clinical
trials evaluating an Akt inhibitor MK-2206 as monotherapy or in combination with
conventional cytotoxic drugs (clinicaltrials.gov). However, aside from their anti-
tumor effects, Akt inhibitors cause a marked rise of the expression of EGFR, HER3
and HER4 (activated and over-expressed in many types of cancer) and increase the
HER3 phosphorylation [47]. This may attenuate its anti-tumor activity and, thus,
may limit its use in clinics as a single therapy. Yasukawa et al have shown that NO
donors inactivated Akt/PKB both in acellular preparations and in cell based assays
with simultaneous S-nitrosylation of the kinase at cysteine 224 [48]. Therefore, NO
could be used to inhibit the activation of Akt and to evaluate whether it increases the
expression and activation of proteins of the EGFR pathway.

The Inhibitor of Apoptosis Protein

The inhibitor of apoptosis protein (IAP) family members are frequently over ex-
pressed in human cancers and confer drug resistance, disease progression and poor
prognosis [49]. XIAP, cIAP1 and cIAP2 have been well-studied and validated as im-
portant cancer targets [50]. Physiologically, IAPs can be antagonized by Smac. The
interaction of Smac with XIAP, disables its inhibitory effect on caspases and pro-
motes apoptosis [51]. Therapeutic approaches for targeting IAP proteins were built
around XIAP inhibition at its gene expression and functional levels. AEG35156
is a second-generation XIAP antisense oligonucleotide evaluated in the clinic for
several years [52]. Generally very well-tolerated, AEG35156 as monotherapy has
demonstrated some signs of anti-cancer activity on advanced-stage refractory can-
cer [52, 53]. Over the past decade, particular interests have been focused on pan-
IAP inhibitors such as Smac mimetics (SMs) designed to inhibit XIAP anti-caspase
activity but with the greatest effect on cIAP1/2 proteasomal degradation [54]. SMs
display potent antitumor activity in both human cancer cells and tumor xenograft
murine models including breast and melanoma [54, 55]. Several studies have re-
ported a synergistic activity in combination with TNFa or TRAIL [56-58]. Six SMs
have reached clinical trials and are currently being tested [59]. The first phase I
clinical study of LCL161 (Novartis Pharmaceuticals) demonstrated a good toler-
ance and target inhibition [60, 61]. Clinical development of LCL161 is ongoing in
solid tumors and haematological malignancies in combination with conventional
therapies (clinicaltrials.gov).

A different approach to antagonize XIAP has taken into account the contribu-
tion of S-nitrosylation. Two recent independent studies have shown that NO, in the
process of neurodegeneration, can react with XIAP, thus, forming S-nitrosylated
XIAP that accumulates in the brain of patients [62, 63]. Particularly, XIAP S-nitro-
sylation compromises XIAP antiapoptotic function in neuronal cells and is associ-
ated with elevated levels of active caspase-3 that further activate caspase-dependent
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cell death [62, 63]. Although these two studies support a role for SNO-XIAP in
neurodegenerative disorders, the molecular mechanism through which S-nitro-
sylation impairs XIAP anticaspase function is somewhat controversial. Tsang and
colleagues’ study suggests that XIAP is S-nitrosylated at the BIR domains which
impairs its inhibitory effect on caspase-3 [62]. On the other and, Nakamura and
colleagues’ study demonstrated that NO S-nitrosylates the RING domain at cyste-
ine 450 which impairs XIAP ubiquitin E3 ligase activity from degrading caspase-3
[63]. Furthermore, Nakamura and colleagues demonstrated that the S-nitrosylation
of XIAP occurred through a transnitrosylation from SNO-caspase-3 to XIAP. NO-
mediated S-nitrosylation is likely to be a useful approach to overcoming XIAP.
Whether or not NO could S-nitrosylate XIAP and enhance tumor cell response to
chemotherapeutic agents remains to be determined.

Chaperone Proteins

Heat Shock Protein 90

HSP90 belongs to the well-known family of Heat Shock Proteins (HSP). These
proteins are molecular chaperones that protect cellular proteins from degradation
under stress conditions such as elevated temperature, oxidative stress or hypoxia.
HSP90 is a ubiquitous protein that acts as an ATP-dependent molecular chaperone.
HSP90 is frequently up-regulated in cancer cells, stabilizing many important onco-
genic proteins such as EGFR, HER2, BRAF, Akt, leading to increased proliferation,
survival and metastasis [64].

HSP90 inhibitors show great promise in cancer treatment since they have the
ability to inhibit multiple oncogenic signaling pathways simultaneously, thus
reducing the possibility of tumor resistance [65]. These inhibitors act mainly at the
N-terminal ATP-binding domain of HSP90, inducing the degradation of the target
protein by the ubiquitin-proteasome pathway [66]. HSP90 inhibitors include natu-
ral products such as geldanamycin (ansamycin antibiotic) and radicicol as well as
theirs derivatives. More recently, several small synthetic inhibitors with different
characteristics were developed [64, 67]. Many HSP90 inhibitors are tested in phase
I or IT and only two molecules are being tested in phase I1I studies for patients with
non-small-cell lung cancer or gastrointestinal stromal tumors. Another approach to
inhibit HSP90 consists in modulating its post-translational modifications. Indeed,
the chaperone cycle of HSP90 is regulated by phosphorylation and acetylation pro-
cesses [68, 69]. Martinez-Ruiz and collaborators reported the S-nitrosylation at
cysteine 597 of human HSP90 in endothelial cells, thereby inhibiting its chaperone
activity [70]. More recently, Retzlaff and colleagues demonstrated that S-nitrosyl-
ation at the C-terminal domain inhibits the ATPase activity that is present in the
N-terminal domain of HSP90 [71]. At this stage, we can speculate that the antitumor
activity of NO may result, at least in part, from NO-mediated HSP90 inhibition in
cancer cells [72].
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Discussion and Conclusion

This review intended to highlight proteins targeted both by current chemotherapies
and by NO donors in preclinical studies leading to their S-nitrosylation, thereby, for
the majority of them, inhibiting their protumor properties.

It is important to note that NO plays a controversial role in cancer biology. Indeed
and as shown previously, while the S-nitrosylation of Ras protein (p21 for example)
increases its activity and indirectly increases the synthesis of NF-kB subunits, the
S-nitrosylation of downstream proteins (such as ERK1/2 or IKKp respectively)
inhibits their activity and, thus, inhibits protumor signaling pathways. In this partic-
ular case, the result is an anti-tumor effect, however, due to possible tumor escape,
NO is not an appropriate anti-cancer molecule.

One strategy to kill cancer cells is to activate their death receptor signaling path-
ways. Intending to do this, some chemotherapies use agonist ligands to activate
the cancer cell death program, but still, resistance emerges. We know that NO can
activate these receptors both at the transcriptional level (e.g. inhibition of YY1)
or post-translationnal level (e.g. S-nitrosylation of Fas receptor). These open the
opportunity to combine chemotherapeutic drugs with NO donors to (1) increase the
activation of death receptors and (2) bypass drugs resistance.

The conditions of specificity of S-nitrosylation with NO donors would be
important to know to in order to develop these molecules as therapies. Most impor-
tantly, to get suitable concentrations and low side effects, it is important to target
specifically tumor cells in vivo with NO donors. Although progress has been made
in these fields, two clinical trials that combined chemotherapy and NO donors [73]
or radiotherapy and NO donors [23] have yielded positive responses.
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Chapter 8
The Emerging Role of Protein S-Nitrosylation
in Cancer Metastasis

Sudjit Luanpitpong and Yon Rojanasakul

Abstract Nitric oxide (NO) has increasingly been recognized as an important cell
signaling molecule that controls various steps of cancer development and metasta-
sis. NO regulates a wide range of tumor-associated proteins through S-nitrosylation,
a reversible coupling of a nitroso moiety to a reactive cysteine thiol (SH) group to
form an S-nitrosothiol (SNO). In this article, we discuss the various roles of pro-
tein S-nitrosylation in cancer development with a focus on anoikis resistance, cell
invasion and angiogenesis, which are key determinants of cancer metastasis. We
specially address the effect of S-nitrosylation on protein function and discuss how
this post-translational modification affects the aggressive and metastatic behaviors
of cancer cells. We propose that dysregulated NO signaling is common in many, if
not most, metastatic cancers and that understanding the S-nitrosylation process will
facilitate the development of novel therapeutic and preventive strategies against
cancers.
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reactive nitrogen-oxygen species
reactive oxygen species

stromal cell-derived factor-1a
cysteine thiol
S-nitroso-N-acetylpenicillamine
S-nitrosothiol

S-nitrosocysteine

vascular endothelial growth factor

Nitric oxide (NO, formula N=0) is an important signaling molecule that functions
as a messenger or effector in various biological processes [1]. NO is synthesized by
the metabolism of L-arginine to L-citrulline through a complex reaction catalyzed
by NADPH-dependent enzymes called nitric oxide synthases (NOS), which exist
in three isoforms, namely, neuronal NOS (nNOS or NOS1), inducible NOS (iNOS
or NOS2), and endothelial NOS (eNOS or NOS3) [2]. Expression of NOS and NO
activities are involved in the pathophysiology of cancers, particularly in tumori-
genesis and metastasis in various tissues including brain, breast, lung, prostate, and
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pancreas [3—6]. With regards to cancers, NO is derived either from tumor cells or
neighboring cells, e.g. endothelial cells in the microvasculature and immune and
stromal cells in the tumors [6, 7]. NO with its lipophilic nature could diffuse freely
across cellular membranes, i.e. of neighboring cells and ultimately exerts its effect
on tumor cells. Depending on (i) its activity and cellular sources (tumor or neigh-
boring cells) (ii) localization of NOS (iii) concentration and duration of NO expo-
sure (iv) cellular context and sensitivity to NO and (v) tumor stage, NO appears to
exert dichotomous roles (promotion or inhibition) in cancers [8—10].

With its unique chemistry, the reactivity of NO varies under different biological
and pathological conditions. The chemical biology of NO is generally classified
into direct and indirect effects [11]. Direct effects are defined as those of direct
interactions between NO, generally at a low level, and specific molecular targets,
e.g. metals, lipids and DNA through free radical reactions. Indirect effects are those
mediated by reactive nitrogen-oxygen species (RNOS) derived from the reaction of
NO, generally at a high level, with various reactive oxygen species (ROS) leading to
nitrosative or oxidative stress. For instance, NO reacts with superoxide anion (O,™)
in the inner-membrane environment that results in the generation of (i) peroxynitrite
(ONOQ") in the case of equal concentrations of NO and O, or (ii) dinitrogen tri-
oxide (N,0,) in the case of excess NO. The reaction of NO and O, (auto-oxidation)
yields a nitrogen dioxide (NO,) intermediate that forms N,O,. N,O, (major species)
and ONOO™ are endogenous S-nitrosylating agents that lead to S-nitrosylation of
proteins with reactive sulfthydryl groups.

In cancers, S-nitrosylation is an important post-translational protein modification
(PTM) process that affects virtually all cancer cell phenotypes including cell growth
and differentiation, apoptosis, migration and invasion, and angiogenesis [12]. The
principal target of protein S-nitrosylation is the thiol group of protein’s cysteine
residues. Not all cysteine residues, however, are susceptible for S-nitrosylation and/
or responsible for the alteration of protein functions, which depend largely on the
degree of hydrophobicity, electrostatic environment, orientation of aromatic resi-
dues and proximity of target thiols to redox center, and protein-protein interactions
[13—15]. In this article, we will review current findings on NO signaling and its role
in cancer with a focus on protein S-nitrosylation and its effect on the various steps
of cancer progression and metastasis.

Cancer Metastasis

Neoplastic transformation is an early cellular event leading to carcinogenesis. Neo-
plastic transformation of normal cells is typically a result of chronic or persistent in-
flammation of tissues in response to stresses or a result of genetic mutations caused
by carcinogens, or both [12]. For example, NO has been shown to mediate the
neoplastic effect of the carcinogenic metal chromium (VI) on human lung epithelial
cells through NO-mediated S-nitrosylation of the Bcl-2 protein [16, 17].
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Fig. 8.1 Diagrammatic representation of major steps involved in cancer metastasis. Increased NO
production has been associated with many human metastatic tumors. Its effects span from neoplas-
tic transformation to tumor colonization at distant sites

The continuous expansion and progression of a primary tumor frequently leads
to metastasis, a process in which a restricted proportion of tumor cells spreads from
the primary tumor to form secondary tumors at distant sites. Because metastatic
cells are generally resistant to radiation and chemotherapy, they are a major cause
of cancer-related death and prime targets for novel cancer therapies [18]. To me-
tastasize, tumor cells must acquire or possess the following properties [19, 20]:
(i) unlimited or enhanced proliferative capacity (ii) vascularization within the sur-
rounding host tissues through the synthesis and secretion of angiogenesis factors
(iii) local invasion of the host stroma by tumor cells into the blood and/or lymphatic
circulation (intravasation) (iv) survival of tumor cells in the circulation (anoikis
resistance) (v) adhesion to the capillary wall (vi) invasion and penetration of the
cells out of the circulation (extravasation) and (vii) colonization, proliferation, and
angiogenesis of tumor cells at distant sites (Fig. 8.1). NO has been shown to partici-
pate in all of these steps, which are further discussed below.

S-nitrosylation and Anoikis

Apoptosisor programmed cell death is a tightly regulated process characterized by
shrinkage of cells, blebbing of plasma membranes, and condensation and fragmen-
tation of chromatin. Acquired apoptosis resistance is a hallmark of most, if not all,
types of cancer that is implicated in the neoplastic evolution of pre-malignant cells
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and in cancer metastasis [21]. With regards to metastasis, the loss of cell interaction
with neighboring cells and the extracellular matrix (ECM) following intravasation
into the circulation triggers apoptosis referred to as anoikis [22]. Anoikis prevents
detached tumor cells from colonizing elsewhere, thereby, it is a critical step in de-
termining cancer metastasis. Surviving anoikis facilitates subsequent reattachment
and colonization of tumor cells at distant sites [23]. Clinical evidence has demon-
strated a strong correlation between anoikis resistancein advanced stage cancers
and poor survival of patients, strengthening the notion that anoikis resistance is a
prerequisite for cancer metastasis [23, 24].

Anoikis is regulated by many signaling pathways, notably by the pro-survival
signals phosphoinositide-3-kinase (PI3K)/Akt, extracellular signal-regulated ki-
nases (ERK), Jun N-terminal kinases (JNK), and apoptosis-regulatory signals as
well as certain membrane microdomains and oncogenes. A number of direct and
indirect evidence suggests that increased NO production suppresses anoikis through
S-nitrosylation of several target proteins described below.

S-Nitrosylation and Pro-Survival Signals

Abnormal regulation of the phosphatases/kinases including PI3K/Akt activates pro-
survival signaling and suppresses anoikis [25]. Numajiri et al. demonstrated that
PI3K/Akt on-off signaling was regulated through S-nitrosylation of phosphatase
and tensin homolog deleted on chromosome ten (PTEN) [26]. S-nitrosylation of
PTEN by a low level (<10 uM) of S-nitrosocysteine (SNOC) was shown to inhibit
its phosphatase activity and subsequently increases Akt phosphorylation, kinase ac-
tivity, and cell survival. In many cancers such as glioblastoma, prostate, lung and
breast carcinoma, loss of PTEN confers resistance to anoikis [27, 28]. Kwak et al.
demonstrated that S-nitrosylation of PTEN correlated with its ubiquitin-proteasom-
al degradation [29]. Although this S-nitrosylation-based regulation of PTEN was
shown in the experimental model of neurons not cancers, it demonstrates a regula-
tory mechanism that might account for the loss of PTEN in aggressive tumors.

S-Nitrosylation and Apoptosis-regulatory Proteins

As a form of apoptotic cell death, anoikis is regulated through the common death re-
ceptor and mitochondrial apoptosis pathways (Fig. 8.2). The extrinsic death recep-
tor pathway is activated through the cell surface death receptors (DRs) upon bind-
ing with specific death ligands such as Fas (CD95) ligand, tumor necrosis factor-a
(TNF-a), and TNF-related apoptosis-inducing ligand (TRAIL). The death-inducing
signaling complex (DISC) then assembles, activates initiator caspases (caspase-8 or
FLICE and caspase-10), which subsequently activate effector caspases (caspase-3,
caspase-6 and caspase-7) to cleave cellular substrates. FLIP (FLICE-inhibitory pro-
tein) has a higher affinity for the DISC than caspase-8, thus inhibiting caspase-8
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Fig. 8.2 Diagrammatic representation of the intrinsic (mitochondrial) and extrinsic (death recep-
tor) pathway of apoptosis and anoikis subtype. In metastatic cancer cells, increased Bcl-2 and FLIP
expression promote anoikis resistance

processing and apoptosis induction [30]. The intrinsic mitochondrial pathway is
activated in response to various death signals, e.g. DNA damage, ROS/RNS stress
and cytotoxic agents, leading to mitochondrial membrane depolarization, which
is controlled by the balance of Bcl-2 family proteins including the anti-apoptotic
proteins Bcl-2, Bel-xL and Mcl-1, and the pro-apoptotic proteins Bax, Bak, Bok,
Bim, Bik, Bad and Bid. The subsequent released cytochrome C binds to the caspase
adaptor molecule Apaf-1 and recruits the initiator procaspase-9 to form a molecu-
lar complex called the apoptosome, which functions to recruit effector caspases to
induce apoptosis [31].

Several studies have demonstrated that metastatic malignant cells acquire anoi-
kis resistance through an upregulation of anti-apoptotic proteins such as FLIP [32,
33] and Bcl-2 [34, 35] (Fig. 8.2). NO has been shown to suppress apoptosis in-
duced by various agents including Fas ligand, chemotherapeutic agents, and heavy
metals through S-nitrosylation of FLIP and Bcl-2 [36-38]. S-nitrosylation of these
proteins at their cysteine residues prevents their degradation through the ubiquitin-
proteasome pathway. We have recently shown that S-nitrosylation of FLIP also me-
diates apoptosis resistance by disrupting its own interaction with an NF-kB adaptor
molecule, receptor-interacting protein 1 (RIP1), which results in NF-«kB activation
[39]. Figure 8.3a illustrates that FLIP binds to RIP1 in the absence of the death
ligand TNF-a in HEK293 cells, and that this complex is disrupted by TNF-a treat-
ment, which results in the translocation of RIP1 to the cell membrane. Lack of
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FLIP S-nitrosylation in a FLIP double-cysteine mutant (FLIP2CM) inhibits the
RIP1 translocation (Fig. 8.3b). The FLIP-RIP1 complex is believed to contribute to
the reversed anti-apoptotic effect of FLIP in human breast carcinoma MCF-7 cells
(Fig. 8.3¢c). Accordingly, it is postulated that NO might exert its anti-anoikis effect
through S-nitrosylation of FLIP and Bcl-2.

S-Nitrosylation and Caveolin-1

Caveolin-1 is an essential constituent of caveolae, the flask-shaped membrane in-
vaginations that occupy about 20 % of the cell membrane [40]. Such invaginations
provide a platform for various signaling mechanisms, where caveolin-1 interacts
with signaling molecules and controls their subcellular distributions and functions.
Caveolin-1 has been shown to play a role in the multidrug resistance of cancer cells
partly through its interaction and regulation of multidrug resistance ATP-binding
cassette sub-family G member 2 (ABCG2) transporter [41]. In the past decade, the
role of caveolin-1 in the regulation of anoikis has gained increasing attention. Ca-
veolin-1 expression has been shown to be associated with poor prognosis and me-
tastasis of several types of cancer, including lung cancer, prostate cancer, renal cell
carcinoma, hepatocellular carcinoma, and melanoma [42—44]. Ectopic expression
of caveolin-1 was shown to prevent anoikis through various mechanisms, includ-
ing p53 inactivation, upregulation of insulin-like growth factor (IGF)-I receptor,
activation of Akt, and Mcl-1 stabilization in cancer cells [45—48]. A previous study
by our group has shown that caveolin-1 expression is downregulated during anoikis
through ubiquitin-proteasomal degradation and that NO inhibits this process by in-
ducing S-nitrosylation of the protein, thus providing a mechanism by which cancer
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cells acquire anoikis resistance [49]. In this study, caveolin-1 was shown to be ni-
trosylated and resistant to proteasomal degradation upon treatment with NO donors
such as sodium nitroprusside (SNP) and diethylenetriamine (DETA) NONOate.
Such treatments also inhibited anoikis, the effect that can be reversed by blocking
caveolin-1 S-nitrosylation, thus supporting the role of S-nitrosylation in anoikis re-
sistance of cancer cells.

S-Nitrosylation and Cell Migration and Invasion

Cell migration and invasion are the critical steps of cancer metastasis. To intravasate
into the blood or lymphatic circulation and to extravasate out of the circulation, pri-
mary tumor cells must migrate and invade through the epithelial and vascular base-
ment membranes and surrounding extracellular matrix [50]. It has been established
that only a small fraction of primary tumor cells becomes invasive and eventually
metastatic at any given time. NO has been reported to have both promoting and
inhibitory effects on tumor cell mobility through the regulation of multiple proteins
depending on its concentration. The role of S-nitrosylation of specific proteins on
cell motility is discussed below.

S-Nitrosylation and Caveolin-1

As mentioned above, caveolin-1 is subjected to S-nitrosylation and is associated
with metastasis and poor patient survival. In human lung carcinoma cells, we previ-
ously reported that NO promoted malignant transformation of the cells through a
caveolin-1-dependent mechanism [49]. Caveolin-1 was also shown to promote both
cell migration and invasion in human lung cancer and melanoma cells as indicated
by their increased motility upon caveolin-1 overexpression and by decreased mo-
tility upon caveolin-1 knockdown [51]. A recent study by Sanuphan et al. demon-
strated that prolonged exposure of human lung cancer cells, e.g. up to 14 days, to
non-cytotoxic concentrations of DPTA NONOate increased cell motility through
both caveolin-1-dependent and independent pathways [52]. In the caveolin-1-de-
pendent pathway, caveolin-1 was found to activate focal adhesion kinase (FAK) and
its downstream target Akt, whereas in the caveolin-1-independent pathway, Cdc42
and filopodia were activated. It was postulated that S-nitrosylation of caveolin-1
might regulate an on-off pattern that controls the FAK-Akt signaling.

S-Nitrosylation and c-Src

c-Src (cellular Src) is a tyrosine kinase that promotes cell invasion and metastasis
in many human cancers, including colon, breast, pancreatic and brain cancer [53].
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A previous study by Rahman et al. demonstrated that S-nitrosylation of c-Src at
cysteine 498 in breast cancer MCF-7 cells is critical for its activation and cell inva-
sion induced by SNAP and B-estradiol [54]. In breast cancer cells that have estrogen
receptors with minimal invasive property such as MCF-7 cells, the promoting ef-
fect of B-estradiol is dependent on NO through eNOS induction. Further, FAK was
found to be a substrate of c-Src since c-Src activation led to tyrosine phosphoryla-
tion of FAK. The authors suggested that FAK might be subjected to S-nitrosylation
since it has the cysteine residue that corresponds to cysteine 498 of c-Src.

S-Nitrosylation and EGFR

Epidermal growth factor receptor (EGFR) contributes to the aggressive nature of
basal-like subtype of breast cancer and colon cancers [55]. Previous studies have
shown that iNOS expression is associated with EGFR phosphorylation and poor
disease outcome of estrogen receptor negative (ER—) breast cancer patients [56].
Likewise, NO, at physiological concentrations, promoted ER—cell migration, thus
suggesting that iNOS/NO signaling is involved in the cell aggressiveness [56]. S-
nitrosylation of EGFR (and c-Src) in ER— breast cancer MDA-MB-468 cells in-
duced by DETA/NO resulted in the activation of EGFR/c-Src kinases, which led to
the induction of oncogenic c-Myc, Akt, STAT3, and B-catenin signaling pathways as
well as the inhibition of tumor suppressor PPA2 [57]. One of the clinically relevant
phenotypes of basal-like breast cancer is the CD44—/CD24 + cancer stem cell sub-
population, which requires STAT3 signaling for its proliferation. NO signaling via
S-nitrosylation of EGFR was shown to upregulate CD44 expression concomitantly
with STAT3 phosphorylation, suggesting its role in cancer stem cell regulation [57].

S-Nitrosylation and Ras

The Ras superfamily of small GTPase consists of many subfamilies, including
Ras, Rho, and Rab. Among these, H-Ras, N-Ras, and K-Ras are the clinically most
notable members because of their implication in cancers and their role as proto-
oncogenes [58]. Mutations and activation of Ras proto-oncogenes have been found
in about 30% of all human cancers. Ectopic expression of human or rodent H-
Ras in noncancerous cells leads to increased invasiveness and acquisition of the
metastatic phenotype [59]. Interestingly, these Ras proteins contain redox active
residues that are sensitive to NO modifications [60]. Lim et al. reported that S-
nitrosylation of H-Ras is required for its tumor promoter function [61]. Knockdown
of wild-type H-Ras in the oncogenic K-Ras-driven pancreatic tumor CFPacl cells
reduced tumor xenograft growth in immunocompromised mice, the effect that can
be reversed by re-expression of the wild-type H-Ras but not the H-Ras mutant lack-
ing S-nitrosylation at cysteine 118. However, Raines et al. reported the suppressive
role of S-nitrosylation on the tumorigenic effect of H-Ras in N293 cells (HEK-293
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ectopically transfected with nNOS) [62]. It was suggested that the difference in NO
sources, e.g. nNOS or iNOS, may attribute to the differential tumorigenic response.

K-Ras was reported to regulate colon cancer cell migration through a caveo-
lin-1-dependent mechanism [63]. Ectopic expression of K-Ras in colon cancer
HCTI116 cells upregulated the expression of caveolin-1 through the Akt pathway,
and caveolin-1 was, in turn, required for K-Ras signaling in promoting the HCT116
cell migration. Although the role of NO in the K-Ras/caveolin-1 regulatory axis has
not been firmly established, it is likely that NO regulates this axis as both K-Ras and
caveolin-1 are known targets for S-nitrosylation.

S-Nitrosylation and FLIP

FLIP is a key anti-apoptotic protein involved in the regulation of cell death. It also
plays a role in cancer cell motility [64]. Downregulation of FLIP in human cervi-
cal cancer HeLa cells by siRNA impaired cell motility by enhancing Akt activity.
As described earlier, S-nitrosylation of FLIP inhibits its ubiquitination and sub-
sequent proteasomal degradation, thereby, stabilizing the protein and sustaining
its anti-apoptotic activity. Although there is no direct evidence for the role of S-
nitrosylation in HeLa cell motility, indirect evidence suggests its involvement. For
example, inhibition of iNOS and NO production was reported to suppress HeLa cell
migration and invasion as well as xenograft tumor growth [65, 66].

S-Nitrosylation and MMP-9

There has been a strong correlation between matrix metalloproteinases (MMPs)
and ECM degradation and cancer cell invasion [67]. MMP-9 is a key proteinase
that efficiently degrades native collagen type IV and V, fibronectin, entactin, and
elastin. Its expression is elevated in various solid malignancies, including breast,
bladder, prostate and ovarian cancer [68]. S-nitrosylation of MMP-9 was facili-
tated by its colocalization with iNOS at the leading edge of migrating trophoblasts,
where NO production occurred. S-nitrosylation of MMP-9 resulted in its activation
and increased trophoblast migration and invasion [69]. It is conceivable that the
promoting effect of NO on tumor cell motility may be mediated, in part, through
S-nitrosylation of MMP-9.

S-Nitrosylation and Angiogenesis

Angiogenesis, the physical process of new blood vessel formation, is an essential
step for tumor growth and metastasis. Angiogenesis involves endothelial cell migra-
tion and vascular permeability which are subjected to NO regulation [70, 71]. In this
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process, NO is synthesized through eNOS upon stimulation with angiogenic factors
such as the vascular endothelial growth factor (VEGF) [72]. While S-nitrosylation
of eNOS itself suppresses its enzymatic activity and, thus, NO production, S-ni-
trosylation of many other target proteins in the close proximity of eNOS and in
the microenvironment enriched with NO enhance angiogenesis as further discussed
below.

SDF-1a and S-Nitrosylation of MKP7

Stromal cell-derived factor-1a (SDF-1a), also called CXCL12, is one of the most
potent pro-angiogenic CXC chemokines that plays a role in angiogenesis. In aortic
endothelial cells, SDF-1a stimulated cell migration through eNOS activation [73].
Increased NO production by eNOS led to S-nitrosylation of MAP kinase phospha-
tase 7 (MKP7) and subsequent suppression of its activity. Under a basal condition,
JNK3 is inactivated by MKP7. S-nitrosylation of MKP7 causes sustained JNK3
activation and ultimately endothelial cell migration and angiogenesis.

S-nitrosylation and f-catenin

An increase in vascular permeability is one of the early events during angiogenesis
and a key characteristic of the newly formed vasculature in tumors. The vascular
permeability is controlled by the adherens junction complex consisting of -catenin
and VE-cadherin. In aortic endothelial cells, such complex is regulated by S-nitro-
sylation of B-catenin, which facilitates its dissociation from VE-cadherin and reor-
ganization of the adherens junction [74]. Together with its tyrosine phosphorylation
by Src, S-nitrosylation of B-catenin promotes the disruption of adherens junction
and increases endothelial permeability.

Conclusion

The effect of NO on tumor biology is broad, spanning from tumor initiation of
cellular transformation to tumor progression of the metastatic cascade. Protein S-
nitrosylation is a PTM process that has gained increasing prominence rivaling other
known PTMs such as phosphorylation and ubiquitination. S-nitrosylation controls
the function and activity of many cancer-associated proteins, thus, its dysregula-
tion could lead to carcinogenesis and metastasis. Currently, numerous efforts have
been made to develop novel anticancer therapeutics based on S-nitrosylation [75].
In this article, we review the role of protein S-nitrosylation in anoikis resistance,
cell migration and invasion, and angiogenesis, which are key determinants of can-
cer metastasis. While most studies have indicated the positive regulatory role of
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protein S-nitrosylation in cancer progression and metastasis, the suppressive role
of this post-translational process has also been reported similarly to the observed
dichotomous effects of NO. As we move forward, it will be essential to identify
the key determining factors of these effects and answer some unresolved questions
such as what tumor-associated proteins are involved, what are their mechanisms of
action, how localization of NOS contributes to the protein S-nitrosylation, and how
differential amounts of NO regulate the S-nitrosylation process. The past decade has
provided exciting new discoveries on the diverse role of protein S-nitrosylation in
cancer biology, but obviously we have only just started.
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Abstract Defining the specific role of nitric oxide (NO) in the regulation of the
immune response against cancer is not a simple task. Despite of being extensively
studied, NO, reactive nitrogen species (RNS) and reactive oxygen species (ROS)
still maintain their reputation of “double-edge-swords”. However, by examining
key issues related to their sources, concentrations and chemical nature and, their
locations and neighboring molecules that potentially will be reacting with them, we
will have a more precise interpretation of the functional aspects of NO and related
RNS in the context of the immune response to tumor cells and pathogenesis of cancer.
Variations in the local cellular concentration of the same reactive intermediates
induce different outcomes of the immune response. NO and related reactive species
trigger defined signal transduction pathways in cancer, and immune-related cells
in a concentration-dependent manner. NO bioavailability and NO-dependent
responses are strictly functions of the reactivity of ROS with NO-forming RNS.
In this chapter, we will examine the basic biology of NO and related species in
the context of the immune response to cancer in both their potential role in the
pathogenesis of malignancies and also in the control and modulation of the immune
response against tumor cells. We will discuss the potential use of NO and related
species in the induction of specific anti-cancer activity by the immune system and
the modulation of resistance or tolerogenic factors derived from the protective
mechanism acquired by the tumor cells in order to evade the anti-tumor immune
response.
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Abbreviations

AG Arginase

Ca* Calcium

CaM Calmodulin

CD# Cluster of differentiation #

cGMP Cyclic guanosine monophosphate
CTL Cytotoxic T lymphocytes

CTLA4  Cytotoxic T lymphocyte antigen 4
DC Dendritic cells

eNOS Endothelial nos
FOXP3 Forkhead box P3
H,0, Hydrogen peroxide

IFN-y Interferon gamma
IKB Inhibitors kappa B
IKK IxB kinase

IL-B Interleukin 1 beta
iNOS Inducible nos

LPS Lipopolysaccharide

MDSC Myeloid derived suppressor cells
NF-«xB Nuclear factor kappa
nNOS Neuronal NOS

NO Nitric oxide

NOHA N hydroxyarginine

NOS Nitric oxide synthase

O, Superoxide

OH’ Hydroxyl radical

ONOO", Peroxynitrite

ROS Reactive oxygen species
RNS Reactive nitrogen species
SLE Systemic lupus erythematosus
SNO S-nitrosylation

SOD Superoxide dismutase
TAA Tumor associated antigens
TNF Tumor necrosis factor
TNF-a TNF Qlpha

YY1 Yin-yang 1
Introduction

Direct implications of nitric oxide (NO) or related species in the regulation of the
immune response against malignancies have been addressed from various angles.
However, when we refer to NO we are not addressing a single type of molecule,
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we are referring to a milieu of reactive molecules termed reactive nitrogen species
(RNS) with different chemical and biochemical properties and significant diverse
biological functions.

In order to understand the role of these RNS in the induction and regulation of
the immune system against malignancies (cancer), it is always useful to consider
their sources (e.g., endogenous or exogenous), their concentrations and chemical
nature and, their locations and neighboring molecules that potentially will be react-
ing with them. Nevertheless, the role of RNS such as NO in cancer is not limited
to the elimination or control of cancerous cells via activation or modulation of the
immune system (directly or indirectly), NO may contribute with the pathogenesis
of cancer as well.

NO has recently joined the clinical arena of cancer therapy. There is an increas-
ing amount of preclinical data supporting the specific role of NO in the sensitization
of resistant cancerous cells to radio-, chemo-, and immunotherapy. In addition, nov-
el targeted immunotherapeutic alternatives have been developed based on nitroergic
modifications of proteins in order to increase the antigenic determinant domains
and revealing new immunological targets.

NO can also act in the modulation of the immune system by the enhancement
of tumor-specific immune response and the sensitization of resistant tumor cells to
immune-related effector mechanisms by regulating the expression of immune re-
sponse-related genes including those bellowing to the tumor necrosis factor (TNF)
receptor family and, inflammatory cytokines and chemokines.

Despite its importance, the specific role of NO signaling in immunity and cancer
has remained elusive and many controversial data found in the literature contributes
to the difficulty in understanding the specific role of NO against cancer. A broad
spectrum of activities has been assigned to either the physiology or the patho-phys-
iology of NO in tumor cells.

Approximately half of the scientific literature will support the general role of
NO on the pathogenesis of cancer and the other half will support the role of NO and
related species as anti-cancer molecules. This functional dichotomy of NO in can-
cer could be settled by examining these studies under the criteria abovementioned:
sources, concentration and chemical nature and, location of neighboring molecules
to react. Understanding this functional landscape of NO and related species, immu-
nity and cancer will contribute to the better design of preventive means and more
specific therapeutic alternatives in oncology.

Herein, we will examine the basic biology of NO and related species in the
context of the immune response to cancer, in both their potential role in the patho-
genesis of malignancies and also in the control and modulation of the immune
response against cancer. We will discuss the potential use of NO and related spe-
cies in the induction of specific anti-cancer activity by the immune system and
the modulation of resistance or tolerogenic factors derived from the protective
mechanisms acquired by the tumor cells in order to evade the anti-tumor immune
response.
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Nitric Oxide: Basic Concepts

Nitric oxide is a diatomic molecule that plays important roles as the smallest pleio-
tropic signaling messenger in mammalian cells [1]. The free radical, NO*, is an
uncharged molecule containing an unpaired electron, enabling it to undergo several
reactions functioning either as a weak oxidant or as an anti-oxidant. NO" is able to
react with other inorganic molecules (e.g., oxygen, superoxide or transition metals),
nucleic acids (e.g., pyrimidine bases), prosthetic groups (e.g., heme) or with pro-
teins leading to S-nitrosylation of thiol groups, nitration of tyrosine residues or
disruption of metal—sulfide clusters such as zinc-finger domains or iron—sulfide
complexes [2]. NO can function as an anti-oxidant against reactive oxygen species
(ROS) such as hydrogen peroxide (H,0,) and superoxide (O,") by diffusing and
concentrating into the hydrophobic core of lipids [3]. In addition, NO can react
with O, to form peroxynitrite (ONOQO"), a highly oxidizing and nitrating reactive
nitrogen species (RNS) responsible for mediating protein oxidation reactions under
physiological conditions [4]. Noteworthy, one mechanism of NO-related reactivity
is through the addition of an NO group to the thiol side chain of cysteine residues
within proteins and peptides, termed S-nitrosylation, which plays a significant role
in the ubiquitous influence of NO on cellular signal transduction [5].

NO is biologically synthesized by nitric oxide synthases (NOS). NOS catalyze
the oxidation of L-arginine resulting in the formation of NO and L-citrulline. NO
is produced by three different NOS, two of which are generally constitutively
expressed, primarily in neurons (nNOS or Type 1) and endothelial cells (eNOS
or Type III), respectively [6—8]. An inducible isoform (iNOS or Type II) can be
upregulated considerably in immune cells and many other tissues [9, 10]. It has
been shown that [FN-y alone or in combination with TNF-a, interleukin 1p (IL-1p)
and bacterial lipopolysaccharide (LPS) can induce the expression of iNOS in a wide
variety of tissue organs and in some tumor cell lines [11-13]. The inducible type of
nitric oxide synthase (iNOS) is considered to be a central protein in the regulation
of the immune response against tumor cells [14, 15].

Nitric Oxide and Immunity

Nitric oxide is an important component of the immune system. Early studies have
shown that a substance that was released by macrophages and exhibited a wide
range of pathogen toxicity and antitumor activity also required arginine for its
production (Hibbs and coworkers) [16, 17]. These data supported an earlier obser-
vation that plasma levels of nitrite and nitrates increased upon infection, suggesting
an increase in endogenous production of NO [18]. Furthermore, a pivotal connec-
tion between NO and the immune response was the observation that IL-2-mediated
immune activation increased NO levels in patients and promoted tumor eradica-
tion in mice [19, 20]. Moreover, significant evidence that macrophages made nitrite
and nitrate, as well as nitrosamines, was reported by a number of groups [21-23].
Studies by Stuehr and Nathan [24] have shown that NO generated by macrophages
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could kill leukemia cells. In addition, it has been demonstrated the formation of
iron-NO complexes within activated macrophages [25]. Although some of these
studies are referring to the direct toxicity of NO on infectious pathogens or their
cellular components, the large majority of these studies have demonstrated an active
NO-related anti-tumor immune response.

The Ca**/CaM-independent inducible isoform iNOS is found in various cell
types including macrophages, dendritic cells, fibroblasts, chondrocytes, osteoclasts,
astrocytes, epithelial cells, and a variety of cancer cells. iNOS is generally asso-
ciated with the immune system and is stimulated and upregulated via induction
by cytokines and/or microbial agents such as LPS and is responsible for generat-
ing large amounts of NO sustained over long periods of time for the host defense
against pathogens [26].

NO produced by iNOS within the cell can range from 10 nM to uM amounts
for several days [27]. This generation of high levels of NO can control various
NO-modulated effects within a tissue, each with potentially different functions.
Therefore, induction of iNOS is not only characterized by the generation of NO in
high local amounts, it can also generate a wide range of NO for variable periods of
time [28]. iNOS provides a unique flexible response to a variety of immunological
challenges.

An additional level of immune regulation by iNOS is its capacity to generate
products other than NO. These include N-hydroxyarginine (NOHA) and O,". The
generation of NOHA by iNOS has been shown to inhibit arginase (AG) activity,
affecting the pathways that mediate cell growth (ornithine to polyamines) or tissue
matrices (ornithine to proline) [29]. This diversity of NOS activities can produce
different temporal and concentration profiles of NO as well as other products to
facilitate and broaden the functional versatility of these enzymes during the immune
response [30].

Regulation of Immunological Apoptosis-related Genes:
The NF-kB Case

The most relevant transcription factor participating in the regulation of genes in-
volved in apoptosis and the immune response is the nuclear factor kappa B (NF-«kB)
promoting the expression of anti-apoptotic genes and regulating pro-inflammatory
cytokine expression [31-34].

NF-«B transcription factors are assembled through the dimerization of five sub-
units: RelA (p65), c-Rel, RelB, pS0/NF-kB1 and p52/NF-kB2 [35]. In resting —un-
stimulated— state, most NF-kB dimmers are sequestered in the cytoplasm by binding
to specific inhibitors IkBs. Cell stimulation activates the kB kinase (IKK) complex.
Activated IKK phosphorylates NF-kB-bound IkB proteins and targets them for
polyubiquitination and rapid proteasome-mediated degradation [36]. Freed NF-«B
dimers translocate to the nucleus where they control the transcriptional activation of
several target genes in concert with other transcription factors [37-39].
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For many of the immune pathways that are regulated by NO and ROS, NF-kB
is critical in orchestrating the innate immune response outcomes [40, 41]. NF-kB is
an oxidative stress-responsive transcription factor activated by reactive oxygen spe-
cies (e.g., H,0,, O°,7, etc.) generated as part of the signaling cascade triggered by
many molecules such as TNF-a [42, 43]. ROS have been implicated in the signaling
pathways initiated by TNF-o. Stimulation of mammalian cells with TNF-a triggers
the generation of various ROS [44, 45]. Moreover, the use of antioxidants resulted
in the inhibition of various TNF-a-related effects, such as the activation of transcrip-
tion factors, gene expression, and cytotoxicity, and exogenous ROS mimic TNF-a
biological activity [46]. In biological systems the most important ROS generated
upon TNF-a stimulation are the result of enzymatic partial reduction of oxygen
yielding O,”, which is immediately disproportionated by superoxide dismutase
(SOD) to H,0, and O, or rapidly reacts with NO generating ONOO™ [47-49].

It has been shown that NO sensitizes malignant cells to TNF-a-mediated apopto-
sis through the specific disruption of the TNF-a-induced generation of H,0, and the
subsequent inhibition of the NF-kB-dependent expression of anti-apoptotic genes
[50].

In addition, NF-kB can be regulated by NO or related molecules via inhibition
of its activation. It was originally suggested that NO stabilized the NF-«xB inhibitor,
IkBa, by preventing its degradation from NF-kB. NO also increased the mRNA
expression of IkBa, but not NF-kB subunits, p65 or p50, suggesting specific tran-
scriptional induction of IkBa by NO [51]. Also, NF-kB can be inhibited directly by
NO through S-nitrosylation (SNO) of the p50 subunit. This SNO modification of
NF-kB has been shown to prevent binding to its target DNA site [52, 53].

NO can act directly or indirectly on the transcriptional machinery, orchestrating
the expression of apoptosis/survival genes related to the immune response against
cancer, either by affecting the signaling molecules that will activate or repress
transcription factors or by directly modifying key transcription factors and their
DNA binding activity. It can be also cGMP dependent or independent following the
general principles of “small concentrations” of NO, in a tight cellular environment
NO will tend to favor a cGMP-dependent mechanism of regulation, whereas “high
concentrations” of NO will trigger a cGMP-independent set of actions.

Deregulation of the expression of genes involved in apoptosis and immune
response has been shown to be a critical aspect in determining the development
and progression of numerous cancer types. Therefore, understanding the molecular
mechanism involved in the control of apoptosis-related gene expression might
facilitate the development of targeted anti-tumor therapies.

The dynamic coordination of genetic factors plays a major role in the regulation
of apoptosis-related gene expression associated to the immune system under physi-
ological or pathophysiological conditions. Uncontrolled activation of several tran-
scription factors regulating the expression of genes involved in either pro-apoptotic
or anti-apoptotic pathways have been identified as key players in the acquisition
of the resistant phenotype of tumor cells. Among these transcription factors, we
have examined the specific role of NO on the activity of the NF-kB as one of the
most important regulators of anti-apoptotic gene expression and immune response.
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Nevertheless, there are other important factors such as yin-yang 1 (YY1) as a novel
regulator (transcriptional repressor) of pro-apoptotic receptors and immune regula-
tor, p53 as a key modulator of cell cycle and pro-apoptosis pathways and FOXP3 as
a novel tolerogenic and apoptosis-resistance regulator in tumor cells and immune
related cells. Thus, specific targeting of these genetic factors by NO or related
species regulating the tumor cell sensitivity to apoptosis represents a plausible ther-
apeutic alternative that can be used alone or in combination with already established
anti-cancer immunotherapy [54].

Nitric Oxide: Pathogenesis of Cancer

The specific roles of NO in the immune responses and immunotherapy do not
escape from controversy. As we have stated in previous sections, there are con-
founding data that can mislead the possible role of NO in the control of the immune
response against cancer. On one hand, we have the role of NO inducing suppres-
sion of the immune system by increasing the killing of tumor reactive T cells,
activating suppressive mechanisms or inducing the proliferation of T regulatory
cells [55-57].

NO is also involved in immunosuppression by regulating circulating immune
cells. For example, myeloid-derived suppressor cells (MDSCs) can be activated by
NO-mediated increases in cGMP, which in turn, facilitates their binding to Cyto-
toxic T lymphocytes (CTLs) and reduces T cell proliferation [58]. When cell-to-cell
contacts are formed, the expression of AG and iNOS are required to induce apop-
tosis [59]. Increased iNOS activity is also found in mature dendritic cells (DCs),
where NO is associated with suppression of T cell proliferation. Furthermore, when
activated by IFN-y, TNF-a, or IL-10/B, MDSCs produce chemokines and iNOS,
which lead to the immunosuppression of those T cells in the vicinity of the MDSCs
[60]. The resulting increase in chemokines and iNOS leads to the attenuation of T
cell responsiveness. In general, T cell responses are decreased by NO.

Nitric Oxide, RNS, ROS and Anti-Cancer Therapy

Oxidative stress, a major component of the immune response, is associated with
infection, inflammation, aging, etc. Clinically, a milieu of conditions is associated
with oxidative damage including chronic inflammatory and autoimmune diseases,
cancer, and age-related disorders [61-65]. As mentioned above, oxidative stress is
mediated in its majority by reactive oxygen species (ROS) and reactive nitrogen
species (RNS) among others. ROS are oxygen-based molecules possessing high
chemical reactivity. These include biologically-produced free radicals (superoxide
and hydroxyl radical, NO, etc) and non-radical species such as hydrogen peroxide
and peroxynitrite [66].
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Free radicals are reactive chemical species containing one or more unpaired elec-
trons occupying an outer orbital. They can arise either by the univalent pathway of
oxygen reduction or as a consequence of enzymatic/non-enzymatic reactions. The
superoxide anion radical O, is formed by the one electron reduction of O,. The two
electron reduction product of O, in the fully protonated form is H,O, while the three
electron reduction product of O, is the hydroxyl radical (OH"). A number of enzy-
matic and non-enzymatic reactions reduces oxygen to the more reactive superoxide
radical. Though hydrogen peroxide is not a free radical by itself, it can lead to the
formation of the more dangerous hydroxyl radical via the Fenton type reaction [67].

Exposure of proteins to ROS and RNS alters their composite amino acids and
structure thereby generating neo-antigens (a neo-antigen being typically defined
as a previously unrecognized host-derived protein which becomes immunogenic
usually due to new physical or genetic modifications). However, the oxidative dam-
age to biomolecules is rarely specific and is dependent on the concentration of the
protein, its cellular location with respect to cellular oxidant generating systems and
the rate of modified protein clearance [66, 68].

While the direct role of free radicals in causing oxidative damage at the molecu-
lar level has been known for decades, the extent to which oxidative damage alters
tissue/organ function is still under intense research. In immunology, oxidative dam-
age has been implicated in several autoimmune diseases, including systemic lupus
erythematosus (SLE) where aberrant immune responses against neo-antigens sug-
gest impairment of immune tolerance mechanisms (Reviewed in [66]). Factors that
induce the formation of neo-antigens include inflammation, infection, drugs, ROS,
and environmental factors.

Initial results indicate that the adaptive immune response is indeed enhanced
by oxidative processes. With regards to humoral immunity, co-administration of
oxidized carbohydrates with antigen increases the secretion of antigen-specific
immunoglobulins. Parallel studies of T cell-dependent immune responses demon-
strate similar increases in responsiveness when using the Schiff base-forming agent
tucaresol during immunization [69]. Furthermore, endogenous NO generation by
cytokine induction in immune-related cells and exogenous NO (provided locally by
NO-releasing compounds) have been demonstrated to be essential for the priming
of the immune response (T cell priming) against specific antigens and some tumor
associated antigens (TAAs) [57, 70].

From Autoimmunity to Cancer Therapy

Autoimmune disorders display a spectrum of severities and durations. On one end,
improvements in treatment options have allowed patients to enjoy qualities and
durations of life nearly identical to those observed in healthy individuals for some
forms of autoimmunity. On the other end of the spectrum, certain autoimmune dis-
orders are devastatingly aggressive, incurring intense periods of tissue destruction,
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pain, and the shortening of life expectancy to as little as 6 months post diagnosis.
Research conducted over the past few decades has focused on identifying many
of the environmental and genetic risk factors associated with autoimmunity. The
identification of the T cell surface protein cytotoxic T lymphocyte antigen 4 (or
CTLA-4) is one of the most interesting discoveries in this field. CTLA-4 serves
to inhibit T cell immune responses and competes with the activator protein CD28
for the same ligands, CD80 and CD86 [71]. More recently, blockade of CTLA-4 in
cancer patients using monoclonal antibodies has emerged as one of the last lines of
therapy against chemotherapy-resistant tumors. The anti-cancer activity of CTLA-
4 blockade is believed to arise from subsequent immunological recognition and
response against previously “masked” cancer neo-antigens, illustrating the potential
of neo-antigen-revealing immunotherapy in combating cancer [72, 73].

Final Remarks, Conclusions

Although extensively studied, the roles of NO and related species in the immuno-
logical outcome of cancer still remains as a debatable issue. In order to understand
and sort the most realistic interpretation of the data and previous studies, we have
to consider the broad spectrum of activities that have been assigned to either the
physiology or the pathophysiology of NO in tumor cells (for a review, see [74].
First, we have to consider the amount and sources of NO, RNS and ROS generated.
Low-output of NO has been correlated with increased blood flow and new blood
vessels (angiogenesis) feeding the tumor area [75]. In addition, the generation of
NO by tumor cells may inhibit the activation and proliferation or increase apoptosis
of surrounding lymphocytes that can account for the immune suppression observed
that accompanies tumor growth. Furthermore, high intratumoral-output of NO
could inhibit the activation of caspases and therefore antagonizes the pro-apoptotic
signals [76, 77]. However, the opposite effect also has been observed in many other
systems whereby the generation of high-output of NO, either by iNOS induction
or by the use of NO donors, inhibits tumor growth, metastasis and sensitize to im-
munotherapy [11, 16, 50, 78, 79]. Therefore, the final outcome of NO-mediated
signaling will be determined by many factors including the local concentration and
sources of NO in the tissue, and the presence of reactive molecules that might redi-
rect the redox status in the cell with the potential of synergize with other anticancer
therapeutic modalities and the development of innovative NO-based therapies.
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Chapter 10
Regulation of Anti-Tumor Immune Responses

Peter Siesjo

Abstract Nitric oxide has a dual role in both regulation of immune homeostatsis
and in responses to pathogens. It is therefore not surprising that a similar duality
exists in the response against neoplastic cells. At the same time as NO can exert cyto-
toxicity against tumor cells it can also inhibit immune reactivity against these cells.
The following chapter will recapitulate the basal roles of NO in immune homestasis
and immune reactivity against pathogens followed by a more detailed review of the
role of NO in immune reactivity against tumors. In experimental therapy against
tumors, the positive effects of NO can thus be manipulated by administration of NO
donors or by inducing NO secretion from innate immune cells. On the other hand,
inhibition of NO release by NOS inhibitors or by inhibition of molecules upstream
of NOS induction can boost adaptive immune responses mainly by T cells.

Keywords Cytotoxicity * Dendritic cell - Inducible nitric oxide symthase -
Macrophage - Myeloid derived suppressor cells + Nitric oxide * Tumor - T cell

Abbreviations

APC antigen presenting cell

CCL-2 chemokine, also MCP-1 (monocyte chemotactic protein)
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COX cyclooxygenase
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FAS-L FAS-ligand; death receptor ligand

I[FNy Interferon gamma

GM-CSF granulocyte-macrphage colony stimulating factor
G-MDSC granulocytic-myeloid derived suppressor cells
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P. Siesjo (P<))
Section of Neurosurgery, Department of Clinical Sciences, Lund University, Lund, Sweden
e-mail: peter.siesjo@med.lu.se

Department of Neurosurgery, Skane University Hospital, 22185 Lund, Sweden

© Springer International Publishing Switzerland 2015 143
B. Bonavida (ed.), Nitric Oxide and Cancer: Pathogenesis and Therapy,
DOI 10.1007/978-3-319-13611-0_10



144

IL-6
IL-10
IL-12
IL-18
IDO
iNOS
LEC
L-NAME
L-NIL
L-NMMA
NSAID
LPS
M1
MEG
MDSC
Mo
Mo-MDSC
MSC
NF-«B
NK
PD-L1
PGE,
ROS
RNS
STAT3
TAA
TAM

T cell
TCR
TGFpB
Thl

Th 17
TNFa
T reg
TRAIL
VEGF

P. Siesjo

interleukin-6

interleukin-10

interleukin-12

interleukin-18

indoleamine 2, 3-dioxygenase

inducible endothelial nitric oxide synthase
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tumor associated antigens

tumor associated macrophages

T lymphocyte

T cell receptor

Transforming growth factor beta
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tumor necrosis factor-alpha
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TNF-related apoptosis-inducing ligand
vascular endothelia | growth factor
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Introduction

Nitric oxide is a promiscuous molecule regarding its effects on the immune system,
as it can both execute and inhibit immune functions. Therefore, it is not unexpected
that similar features are encountered concerning its role in anti-tumor immunity and
immunotherapy against cancer.

Immunotherapy has since long been investigated for its potential use in cancer
treatment. Both in human and experimental animal neoplastic pathology sponta-
neous responses to tumor-associated antigens (TAAs) are a common phenomenon
(for review see Coulie et al [1]). However, although many human tumors contain
a varying compartment of infiltrating immune cells, these do not, in the majority
of cases, seem to kill tumor cells effectively. Consequentially, the successful cure
of experimental tumors after immune intervention did not initially translate into
effective clinical immunotherapy. Nevertheless, recent advances in adoptive immu-
notherapy, dendritic cell based immunotherapy and breaching immune suppression
have changed the picture [2, 3]. The previous limited clinical efficacy can partially
be explained by immune evasion of tumor cells, e.g. down-regulation of processing
or presentation of tumor antigens, shedding of antigens and similar mechanisms.
In addition to these, failure of immunotherapy is also due to immunosuppressive
mechanisms, triggered by both tumor angiogenesis and hypoxia, tumor cells per
se, tumor-associated stromal cells and tumor infiltrating immune cells. These sup-
pressive mechanisms also encompass the action of NOS with the ensuing release of
NO and, in certain cases the formation of peroxynitrate that can exert suppression
by both direct and indirect mechanisms. However, accumulated results show that
not all the effects mediated by NO will down-regulate immune reactivity against
tumors. NO is also a potent immune effector molecule and can induce tumor cell
eradication by several mechanisms. The mechanisms governing the intricate bal-
ance between the two Janus faces of NO in anti-tumor immune responses are still
not fully understood. Tentatively manipulation of NO release in tumor tissue could
result in anti-tumor immune effects both by boosting direct effector functions but
also by dampening immune suppression.

The Dual Role of NO in the Physiological Regulation
of the Immune System

In order to understand how NO can be used to manipulate anti-tumor immune re-
sponses, its role in basal immune function will briefly be recapitulated. Due to the
fact that the adaptive anti-tumor responses discussed in this chapter mainly are
T-cell based, B cell responses will be omitted.

NO plays an important and diverse role during the regulation of general immune
responses [4]. This diversity is partly dependent on the levels of NO secreted but also
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on cellular targets and timing of release. Generally, low levels are required for initia-
tion of immune responses while high levels of NO induce immune suppression [5].

Since the sentinel finding that [FNysecretion from activated T cells could induce
indirect cytotoxicity by release of reactive species from macrophages [6, 7], (later
identified as NO [8]), an increasing amount of data on the role of NO in the immune
and inflammatory systems have accumulated. NO has been shown to influence dif-
ferent immune functions both during innate and adaptive immune responses, in-
cluding T cell activation and proliferation, cytokine production, APC expansion and
maturation, central and peripheral tolerance, T cell differentiation, as well as T cell
apoptosis (for review see [4]).

Effects of NO in Immune Homeostasis

NO has been implicated in the regulation of both central and peripheral tolerance.
In central tolerance, APCs in the thymus, including DCs and MOs, were shown to
trigger the selection process both to self- and allo-antigens by releasing NO [9].
During peripheral tolerance, on the other hand, regulatory T cells have been shown
to induce NO production from APCs, to control other pathogenic T cells, and NO
has also been implicated in the direct induction of CD+CD25+Foxp3 regulatory T
cells via p53, IL-2 and CD40 release [10, 11]. Recently, a fundamental role of NO
in immune regulation was reported by the specific expression of NO after [FNa
release from activated T cells in lymph node stromal cells, specifically in the fibro-
blastic reticular cells (FRCs) and the lymphatic endothelial cells (LECs) [12].

Regulation of T Cell Activation by NO

NO production is initiated by upregulation of iNOS in myeloid cells during or
shortly after the antigen encounter by T cells with subsequent IFNyproduction and,
initially, this seems to boost T cell activation [5, 13]. Later work showed that also
eNOS is induced in T cells shortly after antigen binding, and is involved in the posi-
tive regulation of TCR signaling by activating N-Ras [14, 15]. The T cell inhibi-
tory effect exerted by histamine has also been explained by reduced NO production
due to histamine release confirming the central role of NO in T cell priming [16].
Once initiated, the T cell response is suppressed or regulated by increasing amounts
of NO and was demonstrated in DCs exposed to apoptotic cells [17], anti-CD28§-
induced immune tolerance [18] and T cell suppression by mesenchymal stromal
cells (MSC) [19].

Initially, NO was thought to specifically boost Th1 responses but was also shown
to inhibit Th17 cells and ameliorate experimental autoimmune disease. This speci-
ficity was extended in a recent study showing that T regs induced by NO preferen-
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tially suppressed Th17 cells while natural T reg cells preferentially suppressed Th1l
cells [20], but whether this is an exception to general conditions is not clear. NO has
also been implicated in the regulation of T cell memory and survival by attenuating
memory responses [21].

The Immune Suppressive Role of NO

Immune suppression executed by the release of NO can be categorized as direct
and indirect depending on whether NO by itself acts on the effector mechanisms
or whether it does so by indirect means. The former can originate in tissue resi-
dent macrophages, dendritic cells, immature myeloid cells as myeloid derived
suppressor cells (MDSC) and MSC. The latter have been shown to execute their
suppressive action by NO in rat and mice but a recent report claimed that human
MSC rather orchestrate their suppressive action through IDO [22]. Additionally, rat
MDSC were shown to be dichotomous in their suppressive function whereby NO
inhibits T cell proliferation while PGE, inhibits cytokine production [23]. Indirect
action of NO can emanate from various mechanisms as the induction of suppressive
T reg cells, tolerogenic DC and mature and immature myeloid cells. Immune sup-
pression by NO has been documented in various non-neoplastic circumstances as
prolongation of graft survival in experimental transplantations with NO-secreting
MDSC [24] prevailing immune suppression in the liver [25] and immune dysfunc-
tion in trauma [26].

In addition to its direct inhibitory effects, NO can also react with other oxidants
such as super oxide, and forms additional RNS such as peroxynitrite. Peroxynitrite
was shown to inhibit proliferation of T lymphocytes in a dose dependent manner
via nitration of tyrosine residues, thereby, blocking the activation-induced protein
phosphorylation and by inducing apoptosis in T cells [27].

The Role of NO in the (Pathological) Regulation of Anti-
Tumor Responses

Potentiation of Immune Derived Cytotoxicity Against Tumor
Cells

Several different mechanisms of NO-mediated or -executed cytotoxicity against
tumor cells have been proposed. In response to IL-2, iNOS was induced in rat NK
cells and was suggested to be responsible for their cytotoxic functions [28]. Further-
more, it has been shown that the effector function of NK cells during AK-5 tumor
rejection was mediated by overproduction of NO, and that NK cells induced tumor
cell lysis through NO-mediated cytotoxicity [29].
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Fig. 10.1 NO can exert cyto-
toxicity against neoplastic
cells by the direct release of
NO from the innate immune
cells and NK cells, tumor-
associated macrophages and

organ resident macrophages
as microglia

NK cell Microglia

Tumor cell

Tumor-associated macrophages (TAM) can, after exposure to proinflammatory
cytokines, be reverted to classically activated type 1 macrophages (M1) produc-
ing high levels of NO, by targeting the NF-« signaling pathway [30]. Intracranial
administration of LPS and IFNy significantly prolonged the survival of B16F10
murine melanoma bearing animals, which seemed to be dependent on NO genera-
tion, because the survival was decreased using the NOS inhibitor L-NAME. These
data show that NO by itself can inhibit tumor progression [31].

Mechanistically NO has been shown to potentiate apoptotic cell death by syn-
ergy with members of the TNF family as TRAIL, FAS-L and TNFa even in primary
resistant tumor cells as reviewed by Jeannin et al and Bonavida et al [32, 33]. In
a model of ocular melanoma NO was shown to be compulsory for T cell function
but no explanation for this was presented [34]. IL-2/CD40 therapy of experimental
tumors was also shown to depend on iNOS induction in intratumoral tumor associ-
ated macrophages (TAM) [35]. Also immune escape and immune suppression dur-
ing hypoxia induced by HIF 1a was counteracted by NO released by iNOS activity
in experimental tumors but as for the former two examples the effector mechanisms
were mainly innate eg by NK cells [36, 37]. Also microglia mediated tumor cell
death requires NO and additional molecules as Cathepsin B [38].

In conclusion, NO can exert direct cytotoxicity from NK cells, TAM and microg-
lia but will then also suppress T cell function. See also Fig. 10.1
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NO-Mediated Immune Suppression in Tumor
Bearing Hosts

Dendpritic Cells

In several non-CNS experimental tumors, the induction of tolerogenic DC was in-
duced by all-trans retinoic acid from hepatic stellate cells through upregulation of
both iNOS and arginase-1 [25].

Mpyeloid Derived Suppressor Cells

In addition to mature DCs and MO, immature myeloid cells, often referred to as
myeloid-derived suppressor cells (MDSC), can effectuate suppression of T cells dur-
ing tumor progression via NO-mediated pathways [39—41]. Phenotypically, MDSC
are divided into granulocytic (G-MDSC) and monocytic (Mo-MDSC). G-MDSC, in
mice defined as CD11b"Grl “cells, derived from tumor-bearing animals were ini-
tially shown to inhibit T cell activation induced through CD3/CD28 co-stimulation
via peroxynitrite- dependent mechanisms [42] Initial reports indicated that IFN-y in-
duces NO in the myeloid cells as CD11b*Gr1 “MDSCs isolated from iNOS null mice
did not inhibit T cell proliferation [43]. However, later work implied that only G-MD-
SC use peroxynitrite induced by eNOS and gp91 as effector inhibitory mechanisms
while Mo-MDSC use NO from iNOS but both mechanisms were dependent on IFNy
[44]. MDSC derived inhibition of lymphocyte proliferation and migration has been
linked to various mechanisms as lack of T cell protein tyrosine phosphatase (TC-
PTP) [45], CCL-2 increase [40] and downregulation of Notch-1 and 2 in T cells [46].

In MDSC, the iNOS activity and the recruitment of MDSC have been shown to
depend on several mechanisms and as expression of Ovarian cancer G-protein-cou-
pled-receptor-1 (OGR1) [47], transmembrane TNF-a [48], FK506 binding protein
51 (FKBP51) [49] and HIFla [50]. Also, overexpression of human cytomegalo-
virus (HCMV) or UL 28 from HCMV was shown to induce immune suppression
through up-regulation of STAT-3 and eNOS [51]. See also Fig. 10.2.

Mechanisms of NO-Mediated Immune Suppression

Mechanistically, NO blocks signaling through the IL-2 receptor expressed by T lym-
phocytes by impeding phosphorylation of the intracellular-signaling proteins STATS,
AKT and ERK [52]. Co-stimulatory related ligands have also been shown to partici-
pate in the NO-mediated suppression as blockade of B7-H1 (PD-L1) on MOs [53].
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Fig. 10.2 NO can inhibit anti-tumor adaptive T cell responses by the induction of suppressive
immune cells and as tolerogenic dendritic cells (zDC), myeloid derived suppressor cells (MDSC)
and regulatory T cells ( 7'reg) but also stromal cells as mesenchymal stromal cells (MSC). The source

of NO is mainly local and systemic myeloid cells but also stromal cells as MSC and tumor cells
per see can secrete NO. Note that MDSC are both generated by NO and use NO to suppress T cells

iNOS and subsequent NO secretion also could be induced by immunotherapy
with BCG vaccination [54]. In a rat glioma model, iNOS expression was only ob-
served in tumors from animals immunized with tumor cells transfected with [FN-y,
but not in animals immunized with wild type tumor cells [55]. These results also
confirm that only tumor infiltrating NK or NK-like cells or T lymphocytes can
secrete sufficient amounts of IFN-y for the induction of iNOS in tumor infiltrat-
ing myeloid cells [56]. However, other tumor-derived molecules as TNFa, MCP-1
(CCL2) can induce iNOS in microglia that suppress T lymphocyte responses [57].
Tumor derived pericytes and their progeny mesenchymal stromal cells express
iNOS constitutively and are potent immune suppressors but it is not clear whether
tumor-derived factors other than IFN-y can enhance NO production from these
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cells [58]. In a recent study, another immune suppressive mechanism was proposed
whereby nitrosylation of MCP-1 (CCL-2) blocked T cell influx into tumor tissue
and this could be reversed by blocking MCP-1 modification [59]. Although NO can
act as an effector molecule in killing of tumor cells higher doses will exert immune
suppression as demonstrated in a model of intratumoral IL-12 delivery [60].

Boosting Anti-Tumor Immunity by Modulation
of NO-Mediated Immunosuppression

The use of NO-donors, which when released intracellularily can inhibit iNOS, has
been reported to be successful in different malignancies. NO-releasing aspirin was
able to improve the effects of a GM-CSF-based cancer vaccine in a murine colon
cancer model, through inhibition of iNOS and other suppressive enzymes [61].

NO release can also protect against immune suppression by other mechanisms
as in the B16 melanoma mouse model, where DCs treated ex vivo with NO-donors
became resistant to tumor-induced apoptosis, due to prevention of activation of the
down-stream pro-apoptotic events including pro- and antiapoptotoc proteins Bcl-2,
Bax and caspase-9 [62].

However, the major observed effects of NO during anti-tumor immunotherapy
tend to be suppressive. In our earlier studies we showed that the systemic immuno-
suppression induced by large tumor burdens in tumor-bearing hosts was mediated
by NO production [63, 64].

Immunotherapy that directly or indirectly will lead to increased levels of activat-
ed T cells or NK cells can lead to immune suppression due to an increased release of
NO. Koblish et al demonstrated that an IL-12-based experimental immunotherapy
was unsuccessful due to an NO-mediated down-regulation of the immune response
but this could be reversed by nonspecific inhibitors of NOS [43].

Down regulation of T lymphocyte responses induced by administration of poly-
clonal stimulation also involves NO release and we could show that the selective
iNOS inibitor L-NIL was superior in reversing this than the nonspecific inhibitor
L-NAME [65]. In this report, the in vivo combination of L-NIL and immunotherapy
with IFN-y-secreting tumor cells gave a slight prolongation of survival. These re-
sults were markedly improved when an inhibitor of both iNOS and COX, mercap-
toethylguanidine (MEG), was used in the same experimental model and 40 % of
rats bearing intracerebral tumors could be cured [65]. These effects were strictly
dependent on the timing by which the iNOS inhibitor was administered in relation
to the time of immunization, pointing out the important feature of modulating NO
during anti-tumor immune responses. This study also demonstrated that systemic
levels of NO were actually increased during immunotherapy above the levels of
tumor bearers underscoring the fact that immunotherapy per se can induce further
immunosuppression, in this case by release of NO.

The reports of successful immunotherapy combined with inhibition of NO have
in common that the immunotherapies have directly or indirectly been linked to
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release of IFN-y, the major trigger of NO release. This is also the case of the com-
bined immunotherapy with IL-12 and IL-18-secreting tumor cells in an intrahepatic
rat colon cancer model. Due to the abundance of NO producing, myeloid cells in
the liver immunotherapy per se did not have any effect but the combination of
L-NAME and low doses of an anti-angiogenic compound, combretastatin, signifi-
cantly prolonged survival [66].

Thus, to obtain a functional immunotherapy we need to understand the specific
suppressive mechanisms presented in a particular tumor type. However, in our ex-
perience, inhibition of NOS or iNOS during immunizations could abrogate the ef-
fects and underscore the importance of crucial levels of NO for T cell priming.

By combining inhibitors of iNOS and COX-2 by separate drugs, we have pre-
liminary shown that there is a synergistic effect of the compounds and that iNOS
inhibition boosts memory responses. Following treatment with the iNOS inhibitor
L-NIL and/or COX-2 inhibitor parecoxib, in combination with an IFNy based anti-
tumor immunotherapy, animals receiving the iNOS inhibitor survived more often
after rechallenge with tumor cells [67].

Crosstalk in the Immune Suppressive Networks

Suppression of immune effector mechanisms against tumors encompass several en-
zymes, transcription factors and effector molecules apart from NO and as STAT-3,
NF-«B, IDO, ROS, VEGF, PGE,, TGFp, IL-13, T reg and IL-10 constituting an
immune suppressive network (for review see [68]). Experimental conditions as the
tumor model, the therapeutic intervention and the inhibitors used may influence
the outcome leading to contradictory results. It is also evident that several of the
effectors of immune suppression can act simultaneously in a hierarchal fashion.
In many reports, the induction of NOS and secretion of NO is indeed upstream of
other suppressive effectors [69-71]. However, several reports imply that PGE,, a
key suppressive agent, acts upstream of NO and inhibitors of COX-2 can thus also
block NO release [72, 73]. In humans, MDSC from patients with renal carcinoma,
ROS was shown to act upstream of iNOS [74].

Clinical Studies

The combination of immunotherapy with NO-modulating approaches has not yet
been explored in patients. However, there are a couple of ex vivo studies indicat-
ing the involvement of NO in the tumor-induced immunosuppression. In prostate
organ cultures, treatment with the specific iNOS inhibitor L-NMMA, was able to
restore the suppressed functions of tumor infiltrating T lymphocytes [39]. Induc-
tion of apoptosis was obtained after administration of NO-donors on human colon
carcinoma cells in vitro [75]. NO-NSAIDs such as NO-aspirin, NO-ibuprofen and
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NO-sulindac have been shown to induce apoptosis in human colon cancer cells
in vitro [76]. Although extensively assayed in experimental systems, no clinically
available NO inhibitors of NOS and no NO-NSAIDS exist which have blocked
the translational development of therapy. However, the use of clinically available
COX-2 inhibitors might also inhibit the release of NO and indirectly give proof of
concept. It is still also an open question whether the immune suppressive effect of
NO in experimental systems is effective in human cancer.

Concluding Remarks and Future Directions

NO has accordingly dual roles and functions in both immune homeostatis and in
neoplasia, see Table 10.1. The main obstacle for manipulating NO in clinical tu-
mor therapy is the absence of clinically approved donors and inhibitors. Neverthe-
less, once these are available, immunotherapeutic approaches should be designed to
achieve a positive net effect on NO regulation.

Table 10.1 Summary of NO effects in immune homeostais and tumors

Cell of origin ‘ Target cell Mechanism and net effect ‘ Ref

Effects of NO in immune homeostasis

FRC, LEC, T cell Immune homeostasis, central and [1,2,9-11]

APC peripheral tolerance

cAPC APC T cell Low NO from iNOS boosts T cell [5,13]
activation

T lymphocyte T cell NO from eNOS boosts T cell [14, 15]
activation

APC, MSC, DC | T cell High NO from iNOS suppresses T [17-19]
cells

Myeloid cells T reg, DC, MDSC | NO induces indirect T cell [24-26]
suppression

Potentiation of immune derived cytotoxicity against tumor cells

NK cell Tumors, Direct tumor cell and pathogen killing | [28, 29, 36, 37]
pathogens by NO
TAM, microglia | Tumors, Direct tumor cell and pathogen killing | [30, 31, 35, 38]
pathogens by NO
NO mediated immune suppression in tumor bearing hosts
DC T cell T cell suppression in experimental [25]
tumors
MDSC T cell NO implicated in both generation and | [39-41, 42-44]
function
Myeloid cells T cell Systemic myeloid cells inhibit T cells | [63—65]

by NO
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It is important to consider the fact that the manipulation of the immune system
using different immunotherapeutic approaches might itself induce tolerance and/
or immunosuppression. Although NO-donors have shown increased induction of
apoptosis in vitro it is still unclear whether they also inhibit iNOS activity, The in-
duction of cytotoxicity by NO in vivo could also boost T cell responses by partially
degrading tumor cells thus facilitating antigen presentation by APC. In conclusion,
the combination of immunotherapy with NO-modulating approaches has to be spe-
cifically tailored, considering the tumor type, timing of immune intervention and
also the suppressive network prevailing in the specific tumor.
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Chapter 11
Nitric Oxide: Immune Modulation of Tumor
Growth

Naveena B. Janakiram and Chinthalapally V. Rao

Abstract Nitric oxide (NO) plays a pivotal role in the physiology of diverse tis-
sues including cells of the immune system. It is well established that the levels of
nitric oxide must be regulated carefully to maintain homeostasis. Dysregulation or
overproduction of nitric oxide has been implicated in the pathogenesis of many dis-
orders including atherosclerosis, neurodegenerative diseases, autoimmune diseases,
and cancer. Tumor-associated generation of NO, predominately via inducible nitric
oxide synthase (iNOS), can be produced by the immune-system (dendritic cells, NK
cells, mast cells, monocytes, macrophages, Kupffer cells) as well as by other cells
involved in tumor growth. Depending upon the levels of NO generated, the poten-
tial exists for it to behave like a “double-edged” biological sword. In tumorigenesis
assays, both protective and toxic effects of NO generated from immune cells fre-
quently are seen in parallel. Thus, there is no simple, uniform picture of the function
of NO in the immune modulation of tumor growth. The striking inter- and intracel-
lular signaling between tumor cells and immune system cells makes it extremely
difficult to predict the effect of NOS inhibitors and NO donors. This complexity has
delayed evaluation of NO regulatory drugs as frontline therapies for cancer.
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DSS Dextran sulfate sodium
PGF20  Prostaglandin F2a
TxB2 Thromboxane B2

Introduction

Nitric Oxide (NO) is a free radical gas that is generated physiologically by organ-
isms varying from bacteria to mammals. It acts as a signaling molecule in several
biological processes. It is synthesized during transformation of the substrate L-ar-
ginine to L-citrulline by nitric oxide synthase (NOS) isoforms. The NOS family
consists of three isoforms, neuronal NOS (nNOS; NOS-I), inducible NOS (iNOS;
NOS-II), and endothelial NOS (eNOS; NOS-IIT). nNOS and eNOS are both con-
stitutive forms of NOS. NO functions as both an intracellular and an extracellular
messenger signaling molecule to regulate the vascular system, neurological func-
tions, and inflammatory immune responses. It has been well established that NO
and other reactive nitrogen species (RNS) and reactive oxygen species (ROS) play
critical roles in immune responses, particularly in the “killing” of bacteria and other
infectious parasites.

Nitric Oxide, Immune Response, and Tumor Growth

Several human cancers are associated with chronic viral, bacterial and parasitic
infections and NO formation is elevated in these infections [1]. NO production that
is excessive in concentration and/or duration can damage DNA, leading to gene
mutations and cancer [2]. Most of the cells comprising a tumor mass (particularly
infiltrating immune cells) have been shown to generate NO [3]. Expression of iNOS
is reported to be high in various cancers, including esophageal and colon cancers
and cancers of the cervix, breast, lung, and head and neck [4]. A significant num-
ber of reports suggests a positive role for NO in tumor cell proliferation; however,
recently a few reports also suggest that NO may inhibit cell cycle progression and
lead to suppression of cell proliferation. These opposing effects of NO suggest that
NO has biphasic roles with the effect in a given situation depending on its concen-
tration. Thus, it is critical to determine the functions of NO as an inhibitor and as a
enhancer of tumor cell proliferation.

Several reports suggest a tumoricidal role for NO in vivo. Chronic inhibition
of NO synthesis with N-monomethyl-L-arginine (L-NMA) resulted in increased
tumor growth and delayed immune recognition in mice, implicating endogenous
NO in the impaired ability of tumor cells to proliferate [5]. Moreover, the daily
intraperitoneal administration of L-NMA prevented the tumoricidal activity in mice
suggesting NO accounts for the tumoricidal activity [6]. As a result of these studies,
NO releasing anti-inflammatory agents with minimal side effects are being tested
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preclinically for beneficial antitumor effects [4, 7, 8]. However, cancer growth can
be stimulated as well as inhibited by the immune system. The ability of the immune
system to inhibit or stimulate tumor growth may relate to the intra-tumor macro-
phage arginine metabolism. It has been suggested that arginine metabolism in the
tumor bed yielding citrulline and NO favors tumor rejection, whereas production of
ornithine and urea could promote tumor growth [9]. These observations are consis-
tent with the demonstrated tumor inhibitory effects of difluromethyl ornithine in the
suppression of polyamines and tumor growth [10, 11].

Cytokine-Nitric Oxide Interactions

When macrophages are activated with interferon-y (IFN-y) and a low dose of lipo-
polysaccharide (LPS), they produce significant amounts of NO and express high
levels of iNOS [12]. This production and expression can be reversed in a dose-
dependent manner by interleukin 4 (IL-4). Interleukin 10 (IL-10) and transforming
growth factor-B (TGF-f) also can inhibit NO synthesis. In contrast, [FNy- and tu-
mor necrosis factor-o (TNF-a) transmit a series of signals leading to the expression
of iNOS and the synthesis of NO [13]. Advanced neoplasia has long been associated
with defective capacity to mount responses to inflammatory stimuli. A small amount
of NO may enhance the production of chemokines, such as macrophage inflamma-
tory protein-2 (MIP-2) and monocyte chemo attractant protein 1 (MCP-1), whereas
a large amount of NO may suppress these chemokines (Fig. 11.1). When cells such
as neutrophils are activated with IFNy- or other stimulants, they produce a large
amount of NO via iNOS, and this concentration can be toxic to target immune cells
[14] (Fig. 11.1). Cytokines leaking from advanced tumors can regulate NO levels,

IFN-y

Macrophage Neutrophil

NO’
MIP-2 4 MIP-2
s | MCP-1 | mMcP-1

Toxic
/ l Tissue damage

Anti-tumorigenic Tumorigenic
Fig. 11.1 NO and cytokine interactions: NO is synthesized when iNOS is stimulated by [FNy- and
other stimulants. NO in high levels inhibit MIP-2 and MCP-1 leading to anti-tumorigenic effects.
However, NO in low levels increases MIP-2 and MCP-1 leading to tumorigenic effects. High NO
levels induced by IFNy- in neutrophils leads to effector functions towards tissue damage
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Fig. 11.2 a. Chronic NO synthesis leads to the production of reactive nitrogen species, nitrate,
nitrite, S-nitrosothiols or peroxynitrites and causes DNA damage or genotoxic effects. This leads
to the formation of mutations in tumor suppressor genes and oncogenes causing initiation and
progression of tumor growth. b. Nitric oxide produced in low levels inactivates TP53 activity and
leads to increase in MMPs and VEGF leading to Increase in angiogenesis and causing tumor devel-
opment. It can also stimulate the arachidonic acid (44) pathway leading to increase in COX-2 and
proinflammatory eicosanoids and increase of T-Regulatory cells helping in tumor development

which, in turn, play a role in systemic defects in inflammation and immunity associ-
ated with neoplasia [15, 16]. Thus, a balance between chemotactic and inhibitory
cytokines may infiltrate tissues, including neoplasms, and the immuno-regulatory
effect of NO appears to be determined by the NO level.

Role of NO in Inflammation and Cancer Progression

The role of NO in cancer is controversial. It is reported to promote tumorigenesis
and also to exert anti-tumorigenic activities. Various effects have been observed
on events that occur during cancer formation, such as apoptosis, angiogenesis, cell
cycle, invasion, and metastases. Since NO is a gas, it is highly diffusible in the vas-
culature, and since it is a highly reactive free radical, it forms various metabolites,
usually by reacting with molecular oxygen and heavy metals, to generate different
biological effects of NO. The RNS metabolites formed, such as nitrate, nitrite, S-
nitrosothiols or peroxynitrite, can contribute to DNA damage and genotoxic effects
[17, 18]) (Fig. 11.2). RNS can have direct effects by modifying DNA or indirect
effects by inhibiting DNA repair mechanism to cause formation of mutations in tu-
mor suppressor genes and in oncogenes initiating or driving tumor progression [19]
(Fig. 11.2). NO is reported to repress p53 activity, influencing apoptotic pathways
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[20] (Fig. 11.2b). It is involved in neo-vascular growth in tumors through effects on
vascular endothelial growth factor (VEGF), and in tumor invasion by up-regulating
matrix metalloproteinase’s [21] (Fig. 11.2b). It also can regulate the arachidonic
acid pathway, influencing prostaglandins synthesis to contribute to overall tumor
cell proliferation, growth and invasion (Fig. 11.2b).

The roles of NO during initiation and maintainance of inflammatory bowel dis-
ease (IBD) are well documented. A high concentration of citrulline, which is a co-
product of NO synthase resulting from iNOS activity, was observed in ulcerative
colitis (UC) biopsy samples as compared with normal histology samples. Incuba-
tion of UC biopsy samples with the iNOS inhibitor L-NMA caused a decrease in
citrulline, suggesting that NOS plays a vital role in causing UC [22]. Kolios ef al.
reported similar findings that colonic mucosa biopsies from both UC and Crohns
disease patients had an eight-fold increase in iNOS activity compared with normal
control colon mucosa [23]. The clinicopathological features displayed in these IBD
tissues may relate to NO-induced vasodilation, activation of neutrophils, formation
of peroxynitrite (PNT) radical and direct toxicity. These data show a definite link
between increase in NO due to iNOS and pathological features associated with
these chronic inflammatory disorders.

Clinically, and in preclinical animal models, NO production and iNOS expres-
sion often are detected at high levels in colon cancer [24, 25]. A recent report sug-
gests that tyrosine nitration, along with iNOS expression is an indicator of colon
cancer development and progression [26]. Thus, it is often assumed that continuous
formation of NO in a tissue through iNOS is an important step in carcinogenesis
leading to neoplastic transformation. Many studies have reported that NO produced
by iNOS can help in initiating tumorigenesis or promoting tumor growth and me-
tastases. Recently, it was reported that iNOS expression is correlated with tumor
growth and poor prognosis in patients with colon cancer [20, 27]. A combined
transgenic mouse having both the adenomatous polyposis coli (Apc) mutation and
iNOS-/- condition has reduced formation of polyps in both large and small intes-
tines compared with mice having the Apc mutation alone, suggesting a positive role
for iNOS in colon cancer generation [28]. iNOS-/- mice also displayed less gastric
carcinogenesis when infected with Helicobacter pylori [29]. Recently, it was report-
ed that iNOS regulates Wnt/B-catenin signaling and increases cell proliferation and
tumor growth in human colon cancer cells [30]. These reports suggest that targeting
iNOS for prevention or treatment of colorectal cancer (CRC) is valid. Use of iNOS
inhibitors alone or in combination with cyclo-oxygenase-2 (COX-2) inhibitors has
shown significant inhibitory effects on colon carcinogenesis, reiterating the positive
role of iNOS in CRC [31-34]. On the other hand, increasing NO signaling was pro-
posed as an effective strategy in inhibiting CRC [35, 36]. In a xenograft study, Xu
et al. showed that increasing NO signaling by delivering iNOS-expressing cells in
the peritumoral region resulted in inhibition of tumors [37]. Seril ef al. observed NO
difference in iNOS+/+ and iNOS—/— mice when dextran sodium sulfate (DSS) was
injected to study ulcerative colitis development, thus suggesting that iNOS is not
involved in UC-associated cancer [38]. Most of the preclinical studies are in agree-
ment with a decrease in NO signaling having beneficial anti-tumorigenic effects.
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Fig. 11.3 Nitric oxide produced in accumulated macrophages within tumor cells leads to different
outcomes at varied concentrations. NO in low levels leads to activation of Map Kinases in which
increase tumor cell proliferation. However, NO in high levels causes increase in apoptosis via
increase in pS3 and p21, or causes cytotoixc effects on tumor cells and displaying anti-tumorigenic
effects

However, a thorough analysis is needed to fill in gaps in our understanding of NO
regulation in order to target aberrant NO production in tumors without disturbing
the normal physiological functions of NO.

Dose-Dependent Effects of NO in Cancer Progression

NO is expressed highly in macrophages in and around the tumor tissue and also in
tumor epithelial cells [39]. Depending on the concentrations present in these macro-
phages (from <50—>300 nm), NO behaves as a tumor promoter or inhibitor. Steady
state and sustained lower concentrations of NO (<50 nm) usually are associated
with activating or increasing phosphorylation of kinases involving in extracellular
signaling, which may enhance proliferation and anti-apoptotic activity and favor
tumor growth (Fig. 11.3). Intermediate concentrations of NO are associated with
stabilization of hypoxia-inducing factor-1a (HIF-1a). High concentrations such as
~400 nm NO in macrophages lead to induction of cytotoxicity against tumor cells
and surrounding tissue. NO or peroxynitrite induce cell death by apoptosis or ne-
crosis. NO was reported to induce the release of cytochrome ¢ from the mitochon-
drial membrane without involvement of either caspase 8 or BH3-interacting domain
(Bid) [40]. NO is also reported to induce apoptosis with an increase in p53 and p21
[41] (Fig. 11.3). p53 has binding sites in the promoters of iNOS and eNOS, which
are used to regulate the synthesis of NO and apoptosis. Other cytotoxic effects of
NO on tumor cells are through DNA damage [42]. Hence, at high levels, NO leads
to both apoptotic and anti-tumorigenic functions in tumors.
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Potential Positive and Negative Regulation of Immune
Responses

Since NO is a highly reactive, gaseous free radical that diffuses freely across cell
membranes, it is unique in possessing both paracrine and autocrine signaling func-
tions in biological systems [43, 44]. It can undergo nitration and nitrosation, ni-
trosylation, and oxidation reactions and interact with other free radicals such as
oxygen and hydrogen to modify metabolites in various cell types and to alter many
biological signaling pathways [45]. The signaling mechanisms through which NO
regulate immune cells are extremely complex. Both NO and its derivatives regu-
late immune cell responses by altering the structures of regulatory molecules. Of
the three NOS isoforms, all of which are involved in immune responses [45—48],
iNOS produces high levels of NO and is present in macrophages, dendritic cells
(DCs), myeloid-derived suppressor cells (MDSCs), endothelial cells, natural killer
(NK) cells, neuronal cells, neutrophils and tumor cells [49-55]. There is growing
evidence that NO is versatile in mediating-effects on viral infections, the pathology
of human bacterial infections and inflammatory disorders.

NO induced by iNOS plays a role in leukocyte recruitments and cell adhesion
under inflammatory conditions. Experiments performed using flow chambers with
NO supplied exogenously from NO donors suggested that NO inhibits adhesion
of the leukocytes [56-58]. NO, similarly, may inhibit B and T cells; but the exact
mechanisms for how NO exerts these functions are needed in order to design treat-
ments. Acting as an intracellular messenger, NO can modulate MCP1 and inhibit
interleukin 8 (ILS8), and play an important role in chemokine signaling pathways
[58, 59] (Fig. 11.1). It is well known, now, that NO is implicated in generation and
functions of T-regulatory cells (Tregs). Tregs inhibit T cell-specific antigen-driven
proliferation by producing IFN-y and by direct interaction with antigen presenting
cells. The IFN-y acts by inducing iNOS in macrophages [57, 60] (Fig. 11.1). We and
others have observed increased expression of iNOS and Tregs in colon tumors [61].
Immature dnlkk2 DCs loaded with antigens stimulate naive mouse T cells to gen-
erate dnlkk2-Tregs, which express FOXp3 and iNOS (Fig. 11.4a). These dnlkk?2-
Tregs are reported to inhibit naive and pre-activated T cell responses in vitro [62].
A recent report described the presence of a new Treg population, NO-Tregs, which
are induced by NO, and regulated by T cell receptor (TcR) activation [63]. These
NO-Tregs are reported to have a Th2 phenotype devoid of FOXp3 and to suppress
CD4+CD25- effector T cells (Fig. 11.4b). The role of NO in the generation of NO-
Tregs is demonstrated with the use of the NOS inhibitor L-NMMA. The results
suggest that NO plays an important role in maintaining chronic inflammatory re-
sponses. We have reported an increased number of Tregs in colon tumors, and adop-
tive transfer of Tregs led to an increase in colon tumors [61]. These results suggest
that suppression of iNOS and decreasing of Tregs during colon tumor development
may be necessary to inhibit colon cancer development.

NO is reported to cause apoptosis of T cells by nitration of tyrosines in proteins
to form peroxynitrite (PNT), leading to blockade of Janus Kinase 3 phosphorylation
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Fig. 11.4 a. Immature dendritic cells upon antigen stimulation produce dnlkk2-Tregs, which are
FOXp3 negative and iNOS positive. These can inhibit naive T cell responses causing tumorigen-
esis. b. Nitric oxide induces the formation of NO-Tregs by activation of TCR receptors which
suppress effector cells and causing inflammation and cancer

[64] and increased expression of major histocompatibility complex class II (MH-
CII) proteins [65]. Nitrotyrosine is used as a marker for identifying peroxynitrite
activity in cells and tissues [66]. PNT can cause oxidative damage by inducing
nitration in tyrosine, cysteine, methionine, and tryptophan [67]. The damage is seen
in cell membrane phospholipids, nucleic acids, and proteins. Nitrotyrosines often
are identified in high quantities in thymic extracts and in thymic apoptotic cells,
indicating a role for nitrotyrosines in thymic apoptosis in vivo [68]. The enzymes ar-
ginase 1 and NOS2 require the substrate L-arginine for production of NO [69]. High
concentrations of PNT have been reported in many cancers, including colon cancer,
and its presence in tumor tissues is associated with poor prognosis [25, 70-75].

In a tumor microenvironment, nitration in tumor-infiltrating lymphocytes (TILs)
to generate high concentrations of PNT can force TILs to become nonresponsive to
various nonspecific stimuli from the host’s immune cells, leading to failure to eradi-
cate the tumor [76]. PNT can cause nitration of the TCRs and, thereby, inhibits bind-
ing of CD8+T cells to peptide-MHC complexes, causing T cell tolerance against
the tumor [77]. The recognition by CD8+and CD4+T cells of MHC class I- and
MHC class II-restricted peptides is altered by nitration of a single tyrosine [78, 79].
Nitration of cytotoxic T lymphocytes (CTLs) led to loss of their activity against the
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specific peptides as compared with that of non-nitrated CTLs [80]. These and other
reports suggest that increased PNT in tumor-infiltrating MDSCs, and to a lesser
extent in macrophages, does not affect the expression of MHC class I on the tumor
cells; rather it leads to nitration of peptides causing decreased efficiency of their
binding to MHC class I [81]. Hence, post-translational modifications of peptide-
MHC I complexes on tumor cells induced by PNT need to be inhibited—alone or
in combination, with antigens or vaccines designed to elicit tumor-specific immune
responses—to enable or the enhance function of the CTLs to eliminate tumor cells.

The chemokine CCL2, a chemoattractant for NK cells, activated T cells and my-
eloid cells, is reported to be nitrated by PNT production induced by intra-tumoral
cells, causing decreased T cell-migration to the tumor site [82, 83]. However, nitra-
tion of CCL2 did not alter the infiltration of myeloid cells into the tumor site. There-
fore, fewer infiltrated T cells as compared with myeloid cells usually are observed
in tumors.

Other tumor-promoting effects of NO include antimicrobial, antiviral, immuno-
stimulatory and cyto-protective functions. NO exerts its antimicrobial functions in
several ways including by inhibiting DNA repair and synthesis, causing DNA mu-
tations, causing post-translational alteration of proteins and inhibiting enzymatic
functions [57]. Also, during infection, it protects the tissue by inhibiting or termi-
nating immune responses by causing apoptosis of activated T cells [84]. In acti-
vated macrophages, NO exhibits antimicrobial activity during pathogenic bacterial
infections [85, 86]. Iniesta et al. further confirmed this effect by the use of the NOS
inhibitor NMMA in infected mice; NMMA administration led to an increase in
infection, suggesting a positive role of NO during microbial infections [86]. In the
skin, NO generated by commensal bacteria has antimicrobial effects to limit exter-
nal infections [87]. NO generated from iNOS also is implicated in causing tumor
cell death. The IFNy- and TNF-induced iNOS in CTL cells leads to killing of tumor
cells [88]. The production of NO in the vasculature helps to prevent adhesion and
release of oxidants by activated neutrophils [89].

Since NO has dual pro-inflammatory and anti-inflammatory roles, its replace-
ment or augmentation with NO-releasing drugs has proved to be an important step
in treatment of inflammatory disorders and cancers. NO-releasing non-steroidal in-
flammatory drugs (NO-NSAIDs) have been developed for the treatment of various
inflammatory disorders and for treating cancers. NSAIDs and aspirin inhibit cyclo-
oxygenase (COX) enzymes and are well known drugs prescribed for anti-inflamma-
tory, antipyretic, analgesic and anti-thrombotic effects. The gastrointestinal toxicity
of NSAIDs, that inhibit COX-1, led to the discovery of specific COX-2 inhibitors.
Although these drugs are effective and tolerable, questions remain about the safety
of these new COX-2 inhibitors, which couldn’t replace aspirin.

NO and prostaglandin products of COX enzymes play a vital role in maintaining
mucosal integrity. NO is reported to protect the mucosa by maintaining the blood
flow, scavenging free radicals and functioning in mucus secretion. Hence, inhibi-
tion of COX by NSAIDs leads to gastrointestinal toxicity. Due to the overlapping
functions of NO and COX, efforts were made to develop compounds that can coun-
ter the negative effects of COX inhibition and protect mucosal integrity by releasing
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NO. The NO-NSAIDs developed proved to be effective anti-inflammatory and anti-
tumorigenic agents and these compounds have been found to be safe and effective
compared with traditional NSAIDs.

Nitrate-ester compounds, including 2-acetoxybenzoate 2-(2-nitroxy-methyl)-
phenyl ester (NCX-4016) and 2-acetoxybenzoate 2-(2-nitroxy)-butyl ester (NCX-
4215), are NO-releasing aspirins. NCX-4016 has been tested in many experimen-
tal models for its anti-inflammatory and anti-thrombotic effects [90]. NCX-4016
has been reported to inhibit caspases 1 and 3 [91, 92], T lymphocyte activation
[89], cytokine release [92], apoptosis [92], and IL-1Bp converting enzyme [93].
We tested NCX-4016 and NO-indomethicin (NCX-530) in azoxymethane (AOM)-
induced colon cancer in rats at doses of 1500 or 3000 ppm and 0, 40, or 80 ppm,
respectively. Both doses of NO-indomethacin and the high dose of NO-aspirin sig-
nificantly suppressed both tumor incidence (P<0.01) and multiplicity (P<0.001).
Inhibition of colonic tumors by these NO-NSAIDs correlated with inhibition of
total COX activity, including COX-2 activity, and formation of prostaglandin E2
(PGE2), prostaglandin F2a (PGF2a), 6-keto-PGF 10, and thromboxane B2 (TxB2)
from arachidonic acid. These drugs also suppressed nitric oxide synthase 2 (NOS-
1) activity and expression of -catenin [24].

Other animal colon cancer studies (Apc min study, xenograft study) have shown
similar results for NCX-4016. In a study of Apc min study, three weeks of treat-
ment with NCX-4016 caused 55 % inhibition of tumors [94]. NCX-4016 (which
caused 85 % inhibition) was more effective in reducing aberrant crypt foci in AOM-
induced rats than was aspirin (which caused 64 % inhibition) [95]. The improved
efficacy of NCX-4016 may be due to inhibition of MAPK, Wnt, NFKB and NOS
signaling pathways. Although preclinical data were very promising, a recent phase I
clinical trial with this agent was ended abruptly because of its DNA damaging effect
in in vitro. Thus, further work is necessary to develop NO-NSAIDs with improved
inhibition of tumor growth and better safety profiles, in addition to maintaining mu-
cosal integrity. A recently reported NO-NSAID, Ethyl 2-((2,3-bis(nitrooxy)propyl)
disulfanyl)benzoate (GT-094), a NO chimera containing NSAID and NO moieties
and also a disulfide pharmacophore, induced apoptosis and inhibited proliferation
of the colon cancer cell lines RKO and SW480 [96]. This agent suppressed tran-
scription factors spl, sp3 and sp4, which are highly expressed in colon cancer [96].
This inhibition was due to effects on the ROS-miR-27a:ZBTB10-Sp transcription
factor pathway [96]. GT-094 has passed several milestones in preclinical testing but
still needs to be analyzed further to satisfy other requirements before being consid-
ered for clinical trials.

Conclusions

NO is a versatile molecule with diverse biological functions having positive and
negative effects on the immune system. It acts as both an intracellular and intercel-
lular signaling molecule that plays a vital role in shaping immune responses against
various pathogenic conditions and in sustaining homeostasis. Although it has been
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more than 20 years since the identification of such diverse roles of NO, until re-
cently attempts at developing safe approaches to modulate NO in cancer treatments
progressed very slowly. Since NO has a role both in inflammatory and anti-inflam-
matory effects, it can switch from a regulator to a destroyer. Over-production of NO
is reported to induce inflammatory diseases and tumor cell progression leading to
cancer. Very little data are available on the role of NO in colon cancer progression
via its effect on immune cell functions. Therefore, a brief overview is written in this
chapter on the roles of NO and the immune system specifically in colon cancer ini-
tiation and progression. Since NO regulates multiple functions that can impact can-
cers, it is important to dissect the relative importance and concentration-dependence
of these effects in specific situations. Improved understanding of these effects will
help in the development of safer and more effective drugs and treatment strategies
for colon and other cancers.
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Chapter 12

Pivotal Role of Nitric Oxide in Chemo and
Immuno Sensitization of Resistant Tumor Cells
to Apoptosis

Benjamin Bonavida

Abstract Nitric oxide (NO) has been the subject of many reports with respect to its
role in cancer. These various reports were not consistent and often contradictory. On
one hand, the levels of iNOS correlated with both the progression and carcinogen-
esis of certain tumors, whereas, on the other hand, the levels of iNOS or treatment
with NO donors correlated with tumor regression. These contradictory findings
were interpreted as due to the relative levels of generated NO, such as lower levels
were pro-tumorigenic whereas high levels were anti-tumorigenic. Initial findings
by us and others demonstrated that the induction of iNOS in resistant tumors or
the treatment with NO donors resulted in the reversal of resistance and the tumor
cells were chemo and immuno sensitized to cytotoxic stimuli. Consequently, we
have extended our investigations to examine the biochemical and molecular under-
lying mechanisms responsible for NO-mediated chemo-immunosensitizing activi-
ties to apoptosis by cytotoxic agents. In our investigations, we have established, in
several tumor cell lines, the highly dysregulated NF-xB/Snail/Y'Y I/RKIP/PTEN/
PI3K-AKT loop that regulates both drug/immune resistance and EMT/metastasis.
This dysregulated loop was established by the demonstration that most tumor cells
exhibit constitutively hyper-activated NF-kB and PI3K-AKT pathways that regu-
late cell viability, proliferation and anti-apoptotic pathways through a large number
of downstream target gene products. Independent analyses revealed that the tran-
scription factor Yin Yang 1 (YY1), downstream of NF-«kB, was a repressor of the
Fas and DR5 death receptors expression on many tumor cells and correlated with
the tumor cells’ resistance to corresponding FasL and TRAIL death ligands, respec-
tively, on the surface of cytotoxic lymphocytes. In addition, the overexpression
of YY1 in tumor cells regulates positively the transcription repressor factor Snail
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that regulates both EMT and resistance. The recent findings demonstrated that the
metastasis-suppressor gene product, Raf kinase inhibitor protein, RKIP, which is
minimally expressed in many cancers, was involved in the reversal of drug/immune
resistance when it is overexpressed. Overexpression of RKIP was also reported to
inhibit both the Raf/MEK/ERK and NF-kB pathways and, thus, also inhibited YY1
and Snail downstream of NF-kB. Snail-mediated inhibition of RKIP and PTEN
expressions resulted in maintaining the activation of the PI3K-AKT survival path-
way and its crosstalk with the NF-kB pathway. Overexpression of RKIP resulted in
the upregulation of PTEN and inhibition of PI3K-AKT and NF-kB and resulting in
the downregulation of YY1 and Snail and sensitization to chemo-immune-mediated
apoptosis.

Altogether, the above findings established the tightly dysregulated NF-kB/Snail/
YY I/RKIP/PTEN/PI3K-AKT loop that regulates cell survival, cell proliferation,
EMT/metastasis, and resistance to apoptotic stimuli by cytotoxic agents. This dys-
regulated loop was shown to be significantly altered by NO due to the findings
that treatment with NO donors resulted in the S-nitrosylation of p50/p65 chains of
NF-kB and S-nitrosylation of both YY1 and Snail and, thus, inhibiting their activi-
ties and resulting in the upregulation of RKIP and PTEN. These gene products, in
turn, also inhibit NF-kB and PI3K, respectively, and potentiate the NO-mediated in-
hibitory activity. These effects result in the inhibition of cell viability, proliferation,
EMT/metastasis, and sensitization to apoptosis by cytotoxic immune-chemo drugs.
The findings in vitro of the sensitizing activities of NO donors were corroborated in
part in vivo in mice bearing tumor xenografts.

In this chapter, we briefly review our findings and those of others of the anti-
tumor chemo and immune sensitizing activities of NO donors through their inter-
ference, in part, of the highly dysregulated NF-kB/Snail/YY 1/RKIP/PTEN/PI3K-
AKT resistance and metastatic loop. We suggest that NO donors are a new class of
therapeutic agents that can exert simultaneously multiple anti-tumor effects at the
level of cell viability, cell proliferation, induction of EMT, and chemosensitizing
activities. The development and clinical application of various NO donors in combi-
nation with various therapeutics in the treatment of resistant and metastatic tumors
are highly warranted, provided they are subtoxic to normal tissues.

Keywords Akt + Apoptosis © Chemotherapy - Immunotherapy - NF-kB - Nitric
oxide - Resistance - RKIP - Snail - YY1

Abbreviations

CRC Colorectal cancer

CTL Cytotoxic T lymphocyte
DETANONOate Diethylenetriamine NONOate
DR4 Death receptor 4

DRS5 Death receptor 5

EMT epithelial mesenchymal transition

FasL Fas ligand
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iNOS Inducible nitric oxide synthase

NK Natural killer

NPI-0052 Proteasome inhibitor

PDT Photodynamic therapy

Rituximab Chimeric anti-CD20 mAb

RKIP Raf kinase inhibitor protein

TRAIL TNF-related apoptosis-inducing ligand
YY1 Yin-Yang 1
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to be published by any other journal.

Introduction

General

The free radical NO chemical exerts pleiotropic activities. It is involved in cell
signaling [1, 2] and cell regulation [3]. It is also involved in mediating cytotoxicity
by blood cells [4, 5]. The various activities mediated by NO depend on concentra-
tions; cytotoxicity by NO requires high levels of NO [6] and the regulation of plate-
lets secretions, for example, requires low levels of NO [7]. The levels are, in part,
regulated by various NOS isoforms present in the cells and their activation. These
include endothelial (eNOs), a calcium-dependent form, which functions outside the
nervous system, neuronal (nNOs), a calcium-dependent form involved in cell sig-
naling of the CNS and inducible (iNOs), involved in immunological responses and
the generation of high levels of NO [8]. The NO products of nNOs and eNOs act in
a cGMP-dependent manner [9, 10] whereas the NO produced by iNOS is cGMP-
independent [11]. NO has been shown to play a role in the regulation of immune
responses [ 12—14].

Inducible NOS (iNOS) exerts many biological properties including its role in
immune response mediated by CTL and macrophages [15]. It also exerts a negative
feedback mechanism by inhibition of NF-«B activity, which transcribes iNOS [16].
The concentration of NO released by iNOS is very high (0.1-4 pM) depending on
the stimulus [17].

NO and Cancer

The role of NO in cancer was first reported by Shinki et al. [ 18], whereby, murine ac-
tivated macrophages synthesized nitrite and nitrate and mediated cytotoxicity against
bacteria and tumor cells [19, 20] and subsequently, many reviews were published
on the role of NO in cancer [21-23]. High levels of NO exert anti-neoplastic activ-
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ity whereas low levels are pro-tumorigenic. Sustained NO production leads to the
activation of caspases and apoptosis whereas low doses have opposing effects [24].

Evidence in the literature suggested that low levels of NO are pro-tumorigenic
and enhance cell survival, induce proliferation, and protect cells from apoptosis;
however, at higher levels, NO induces cytotoxic activities and inhibits tumor pro-
gression [25]. In addition, NO has also been reported to exert pro- and anti-meta-
static activities [25, 26].

High levels of NO manifest their activities against tumor cells by various mecha-
nisms including (1) apoptotic stimuli by (a) upregulation of p53 [27] (2) protea-
somal degradation of anti-apoptotic molecules [28] (3) release of Smac/DIABLO
[29] (4) cytochrome C release and increased mitochondrial permeability [30] and
(5) formation of peroxinitrite ONOO™ that leads to increased p53 [21] (b) cell cycle
arrest [31] (c) cell death by necrosis [32] (d) inhibition of angiogenesis [33] and (e)
cytotoxicity [2]. Other mechanisms in vivo have been reviewed [9].

NO-Mediated Sensitization of Resistant Cancer Cells to
Drug-Induced Apoptosis

General

Many patients who have initially responded to cancer treatment therapies experi-
ence relapses and recurrences and no longer respond to further treatments. The de-
velopment of resistance is accompanied by cross-resistance to a variety of unrelated
apoptotic stimuli. The underlying mechanism of resistance through anti-apoptotic
mechanisms is the result of constitutively hyperactivated survival pathways that
regulate the apoptotic pathways. One predominant hyperactivated pathway is the
NF-kB [34]. Hence, NF-«B regulates the expression of a number of genes involved
in tumoregenesis, including anti-apoptotic genes CIPs, survivin, TRAF, cFLIP, Bcl-
2, Bel- , Mcll, etc. and genes encoding adhesion molecules and invasion, examples
include COX-2, MMP-9 and VEGF, genes encoding chemokines and inflammatory
cytokines and cell cycle-regulating genes such as cyclin-D1 [35]. FDA approved
therapeutics that inhibit NF-kB are exemplified by bortezomib for the treatment of
multiple myelomas [36, 37]. Since NO has been reported to inhibit NF-kB activity
by nitrosylation of p50 [38], we have used NO donors as potential agents for the
reversal of resistance.

Several classes of NO donors have been reported in cancer and include organic
nitrates, metal NO cyclases, sodium nitroprusside (SNP), S-nitrothiols, syndon-
imines, diazeniumdiolates (NONOates) and NO drug hybrids. The NO donors
belonging to the class diazeniumdiolates have been used and shown to be potent
chemo-immunosensitizing agents in various cancer cells [39].
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Chemosensitization of Drug-Resistant Cancer Cells by NO

Nagai et al. [40] investigated the sensitization by NO to pemetrexed (PEM), a mul-
titargeted antifolate and an antineoplastic agent, in resistant tumor cells and re-
sulted in the induction of cytotoxicity. PEM is a novel antifolate, antincoplastic
agent for NSCLC or malignant pleural mesothelioma. The NO donor NOC-18 and
GTN combination therapy with PEM reduced tumor growth in vivo compared with
PEM alone.

Ye et al. [41] used cationic liposome-mediated iNOs gene transfection and low
dose CDDP on human lung adenocarcinoma in vitro and in vivo. The combination
treatment resulted in the inhibition of cell proliferation, invasion, migration and
apoptosis. The intratumoral administration of the liposome improved the low dose
CDDP-mediated inhibition of tumor growth. In addition, intravenous administra-
tion inhibited lung metastasis.

Patients with metastatic colon cancer (mCRC) do not respond to conventional
therapies and experience a short survival span. Clearly, mCRC exhibits intrinsic
and acquired resistance to a variety of cytotoxic therapeutics. These patients need
urgently novel therapeutic approaches to alter the fate of the disease. The cross-
resistance exhibited by mCRC is exemplified in CRC resistance to CDDP but also
resistance to a variety of unrelated drugs [42]. Analysis of agents that can overcome
resistance to mCRC was examined by established tumor cell lines derived from
patients. The SW480 colon cancer cell line was established from a primary, stage 11
legion while the SW620 was obtained from the same patient a year later from a met-
astatic lymph node (stage II1). SW620 is resistant to CDDP [43—45]. In the study by
Huerta et al. [46], the NO donor DETANONOate was used as a chemosensitizing
agent based on previous findings of its sensitizing activity [47, 48]. In addition, the
molecular mechanism of chemosensitization was examined. The findings demon-
strated that treatment of SW620 with DETA sensitized the tumor cells to CDDP
apoptosis. Previous findings analyzing gene products that regulate apoptosis and
that are differentially expressed in the primary SW480 and the metastatic SW620
were reported [49]. In these studies, SW620 cells showed a markedly reduced lev-
el of AIF compared to its expression in SW480 and, thus, its reduced level may
have had a role in the inhibition of CDDP-mediated activation of caspases 3 and 9
and apoptosis. AIF is present in the cytosol as a 67 kDa protein and then imported
in the mitochondria by a chaperon protein which is then therefore processed to a
62 kDa protein [50]. Apoptotic signaling resulted in the cleavage of the 62 kDa into
a 57 kDa for their release into the cytosol and interaction with cylophillin. A prior to
its translocation into the nucleus and acquisition of DNase activity [49, 51].

The role of AIF expression in resistance was examined. It was found that treat-
ment of SW620 with DETA resulted in the upregulation of AIF expression, and
in combination with CDDP, led to significant apoptosis. The direct role of AIF in
sensitization was corroborated in cells transfected with siRNA AIF, which reversed
DETA-mediated sensitivity to CDDP. Hence, sensitization was found to occur via
the mitochondrial type II apoptotic pathway. In vivo, mice bearing SW620 tumor
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xenografts and treated with DETA and CDDP showed tumor regression and tumor
tissue examined ex vivo demonstrated upregulation of AIF. In addition, tissues from
patients with colorectal cancer and examined by immunocytochemistry demonstrat-
ed downregulation of AIF [49].

Immunosensitization of Inmune-Resistant Tumor Cells by NO

In addition to chemotherapy and radiotherapy, immunotherapy has been recently
introduced in the treatment of various cancers through the generation of antitumor
monoclonal antibodies and also various means to generate antitumor CTLs.

CTLs mediate their cytotoxic effect by both necrosis (perforin and granzyme)
and apoptosis (Fas-L, TNF-a and TRAIL) [52]. The apoptotic signaling by mem-
brane-bound ligands and their interactions with corresponding receptors leads to
cell death provided a target cell is sensitive. However, many tumors are resistant
to killing by CTL and by their ligands. While the use of Fas-L and TNF-a has been
considered as therapy, they are however, toxic. In contrast, TRAIL is not toxic and
TRAIL receptors, agonist antibodies (anti-DR-4 and anti-DR-5) have been used in
the clinic [53, 54].

1. Sensitization to TRAIL

TRAIL is a type II transmembrane protein of the TNF-a family and forms homotri-
mers that bind three receptor molecules [55]. Four homologous human TRAIL re-
ceptors (DR-4, DR-5, DCR-1 and DCR-2) and a fifth soluble receptor osteopro-
tegerin (OPG) have been identified [56—58]. DR-4 and DR-5 contain a conserved
death domain (DD) motif and signal the cells for apoptosis. Although many tumors
are sensitive to TRAIL, the majority is resistant. Resistance to TRAIL may be gov-
erned, in part, by overexpression of anti-apoptotic proteins such as Bcl-2 family
proteins [59], cFLIPShort (cFLIPS), [60] or inhibitors of apoptosis (IAPs) [61].
These anti-apoptotic gene products are part of the constitutively activated NF-kB
survival pathway in cancer [62]. Overcoming resistance to TRAIL apoptosis may
be accomplished by the use of sensitizing agents that modulate or inhibit the expres-
sion of anti-apoptotic gene products [48, 63, 64].

Sodium nitroprusside (SNP) sensitizes human gastric cells to TRAIL apoptosis.
Using gastric cell lines, TRAIL-induced apoptosis and cell cycle arrest were medi-
ated by NO and implicated both the intrinsic and extrinsic pathways of apoptosis.
SNP sensitization to TRAIL was found to be via activation of caspases § and 9.
Synergy was also achieved [65].

2. Sensitization of tumor cells to TNF-a apoptosis by NO

NF-kB activity has been implicated in the regulation of tumor cell resistance to
apoptotic stimuli [66, 67]. TNF-a signals the cells via two receptors, TNF-R1 and
TNF-R2, and exerts distinct signaling pathways, one of which triggers the apoptotic
pathway and the other the inflammatory response. Alone, TNF-a triggers the gen-
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eration of various ROS [68]. The use of exogenous ROS mimics the biological ac-
tivity of TNF-a. IFN-y treatment sensitized Fas-resistant tumor cells to Fas-ligand
apoptosis via the induction of iNOS and NO.

NF-kB is an oxidative stress response transcription factor that responds to small
concentrations of exogenous hydrogen peroxide (H202) or to reactive oxygen spe-
cies triggered by many agents including TNF-a [69]. In the present study, it was
reported that IFN-y sensitizes tumor cells to TNF-a cytotoxicity. Further, NO dis-
rupted the hydrogen peroxide-dependent activity of NF-kB and resulted in the in-
hibition of anti-apoptotic gene products and, therefore, sensitized cells to TNF-a
apoptosis [70].

Sensitization to TNF-a by IFN-y was inhibited by the specific NOS inhibitor L-
NMA and was mimicked by the NO-donor SNAP. Overall, sensitization of tumor
cells by NO to TNF-a apoptosis was the result of the specific disruption of TNF-
a-induced generation of H,0, and its subsequent inhibition of NF-xB-dependent
expression of anti-apoptotic gene products. This finding was a novel mechanism of
NO-mediated sensitization to apoptosis [70].

3. Sensitization to FasL by NO

We have reported that interferon-gamma treatment sensitized FASL resistant tumor
cells to FasL-induced apoptosis. Sensitization was mediated by iNOS induction and
exogenous NO (DETA) mimicked interferon-gamma-induced sensitization [47].
Sensitization was paralleled with upregulation of Fas expression. The mechanism
by which NO modulated the expression of Fas was examined and we found that
NO inhibits the repressor activity of YY1 acting at the Fas promoter. The human
Fas gene promoter consists of three major regions within the ~2000 bp5’-flanky
region. There was a silencer region between nucleotides position —1781 and — 1007
and a strong enhancerregion between — 1007 and —425 in the hiuman Fas gene. The
response of NO was due to its activity on the silencer region and deletion of the
silencer region resulted in enhancing Fas expression. YY1 has been reported to act
as a transcription repressor in the human interferon-gamma gene [71]. NO inhibits
YY1 DNA-binding activity [47, 72].

Leon-Bollote et al. [73] reported another mechanism by which NO sensitizes
tumor cells to FasL apoptosis. Tumor cells were treated with glyceryl-trinitrate and
demonstrated that Fas was S-nitrosykated at residues 199 and 304 in the cytoplas-
mic and tail regions of Fas. and recruited to lipid rafts. Mutation of Fas at residue
304 inhibited migration to lipid rafts and sensitization to FasL apoptosis. However,
mutation at residue 199 had no effect.

Sensitization to Radiotherapy by NO

The radiosensitizing effect of DETA in the radioresistant HT29 CRC was examined.
This line is positive for c-myc, K-Ras, H-Ras, N-Ras, Myb and Fos oncogene. The
HT29 cells have mutations in both alleles of p53 [74] and is also iNOS-negative
[75]. HT29 cells are resistant to apoptosis by irradiation as the levels of Bel-2 and
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survivin are elevated. Treatment with DETA and irradiation sensitizes cells to apop-
tosis with cleavage of PARP-1, elevation of p21, p27 and Bax, and a decrease of
Bcl-2 [76]. The in vitro data were corroborated in vivo in SCID mice bearing a tu-
mor xenograft. The irradiated treated mice received 2.0GYIR directly to the tumor
over a period of five days. While the tumor reduction of irradiated treated mice
resulted in 37 % tumor growth reduction, treatment with the combination of irradia-
tion and DETA resulted in a more significant tumor regression (70.1 %) [76].

NO-Mediated Induction of Resistance

Godoy et al. [77] reported that patients with melanoma showed that then cancers
have high levels of iNOs and nitrotyrosine (derived from NO). The cells used ex-
pressed constitutively iNOs and generated nM levels of NO intracellularly. Inhibi-
tion of NO synthesis or inhibition of NO sensitizes cells to CDDP apoptosis. In
addition, inhibition of s-nitrosylation increased CDDP cytotoxicity. They showed
that S-nitrosylation of caspase 3 and proxy hydrolase (and enzyme responsible for
targeting HIF-1a) were inhibited by NO and resulted in resistance.

The VP-16 interaction with NO generates nitrozo VP-16. Nitric oxide products
of VP-16 diminish cleavage of DNA-dependent topoisomerase 2 and inhibited cy-
totoxicity. Thus, detoxification of VP-16 reduces its cytotoxic effect [78].

Long exposures to NO (7-14 days) rendered lung cancer cells resistant to drugs
(CDDP, doxorubicin, VP-16) in a tumor-dependent fashion. The mechanism is due
to adaptive responses of the cell and increased survival by overexpression of caveo-
lin-1 and Bcl-2 and AKT. These were responsible for the drugs tested and resistance
was reversible by removing NO [79].

NO and related molecules can exert contrasting effects, that is, pro and anti-
apoptotic effects, depending on the type of cells and the stimuli [80—82]. For in-
stance, NO inhibits apoptosis through S-nitrosylation of caspases [83]. However,
our findings are compatible with those of others regarding sensitization to apoptosis
[30, 84]. Long-lasting production of NO acts as a modulator of pro-apoptotic effects
by activating caspases whereas low and physiological concentrations of NO prevent
cells from undergoing apoptosis [85].

NO-Mediated Alteration of the Dysregulated NF-kB/Snail/
RKIP/YY1 Loop

In several cancers, the apoptotic signaling pathways are modified to protect the tu-
mor cells from lethal damage. These dysregulated pathways participate in the patho-
genesis and progression of tumors. They include (a) cell accumulation centered by
circumventing cell turnover mechanisms and thus creating the proper environment
for genetic instability and oncogenic activation, (b) acquisition of resistance to
immune attack, (c) development of mechanism of resistance to chemotherapeutic
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drugs and radiation, (d) tumor cell survival under hypoxic conditions and (e) pro-
moting metastasis [8§6—89].

The constitutively activated NF-«kB survival/apoptotic pathway regulates down-
stream the transcription and expression of the metastasis inducer Snail and the DR5
YY1 repressor in a loop that also regulates the repression of RKIP by the repressor
Snail. NO interferes in this loop and modifies the expression and the activities of
all the factors by inhibiting NF-xB, Snail, and YY1 and upregulating RKIP. Such
modifications by NO result in the inhibition of metastasis [90] and reversal of resis-
tance by chemo-immunosensitizing agents.

NO modifies the NF-kB/Snail/RKIP loop and inhibits EMT. Each gene product
is involved, since it is inter-regulated in the loop. The direct role of Snail inhibition
by DETA was corroborated by treatment with siRNA Snail and the cells mimicked
DETA-mediated inhibition of EMT. Further, overexpression of the stable form of
Snail induced the EMT phenotype in an EMT-negative cell line. These findings
were in agreement with other reports [91, 92]. The direct role of RKIP induction by
DETA and its inhibition of EMT was demonstrated by ectopic expression of RKIP
and such cells mimicked DETA treatment and inhibited the EMT phenotype along
with inhibition of both NF-«kB and Snail. In contrast, silencing RKIP by siRNA in-
duced EMT in an EMT-negative cell line [90, 93]. The induction of RKIP by DETA
is supported by findings showing that treatment of normal keratinocytes with the
NO donor SNAP resulted in elevated levels of RKIP mRNA and protein and inhibi-
tion of proliferation [94].

Establishment of the NF-kB/Snail/YY1/RKIP loop and its role in resistance
[90]

Most cancer cells express constitutively hyperactivated survival pathways, such
as the NF-xB pathway [95]. The NF-«B regulates many genes, including both pro-
and anti-apoptotic proteins. Among the anti-apoptotic proteins that regulate resis-
tance are Bel-, XIAP and YY1 [96, 97]. In addition, NF-«B regulates the transcrip-
tion of Snail [98]. NF-B also regulates the transcription of YY'1. Hence, it is clear
that a loop consisting of NF-«kB, Snail, and YY1 coexists. In addition, Yeung et al.
[99, 100] reported that RKIP inhibits both the Raf/MEK/ERK and NF-«kB pathways.
Further, Snail represses RKIP. Hence, the loop is further modified to consist of
the NF-kB/Snail/YY 1/RKIP, and tumor cells overexpress NF-kB, Snail and YY1
whereas underexpress RKIP. Below, a brief description of the role of each gene
product of the loop in the regulation of resistance is provided.

Role of NO-Mediated Inhibition of NF-xB in
Chemo-Immunosensitization

One predominantly constitutively activated survival/anti-apoptotic pathway in can-
cer is the NF-xB pathway. It plays several roles in tumoregenesis such as prolifera-
tion, resistance and metastasis [101]. The findings that NO inhibits NF-kB activity
by S-nitrosylation of p50 [38], we hypothesized that NO donors may be considered
a therapeutic strategy to reverse resistance.



188 B. Bonavida

We and others have shown that NO induced by DETANONOate inhibits NF-kB
activity in tumor cell lines by various mechanisms, such as inhibition of the NF-xB
promoter activity, and the NF-kB DNA-binding activity by EMSA [48, 102]. Vari-
ous NO donors showed inhibition of the activation status of NF-kB and reversal
of tumor cell lines resistance [103—105]. Treatment with NO nitrosylates the p50
subunit of NF-«xB [48]. Park and Wei [106] also reported that NO release by sodium
nitroprusside (SNP) inhibits activation of the c-myc promoter in mouse embryonic
carcinoma cells.

Treatment of tumor cell lines with DETA inhibited the constitutively hyperac-
tivated NF-«xB activity through inhibition of its DNA-binding activity and S-nitro-
sylation of p50 and p65. The direct role of NO-mediated inhibition of NF-xB in
sensitization was corroborated by the use of the specific NF-kB inhibitor DHMEQ,
which mimicked DETA in sensitizing the tumor cells to CDDP and TRAIL apopto-
tosis. The sensitization correlated with the inhibition of NF-«B target anti-apoptotic
gene products such as XIAP, Bel-, and survivin [48, 107].

Role of NO-Mediated Inhibition of YY1 in
Chemo-Immunosensitization

Treatment of prostate carcinoma cells with DETA sensitized the cells to CDDP
apoptosis. Sensitization was due, in part, to the inhibition of YY1 and Bcl- . The
direct role of YY1 inhibition in sensitization was corroborated by the use of siRNA
YY1, which mimicked DETA [108]. The expression of YY1 in prostate cancer cells
was reported to be elevated [109]. In addition, the overexpression of Bcl-  has been
shown to be in 100 % of prostate carcinoma and has been associated with advanced
disease, poor prognosis and shortened survival [110]. Both YY1 and Bcl- | are reg-
ulated by NF-«B [102]. Treatment with DETA inhibited NF-xB activity through
S-nitrosylation of both p65 and p50 [48, 111]. Treatment of tumor cells with YY1
siRNA mimicked DETA and resulted in the inhibition of YY1 and Bcl- ; and sensi-
tization to CDDP apoptosis. Treatment with Bel- | siRNA resulted in the inhibition
of both Bel-, and YY1 and sensitization to CDDP. The BH3 mimetic Gossypol
inhibits Bel-2, Bel- | and Mcl-1 expressions and synergizes with docetaxel in vitro
and in vivo and inhibits PC3 tumor cell growth [112]. The findings by DETA in the
desensitization of prostate cancer cells to CDDP was validated in tumor xenografts
in mice. Treatment with a single agent had no effect, but treatment with the combi-
nation resulted in significant reduction of tumor growth. Tumor tissue examination
demonstrated inhibition of YY1 and Bcl- . Patient-derived prostate cancer TMA
showed co-expression of YY1 and Bcl- , and YY1 expression levels correlated
with tumor grade [108].

Reports in the literature demonstrated that treatment of TRAIL-resistant tumor
cells with certain chemotherapeutic drugs sensitizes cells to TRAIL apoptosis with
the concomitant upregulation of DR-5 and/or DR-4 [113—115]. However, the mo-
lecular mechanism was not reported. Thus, we have reported that the treatment of

xI°
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TRAIL-resistant tumor cells with DETA sensitizes cells to TRAIL-apoptosis [48].
Sensitization resulted from the inhibition of the DR-5 transcription factor YY1 and
upregulation of DR-5. The relationship between YY1 inhibition and DR-5 upregu-
lation suggested the possibility that YY1 may be a repressor of DR-5 transcription.
These were investigated and validated by Huerta-Yepez et al. [107]. The findings
revealed that the inhibition of YY1 by DETA was in large part responsible for sensi-
tization of tumor cells to TRAIL apoptosis. This finding was corroborated by the use
of YY1 siRNA, which mimicked DETA and these cells were sensitized to TRAIL
apoptosis. In addition, we demonstrated that YY1 is a direct repressor of DR-5 tran-
scription as assessed by ChIP analysis and mutations of the DR-5 promoter where
the putative binding of YY1 was taking place. The in vitro findings were validated
in a murine model bearing a human tumor xenograft and treated with DETA. Tumor
tissues analyzed ex vivo demonstrated inhibition of YY1 and upregulation of DR-5.

Overexpression of DR-5 in TRAIL-resistant cells restored sensitivity [116]. The
direct role of DR-5 upregulation and sensitization, however, is not yet clear. The
finding with DETA corroborated reports by Chawla-Sarkar et al. [117], who report-
ed that the NO donor nitrosylcobalim sensitized tumor cells to TRAIL apoptosis.

Tumor cells treated with DETA inhibited YY1 expression and activity as a result
of inhibiting NF-kB. The YY1 DNA-binding activity was abolished by DETA and
was due, partially, to S-nitrosylation of YY1 [118]. The direct role of YY1 in sen-
sitization was shown by treatment with siRNA YY1, which mimicked DETA, and
resulted in sensitization to CDDP and TRAIL apoptosis [107, 119, 120]. The inhibi-
tion of YY1 and sensitization to TRAIL by DETA resulted in the upregulation of
DRS5, since YY1 is a repressor of DRS transcription. Also, DETA treatment resulted
in the upregulation of DRS5 as a result of YY1 inhibition [107].

Role of NO-Mediated Inhibition of Snail in Chemo-
Immunosensitization [126]

Treatment of prostate cancer cell lines with DETA inhibited NF-«B and, in turn, in-
hibited downstream Snail, resulting in the derepression and induction of RKIP, and
this resulted in both the inhibition of EMT and chemoimmunosensitizing activities.

Snail is a member of the Snail superfamily zinc-finger transcription factors. It
plays a role in tumor progression and invasion and triggers EMT [121]. Snail tran-
scription is regulated by both NF-kB and YY1 [98, 122]. Snail acts as a repressor of
both E-cadherin and RKIP [123, 124].

Treatment of tumor cells expressing Snail with an NO donor resulted in the in-
hibition of Snail mRNA and protein expressions. In addition, treatment with DETA
resulted in the S-nitrosylation of Snail and inhibition of its DNA-binding activity.
Inhibition of Snail by DETA sensitizes tumor cells to both CDDP and TRAIL apop-
tosis. The direct role of Snail inhibition in sensitization was corroborated by the use
of siRNA Snail, which mimicked DETANO-treated cells. Treatment with siRNA
Snail resulted in the upregulation of RKIP and the inhibition of both NF-kB and
YY1 [125, 126].
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Role of NO-Mediated Induction of RKIP in
Chemo-Immunosensization

The Raf-kinase inhibitor protein, RKIP, was cloned by Yeung et al. [99, 100] and
reported its mediated inhibition of the Raf/MEK/ERK pathway. RKIP blocks Rafl-
induced phosphorylation of MEK via its direct interaction with Rafl kinase and
consequently, inhibition of ERK activity. Yeung et al. [100] reported that RKIP
also inhibits the NF-kB pathway via its interaction with the NF-kB-inducing kinase
(NIK) and TGF-f-activated kinasel (TAK1). Inhibition of these pathways resulted
in the inhibition of many anti-apoptotic targeted gene products [101, 127]. Inhibi-
tion of these pathways and targeted gene products should render the cells more
sensitive to apoptotic stimuli.

Chatterjee et al. [128] reported that induction of RKIP-sensitized resistant cells
to Camptothecin (CPT-1)-induced apoptosis. We have also reported that rituximab
sensitized tumor cells to cytotoxic drugs via inhibition of NF-kB activity and con-
comitantly to the induction of RKIP [127, 129]. We also reported that the overex-
pression of RKIP sensitized tumor cells to TRAIL apoptosis and upregulation of
DR5 [120].

Based on the above findings, we have postulated that NO-mediated inhibition of
NF-kB and chemosensitization may also result in the induction of RKIP. Accord-
ingly, treatment of tumor cells with DETA induced RKIP expression, both tran-
scriptionally and post-transcriptionally. The direct role of RKIP in sensitization was
shown by treatment of these tumor cells with shRNA RKIP and reversal of tumor
cell sensitivity to TRAIL [120]. The mechanism by which NO induced RKIP ex-
pression may have been the result of NO-mediated inhibition of Snail, a repressor
of RKIP [124]. Snail belongs to the Snail superfamily of zinc finger transcription
factors and plays an important role in the induction of EMT [130]. Further, Snail is
transcriptionally regulated by NF-kB as well as by GSK-33-mediated phosphory-
lation of Snail and its cytoplasmic localization and proteasome degradation [131,
132].

Treatment of tumor cells will DETA resulted in significant induction of RKIP
both transcriptionally and post-transcriptionally. The direct role of RKIP in sensiti-
zation was shown in cells transfected with stRNA RKIP which inhibited sensitiza-
tion to apoptosis [119]. The mechanism by which RKIP was induced by NO is the
result of NO-mediated inhibition of NF-«kB target gene product, the RKIP suppres-
sor Snail [124].

Yeung et al. [100] reported that RKIP inhibits NF-kB activity through its interac-
tion with upstream kinases TAK1, NIK1 and IKK. RKIP physically interacts with
and blocks TAK1 and NIK — MEKK1 or NAK1. RKIP interacts with the o and
subunits of IKK and inhibits the phosphorylation of IkBa, thus inhibiting NF-kB.
Treatment of tumor cell lines with DETA potentiated the expression of RKIP simi-
lar to findings in which treatment of tumor cells with chemotherapeutic drugs also
induced the upregulation of RKIP [128]. Snail is the only transcription factor that
has been reported to repress RKIP transcription in prostate and breast cancer cells
[124]. Hence, NO-mediated upregulation of RKIP may be the result of NO-medi-
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ated inhibition of Snail and derepression of RKIP transcription. We have reported
that the overexpression of the stable form of Snail, Snail-6 A, in prostate tumor cells
resulted in the inhibition of RKIP expression. We also showed that treatment with
DETA resulted in the S-nitrosylation of Snail [125]. Thus, inhibition of Snail by NO
results in the induction of RKIP.

NO and PDT

Photodynamic therapy (PDT) is a therapeutic strategy to treat various solid tumors.
PDT consists of three elements working together, namely, a photosensitizer, light
and oxygen. Under conditions of culture, cell growth arrest and cell death are ob-
served following PDT treatment through the generation of oxygen species (ROS)
and/or singlet oxygen ('O,). It has been reported that NO is detected in tumor tis-
sues, and its level and persistence result in either the progression or regression of
the tumor [31, 133, 134]. These contradictory effects by NO result from the findings
that high levels of NO are cytotoxic whereas low levels are cytoprotective [26]. The
NO level in the tumor microenvironment influences the response of the tumor to
PDT [135, 136]. PDT regulates the NO level, as it is able to induce NO in tumors
through the induction of iNOS [137]. Also, tumor infiltrated macrophages are, in
part, the source of PDT-induced iNOS [138-140]. It was reasoned that the antitumor
efficacy of PDT may be augmented by the addition of NO drugs, such as NO donors.
A model system consisting of the murine B78-H1 amelanotic tumor cell line was
used and examined both in vitro and in vivo in C57BL/6 mice. Under suboptimal
conditions of PDT, which normally results in tumor recurrence, treatment with PDT
and DETA resulted in significant inhibition of cell proliferation in vitro and inhibi-
tion of tumor growth in vivo [141]. The mechanism by which the combination was
effective was examined. Previous findings demonstrated that the NO donor DETA
inhibited EMT and sensitized tumor cells to chemo and immunodrugs [90]. This
was due to interference by DETA in the dysregulated pro-survival NF-kB/Snail/
YY I/RKIP loop. NO inhibited the expression and activity of NF-kB and down-
stream targets Snail and YY1, while it upregulated RKIP expression through the
inhibition of the RKIP repressor Snail. While low dose of PDT elicited low levels of
NO and activated the survival loop above, the addition of NO donors increased the
levels of NO and modified the loop as reported above. Indeed, the combination of
PDT and DETA inhibited NF-kB, Snail and YY1 and upregulated RKIP expression.

In Vivo Application of NO Donors in Tumor Regression in
Pre-Clinical Animal Models

The diazeniumdiolates JS-K generates NO on enzymatic activation by glutathione
and glutathione-S-transferase (GST). Weyerbrock et al. [142] used U87 gliomiac
cells treated with JS-K. They found inhibition of proliferation and apoptosis in vi-
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tro. The growth of U87 zenograft in mice was significantly inhibited. The response
to JS-K correlated with the expression of GST, mRNA and protein, and amount of
NO released.

Huerta et al. [76] investigated the effect of NO donors in colorectal carcinoma
(CRC). The median survival time of patients with metastatic CRC is dismal, and
the mortality rate is high [143]. The activation of proto-oncogenes and the loss of
tumor suppressor genes appear to be present in CRC. The chemoresistance of the
metastatic CRC cell line SW620 and the radioresistant HT29 CRC cell line were
used as models. Treatment with the NO donor DETA resulted in both chemo and
radiosensitizing activities of the cell lines [76].

In breast cancer cells, treatment with DETA inhibited cyclin D1 and resulted
in cell cycle arrest [144]. Treatment with DETA of NO-synthase deficient breast
cancer cells resulted in apoptotic cell death [145]. The combination of DETA and
farnesyltransferase inhibitors potentiated apoptosis in breast cancer cells with mini-
mal toxicity in breast tumor cells [146]. Matthews et al. [147] also reported the re-
versal of resistance of breast cancer cells to SFU and doxorubicin by DETA. It was
also reported enhanced CDDP-mediated cytotoxicity by DETA in chimeric hamster
V79 lung fibroblasts and head and neck cancer cells [148, 149]. In a model of in
vivo melanoma tumor xenografts treated intratumorally with DETA and intraperi-
toneally with CDDP resulted in significant inhibition of tumor growth [150]. In the
reported study by Huerta et al. [46], they showed that the sensitizing activities by
DETA to CDDP apoptosis implicated the role of AIF.

Snail and RKIP exhibit opposing effects in the regulation of resistance [125].
We have reported that NO inhibits the EMT phenotype in several human cancer
cell lines. The inhibition was due, in large part, to the inhibition of NF-kB and
downstream inhibition of the metastatic inducer Snail, which led to induction of
the metastatic suppressor RKIP. The in vitro findings were validated in vivo in mice
bearing human tumor xenografts [126].

Concluding Remarks

We have reported of the presence of a dysregulated loop in cancer cells that regu-
lates drug immune resistance and EMT. Treatment of tumor cells with the NO donor
DETA modified the gene products of the loop in such a way that the cells became
more sensitive to killing by cytotoxic agents and also resulted in the inhibition of
EMT [48, 102, 107, 125, 129].

During the last decade, investigations on the role of NO in cancer have resulted
in several controversies and, not until recently, it became clear that both the pro- and
anti-tumorogenic properties of NO are fundamentally sound. Hence, the controver-
sies were resolved, in large part, by the findings that the levels of NO dictate the
outcome in cancer cells. Clearly, these findings supported the role of high levels of
NO as anti-tumorogenic and introduced the potential therapeutic roles of NO in the
pathogenesis, progression and response to cytotoxic drugs in cancer. This review,
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Fig. 12.1 Schematic diagram of the anti-cancer therapeutic activity of NO donors. Black lines
represents the dysregulated NFx-B/Snail/YY 1/PI3K/RKIP/PTEN loop in cancer cells. The consti-
tutively activated NFk-B in cancer regulates downstream its target gene products, Snail and YY'1.
Overexpression of YY1 regulates also Snail transcription and expression. Overexpression of Snail,
the metastasis inducer, represses the metastasis suppressor gene product RKIP and also inhibits
e-cadherin metastasis. The PI3K/AKT pathway is hyperactivated due, in part, to the repression of
PTEN and also contributes to the activation of NFk-B. Hence, the above disregulated loop, thus,
regulates cell proliferation, cell death by apoptosis and EMT/metastasis. Red lines treatment of
cancer cells with NO donors, such as DETANONOate, results in the inhibition of NFk-B, in part,
via S-nitrosylation of p50 and p65 and resulting in the inhibition downstream of Snail and YY'1. In
addition, treatment with DETANONOate S-nitrosylates Snail and inhibits its DNA-binding activ-
ity. The inhibition of Snail will result in the derepression of PTEN and RKIP and resulting in their
upregulation and, consequently, inhibition of the PI3K/AKT and NFk-B pathways, respectively.
Overall, treatment with NO donors results in the inhibition of cell proliferation, sensitization to
apoptosis by chemo-immunotherapeutic drugs, and inhibition of EMT and metastasis

and others in this volume, report the NO-mediated effects in the inhibition of tumor
cell survival, cell growth and proliferation, EMT and metastasis. In addition, the
important role of NO in mediating chemo-immuno-radiosensitizing activities led to
the reversal of resistance to apoptotic cytotoxic drugs. Tumor cells have been shown
to express a highly dysregulated NF-kB/Snail/Y'Y I/RKIP/PTEN/Akt circuitry that
controls cell survival, metastasis and resistance to cytotoxic drugs. Treatment of
tumor cells with NO donors has been shown to interfere with this circuitry and
reverses its role and, thereby, results in the inhibition of tumor cell growth and their
response to apoptotic stimuli. Thus, clearly, NO donors exert anti-tumor activities
which were shown both in vitro and in vivo tumor model systems. (See Fig. 12.1)
These above findings suggested strongly the adoption of NO donors in the clinic
and this was supported by the few clinical trials that showed a beneficial effect of
the use of NO donors, either alone or in combination with chemotherapy. Clearly,
the findings that NO donors can also prevent EMT and metastasis as well as re-
verse resistance when used in combination with drugs should be exploited due to
the pleiotropic activities that NO mediates in tumor cells. There have been several
newly generated classes of NO donors as single molecules or coupled with other
molecules, including tumor-targeted moieties. These latter compounds, clearly, may
be more effective and can be used at lower doses in combination and less toxic to
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normal tissues. Some examples are found in this volume. It is also noteworthy that
NO conjugated with porphyrin have been investigated in PDT against cancer cell
lines, a potential novel application in cancer therapy (see Rapozzi in this volume).
In addition, the finding that NO donors can sensitize tumor cells to immunotherapy
suggests that the in vivo administration of NO donors may sensitize immune resis-
tant tumor cells to host natural/immune cytotoxic lymphocytes or sensitize tumor
cells following passive cellular immunotherapy and/or in vivo blocking of immune
suppressor checkpoints on cytotoxic lymphocytes such as the administration of
anti-PD1/PDLI1 antibodies. The versatile nature of NO donors, including the FDA
approved nitroglycerin, in cancer therapy is now clearly warranted for additional
clinical studies to validate its anti-tumor activities.
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Chapter 13
Emerging Role of NO-Mediated Therapeutics

Cian M. McCrudden and Helen O. McCarthy

Abstract The free radical nitric oxide (NO) is fundamental in the neoplastic
environment. At low concentrations, the gasotransmitter manifests a pathological
phenotype characterized by uncontrolled proliferation, increased invasion and
metastasis, stimulation of angiogenesis and inhibited apoptosis. Paradoxically,
at superphysiological concentrations, a less aggressive phenotype exists, where
tumor cells are less likely to metastasize, angiogenesis is inhibited, and apoptotic
machinery operates appropriately. This dichotomy of response to NO has created a
divergence in the field, with some researchers set on interfering with NO signaling
in cancer cells, and others endeavoring to boost it. The purpose of this chapter is
to examine the activity of NO in oncology, and to highlight the recent advances in
NO-mediated therapeutics. We have focused on emerging strategies that act either
by promotion of or interference with NO signaling, including genetic therapies,
and have largely limited topics discussed to discoveries from the past 18 months.
Attention is paid to agents that have been or are being assessed at clinical trial, and
the chapter concludes with a cautionary note on the appropriate use of NO-mediated
therapies in oncology.
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FOLFIRI Folinic acid, Fluorouracil, Irinotecan

GST Glutathione S-transferase

HNO Nitroxyl

HUVEC Human umbilical vein endothelial cell
IR Ionizing radiation

L-NAME L-NG-Nitroarginine methyl ester
MLF2 Myeloid leukemia factor 2

MMP Matrix metalloproteinase

NO(S) Nitric oxide (synthase)

NONOates Diazeniumdiolates
NSAID Non-steroidal anti-inflammatory drug
NSCLC Non-small cell lung cancer

P-gp P-glycoprotein

PARP Poly(ADP)ribose polymerase

Pb Pheophorbide

PLGA Poly(lactic-co-glycolic acid)

PzpP Polyethylene glycol-conjugated zinc protoporphyrin IX
ROS/RNS  Reactive oxygen/nitrogen species

RPL39 Ribosomal protein L39

TIMP Tissue inhibitor of metalloproteinase

TPP Triphenylphosphonium

TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
NO Donors

DEA/NO Diethylamine/NO
DETA/NO Diethylenetriamine/NO
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INDQ/NO Indolequinone-diazeniumdiolate/NO

IPA/NO Isopropylamine/NO

JS-K (02-(2,4-dinitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1- yl]
diazen-1-ium-1,2-diolate)

MNBI 2-mercapto-5-nitro benzimidazole

NOSH Nitric oxide/hydrogen sulfide donor

PABA/NO  p-aminobenzoic acid/NO

RRx-001 1-bromoacetyl-3,3-dinitroazetidine (ABDNAZ)
SIN-1 3-morpholinosydnonimine

SNAP S-nitroso- N-acetylpenicillamine

SNO(-HSA) S-nitrosothiol (-human serum albumin)

SNP Sodium nitroprusside
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Introduction—NO as a Therapeutic

Produced by the actions of three nitric oxide synthase (NOS) enzymes, the free
radical nitric oxide (NO) primarily acts by activation of soluble guanylate cyclase,
and functions in maintenance of the normal physiological condition and in the
regulation of pathophysiological processes. In transformed tissues, concentrations
of the free radical that normally elicit normal physiological activities instead pro-
voke pathophysiological manifestations, including stimulating uncontrolled prolif-
eration, activation of matrix metalloproteinases (MMPs) and inactivation of tissue
inhibitors of metalloproteinases (TIMPs), and promotion of angiogenesis, invasion
and metastasis [1]. The dichotomous relationship between NO and the tumor, where
low concentrations of the radical provoke tumor progression, but high concentra-
tions are tumoricidal, is paradoxical, and represents an inversion of hormesis.

The functionality of NO is dependent on at least one of a range of possible fates
of the radical, but generally involves post-translational modification of proteins,
that occur by formation of S-nitrosothiols, nitrosylation of metal complexes and
metalloproteins or other biological targets [2]. NO can react with inorganic mol-
ecules (i.e. oxygen, superoxide or transition metals), structures in DNA, prosthetic
groups (eg heme) or proteins, and can elicit beneficial or detrimental responses
dependent on the concentration of the radical and the environment of the reaction
[3]. NO has also been implicated as being central to the Warburg effect in ovarian
cancer cells, ensuring maintenance of a high metabolic rate that is characteristic of
cancer cells [4].

Figure 13.1 highlights some of the functions of NO in cancer, and the concentra-
tion-dependence on which the function is determined.

NO Donor Classes

A range of NO donating agents have been developed and characterized in terms of
their NO release kinetics and therapeutic applications. For relatively recent, com-
prehensive introductions to NO donors, see reviews by Huerta and colleagues [1]
and Miller and Megson [5]. The major classes of NO donor drugs are the organic
nitrates, metal-NO complexes (eg sodium nitroprusside (SNP)), S-nitrosothiols,
sydnonimines, diazeniumdiolates (NONOates), and NO-drug hybrids [1].

The most commonly used NO donor agents are the organic nitrates, which in-
clude glyceryl trinitrate (GTN—nitroglycerin). GTN is among the oldest recognized
NO donors, and has long been used for its vasodilatory properties for the treatment
of hypertension and other cardiovascular complaints. More recently, the donor com-
pound has been trialed for its ability to impact tumor vasculature by increasing tumor
perfusion and improving tumor oxygenation [6]. GTN applied topically onto murine
sarcoma S-180 tumor xenografts increased tumor perfusion, measured by macromo-
lecular drug (Evans blue/albumin) accumulation, without altering peripheral local
blood flow. GTN treatment (0.1 mg/tumor in Vaseline) improved delivery of the
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Fig. 13.1 Low concentrations of NO increase cancer progression by promoting angiogenesis and
metastasis and by stimulating cancer cell progression. On the other hand, higher concentrations of
NO inhibit cancer progression by sensitizing tumors to radiotherapy or chemotherapy, reversing
resistance to chemotherapy, or induction of apoptosis, as well as hampering the metastatic and
angiogenic cascades

[Nitric oxide

heme oxygenase-1 inhibitor, polyethylene glycol-conjugated zinc protoporphyrin IX
(PZP) two-fold, and potentiated the tumor growth delay properties of PZP in S-180
xenografts and 7,12-dimethylbenz[a]anthracene (DMBA)-induced tumors, as well
as augmenting aclarubicin’s potency in C38 colon adenocarcinoma xenografts [7]. In
two cohorts of patients with previously untreated stage IIIB/IV non-small-cell lung
cancer, transdermal GTN (25 mg/patch, one patch per day for five consecutive days
from three days pre-chemotherapy) improved response to combination vinorelbine/
cisplatin treatment, with median time to progression increasing in one trial (327 v
185 days) [8], and improved overall response rate in the second (35.3 vs. 18.8%)
[9]. Safe combination of the above triumvirate of therapeutics with radiotherapy was
demonstrated in a Phase II trial; the absence of toxicity attributable to GTN justifies
implementation of a randomized trial according to the authors [10]. The impact of
NO produced by GTN was demonstrated in patients with operable lung adenocarci-
noma; expression of HIF-1a, VEGF and P-gp was lower in tumor sections of lung
adenocarcinoma patients who received transdermal GTN for 72 h before surgery
than in sections from patients not administered the NO donor [11].

A transdermal patch delivering GTN improved prostate specific antigen (PSA)
level doubling time in men with increasing PSA levels post-surgery/radiotherapy
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for prostate cancer up to 24 months post commencement of treatment. The authors
used the data as justification for a further trial, as increased PSA doubling time
should concomitantly increase the time before commencement of hormone therapy
[12]. The same lead investigator, Dr. D. Robert Siemens, is the responsible party for
a trial to delineate the impact of transdermal GTN on expression of biomarkers in
men with recurrent prostate cancer (ClinicalTrials.gov identifier: NCT01704274).
A trial to determine the therapeutic value of GTN in non-small cell lung cancer
(NSCLC) is recruiting participants in the MAASTRO clinic in the Netherlands
(NCT01210378).

The therapeutic potential of SNP has been demonstrated in a range of cancer
models, and exerted anti-cancer effects by suppression of invasion, HIF-1a a in-
terference, and radiosensitization, among other mechanisms [1]. The therapeutic
interest in SNP therapy has waned recently, possibly as a result of toxicity of the
molecule (SNP generates cyanide as a by-product). A recent report showed that
SNP sensitized SGC-7901, AGS, MKN45 and MKN28 gastric cancer cell lines to
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apopto-
sis [13]. Although promising results were forthcoming from this study, effects were
not investigated in vivo.

Diazeniumdiolates (NONOates) consist of a diolate group [N(O—)N=0] bound
to a nucleophile adduct, such as a primary or secondary amine or polyamine, via a
nitrogen atom. Release of NO from NONOates follows first order kinetics, making
the degree of NO release predictable. As recently reviewed by Bonavida and Bari-
taki, DETA NONOate interferes with the oncologic state by reversing or preventing
drug resistance, and inhibiting epithelial-mesenchymal transition, resultant of inter-
ference with the NF-xB/Snail/YY 1/RKIP cascade [14].

Owing to its potency against a range of cancer cell lines, and apparent specificity
for tumor cells, JS-K (02-(2,4-dinitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1-yl]
diazen-1-ium-1,2-diolate) was accepted onto the National Cancer Institute’s Rapid
Access to Interventional Development (RAID) program, ensuring its progression as
a potential therapeutic [5]. Its status as a front-runner in drug development has led
to a great deal of research into this promising molecule. A study revealed that JS-K
treatment down-regulates the expression of and signaling produced by the androgen
receptor in 22-RV-1 prostate cancer cells in vitro, and interferes with Wnt signaling
in a concentration-dependent manner. The donor is also cytotoxic in the same con-
centration range [15]. A more recent study suggested that the aryl ring in the struc-
ture of JS-K may have been responsible for toxicity of the molecule in SFFV-MEL
murine erythroleukemia cells; both JS-K and CNDB, it’s diazeniumdiolate-lacking
relative (incapable of donating NO), induced caspase-dependent apoptosis [16]. It is
possible that arylation is partly responsible for the effects of JS-K in other models.

Of the S-Nitrosothiols, S-nitroso- N-acetylpenicillamine (SNAP) and S-ni-
trosoglutathione (GSNO) have progressed farthest in the field, with their thera-
peutic potential in cancer conditions being assessed for almost 20 years [17]. As
well as therapeutic benefit, SNAP treatment has also resulted in development of
a carcinogenic phenotype, upregulating iNOS and COX-2 expression in head and
neck cancer cells. GSNO is similarly dichotomous, either promoting or inhibiting
the cancer phenotype [1].
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The most extensively studied sydnonimine is 3-morpholinosydnonimine (SIN-
1), a molecule that donates NO, and in the presence of oxygen, peroxynitrite gen-
eration results from superoxide also released [1], although it is more studied for its
peroxynitrite-donating properties than purely NO, and for that reason is beyond the
scope of this chapter.

New Therapeutics

NO Donors

Glycidyl nitrate (GLYN) is a novel energetic dinitroazetidine NO-releasing com-
pound developed by ATK Aerospace Systems that instigated NO release from the
M21 melanoma cell line and the SCC VII murine squamous cell carcinoma cell line
in vitro. In vivo, GLYN sensitized SCC VII xenografts to cisplatin and gamma ir-
radiation, and increased tumor blood flow in SCC VII tumors [18]. GLYN was well
tolerated at the effective dose of up to 150 mg/kg in mice, and its improvement of
tumor blood flow could make it particularly beneficial in tumors with significant
hypoxic regions.

RRx-001 (1-bromoacetyl-3,3-dinitroazetidine—ABDNAZ), another ATK Aero-
space Systems product generated for its energy release potential, is a NO-liberating
drug that had a cytotoxicity profile similar to that of cisplatin in a panel of 12 hu-
man cancer cell lines, and cytotoxicity was enhanced by hypoxia [19]. y-H2AX
expression was increased by RRx-001, and apoptosis was induced. Moreover, RRx-
001 was as potent as cisplatin in SCC VII xenograft-bearing mice, and appeared
to lack the widespread toxicity associated with cisplatin. RRx-001 also sensitized
SCC VII to fractionated radiotherapy [19]. Case studies of the potential benefit of
RRx-001 in two advanced colorectal adenocarcinoma patients for whom treatment
options had been exhausted revealed the potential that RRx-001 holds; RRx-001
re-sensitized Patient 1 to FOLFIRI (Folinic acid, Fluorouracil, Irinotecan) therapy
after resistance developed previously, and carcinoembryonic antigen (CEA) levels
remained relatively stable while the patient was receiving RRx-001, but increased
dramatically when RRx-001 was withdrawn. In Patient 2, an increased response
to FOLFIRI was observed following RRx-001. Furthermore the growth of the pa-
tient’s target lesion’s longest diameter was slowed during RRx-001 treatment and
accelerated after withdrawal of RRx-001 [20]. RRx-001 is being assessed clinically
in solid tumors for which no suitable treatment options exist (NCT01359982).

NO Conjugates

A NO-releasing doxorubicin conjugate, NitDox has emerged that reverses doxoru-
bicin resistance in human colon cancer cells [21]. Complexation of the drug con-
jugates into liposomal formulations further boosts cytotoxicity and NO-releasing
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potency in parental- and doxorubicin-resistant HT29 colon cancer cells. Moreover,
liposomal NitDox was more potent than Caelyx, a liposomal doxorubicin approved
for carcinomas of the ovary and breast in vitro [22]. Nitration of P-glycoprotein
(P-gp) (NO reverses doxorubicin resistance in human colon cancer cells by inhibit-
ing the drug efflux by nitration of enzymes such as P-gp [23]) was evident in all
NitDox-treated doxorubicin-resistant MCF-7 cells, and absent in cells that received
doxorubicin or Caelyx. Impressively, the liposomal NitDox formulations appear to
lack the cardiotoxic properties that limit doxorubicin’s use [22].

A previously developed macromolecular NO delivery vehicle, poly-NO conju-
gated human serum albumin (poly-SNO-HSA) [24] that was capable of evoking
NO accumulation in tumors, was further improved by dimerization and PEGylation.
A recent report by Ishima and colleagues detailed the addition of poly(ethylene)
glycol to poly-SNO-HSA for enhancement of stability in vitro and in vivo. Dimer-
ization of the poly-SNO-HSA boosted by an order of magnitude the anti-cancer
potential of poly-SNO-HSA in Colon-26 xenograft-bearing mice [25], leading the
authors to conclude that the PEG-Poly-SNO-HSA dimer bears all the hallmarks of
a clinically-relevant drug candidate.

Conjugation of two actives into a bifunctional prodrug is a strategy that has
produced impressive results. The poly(ADP)ribose polymerase (PARP) inhibitor
olaparib, itself undergoing clinical trials for a number of malignancies, was conju-
gated to JS-K, producing a prodrug, that upon exposure to glutathione S-transferase
P1 (GSTP1), an enzyme frequently overexpressed in cancers, is metabolized into
two active drugs that concomitantly induce DNA damage (through NO), and inhibit
the repair of this induced damage (olaparib). Olaparib’s PARP-1 inhibitory function
was marginally weakened by JS-K conjugation, while activation of the pro-drug
(ie NO liberation) returned olaparib activity to normal levels, and the prodrug was
more potent an anti-proliferative agent than olaparib alone in a range of NCSLC cell
lines, and induced DNA damage more potently than olaparib in H1703 cells [26].
The NO-donating PARP-1 inhibitor also slowed A549 xenograft growth in vivo
more potently than the parent molecule. In combination with Bortezomib, a protea-
some inhibitor that has been studied extensively in NCSLC, colony-forming ability
of A549 cells was all but abolished, indicating a possible therapeutic combination
between the two agents [26]. Given the upsurge in PARP inhibitor development in
the last decade, and the huge therapeutic potential of these molecules [27], conjuga-
tion of a NO donor to olaparib is an exciting development.

A prodrug (termed 21°) of 0?~(2,4-dinitrophenyl)diazeniumdiolate and oleano-
lic acid derivatized with a GST=n-cleavable bond (GSTx is commonly overexpressed
in cancer) was more stable in rat blood plasma than standard NO donors JS-K and
PABA/NO. Intraperitoneally-delivered ‘21’ was more potent than 5-fluorouracil in
a mouse model of hepatoma, in that it achieved equivalent tumor growth delay at a
lower concentration (38.3 pmol/kg ‘21’ v 153.8 pmol/kg 5-fluorouracil), and induced
apoptosis of HepG2 cells in vitro. Inhibition of GSTx or scavenging of NO abrogated
the effects of ‘21’ on apoptosis-associated proteins including pJNK, p38, BCL-2 and
Bax [28]. In the current environment when personalized medication is a driving force
behind product development, targeting of proteins that are aberrantly expressed in
neoplastic conditions to facilitate NO delivery is likely to continue its upwards trend.
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NO-NSAIDs

Supplementation of the anti-cancer potential of non-steroidal anti-inflammatory
drugs (NSAID) with NO donating agents has been widely reported previously [1].
Nortcliffe and colleagues armored the NSAID sulindac with various NO donors
(nitrate esters, furoxans and sydnonimines), publishing the anti-cancer properties of
56 such products. Compounds 1k and 1n (both furoxan—sulindac analogues, with
hexyl and cis-butenyl linkers respectively) were most impressive in terms of cyto-
toxicity against PC-3 prostate cancer cells in vitro, and NO release in glutathione
buffer [29]. NO-sulindac also exhibited anti-melanoma potential, preventing UVB-
induced tumorigenesis in hairless mice [30]. A library of 24 1,2,4-triazole/oxime
hybrids similarly produced a lead compound that inhibited growth of A498 renal
cancer cell line by 50 %, and had an improved gastric response compared to the NO
donor-lacking NSAID [31].

NBS-242 (flurbiprofen benzyl nitrate) is another emerging NO-NSAID that has
been tested for its cancer targeting ability. NBS-242 inhibited the viability (inhibit-
ing proliferation and inducing apoptosis) of A-341 epidermoid carcinoma cell line
five times more potently than benzyl nitrate and 15 times more potently than flur-
biprofen itself. This interference with cell kinetics was associated with increased
activation of caspase-3 [32]. Further testing of the potential of NBS-242 in in vivo
models of human cancer are required before the potential of this NO-NSAID will
be known.

Two novel NONO-NSAIDs, IPA/NO-aspirin and DEA/NO-aspirin appreciably
inhibited the proliferation of A549 lung adenocarcinoma cells, while the NSAID or
NO/nitroxl (HNO) donors alone had limited/no impact on viability. The conjuga-
tion of the NSAID to IPA/DEA also ameliorated gastric toxicity that is a common
side effect of NSAID therapy, as measured in a stomach ulceration assay in Sprague
Dawley rats [33]. Both conjugates also maintained their NSAID functionality. This
paper was the first report of a HNO-donating NSAID. As toxicity was limited to
cancer cells (non-transformed HUVEC cells were not susceptible to drug-elicited
cytotoxicity), it is likely that further investigation of the therapeutic applications of
these or related compounds can be expected.

Recently, NO-NSAIDs have been produced to also contain donating compounds
for another gasotransmitter, hydrogen sulfide (H,S). H,S is receiving attention for
anti-cancer potential of its own, and a push for H,S-donating agents for therapeu-
tic applications has led to the development and characterization of a plethora of
compounds [34] Two such compounds that contain NO- and H,S-donating motifs,
NOSH-naproxen (AVT-219) and NOSH-sulindac (AVT-18 A) were potent tumor
cell growth inhibitors (HT-29 colon cancer, Jurkat leukemia, MCF-7 breast cancer,
and BxPC-3 pancreatic cancer), with potencies ranging from 2500 to 34,000-fold
more potent than parent NSAIDs, and both provoked NO and H,,S plasma accumu-
lation in vivo [35]. Both compounds retained the anti-inflammatory activity of their
parent compounds, as assessed in a carrageenan-induced rat paw edema model. In
this model, drugs were given by oral gavage one hour prior to carrageenan, and paw
volume was measured at four hours post injection. Longer-term animal studies to
determine normal tissue toxicity are of course required.
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Nanocarriers of NO

The therapeutic activity of NO donors can be improved by rational addition of func-
tional groups. Gold nanoparticles have received attention recently for their anti-can-
cer functionality [36]. Functionalization of gold nanoparticles with the light-sensi-
tive NO-releasing 2-mercapto-5-nitro benzimidazole (MNBI) afforded the particles
toxicity to HeLa cervical cancer cells when irradiated. MNBI was only moderately
toxic to the same cells [37]. Follow up studies to determine in vivo performance of
these particles is anticipated.

An elegant strategy for the targeted controlled release of NO was devised by
Xu and colleagues, namely a carbon dot-based nanoplatform system functional-
ized with a mitochondrion targeting agent (triphenylphosphonium (TPP)) and NO
donor, SNO. HeLa cells treated with the nanoplatform, termed Cdot-TPP-SNO,
released NO in the absence or presence of white light irradiation. Cdot-TPP avoid-
ed endosomal entrapment, and localized to the mitochondria, where NO release
dose-dependently increased the apoptotic fraction; targeting NO release to the
mitochondria more efficiently provoked apoptosis, supporting the use of this target-
ing strategy [38]. To date, only in vitro results on this technology have been forth-
coming. As the targeting strategy targets an organelle present in almost every cell in
the body, it may be that further functionalization of the therapy is required to limit
NO release to the target tissues.

MDA-MB-231 and MDA-MB-468 breast cancer cells were highly susceptible
to NO generated by a novel NO-loaded echogenic liposomes (ELIP) that comprised
four phospholipids and cholesterol hydrochloride. The ELIP itself was without im-
pact on viability, but when loaded with NO, reduced viability of MDA-MB-468 to
<20% of control, and almost completely abolished viability of MDA-MB-231 cells
[39]. Incorporation of NO donor JS-K into micelles composed of P123 Pluronic
resulted in improved delivery of the donor to the nuclei of HL-60 myeloid leu-
kaemia cells [40]. NO donating compounds ruthenium tetraamine (trans-[Ru(NO)
(NH,),(py)]** (py =pyridine)) and tetraazamacrocyclic nitrosyl compounds (trans-
[Ru(NO)Cl(cyclam)]*" (cyclam=1,4,8,11-tetraazacyclotetradecane)) were com-
plexed into nanoscale particles for enhanced delivery and NO-releasing ability.
Poly(lactic-co-glycolic) acid (PLGA) complexation slowed the release of NO from
particles, facilitating, as the authors suggest, controlled release of NO from the
complexes [41].

Highly efficient release of NO from GSNO-loaded polymeric nanoparticles was
demonstrated by Duong et al. Particles 40—50 nm in diameter harboring GSNO
provoked NO release in neuroblastoma cells (BE(2)-C) cells, and co-delivery of
nanoparticle with cisplatin evoked synergistic cytotoxic activity [42]. In an attempt
to boost toxicity, Fraix and colleagues engineered a polymeric nanoplatform ca-
pable of the co-delivery of NO and singlet oxygen ('O,), another cytotoxic gaseous
transmitter. Nanoparticles (~60 nm diameter) co-encapsulating the photosensitive
donors of the two transmitters localized in the cytoplasm of melanoma cells. In the
absence of photo-activation, the nanoparticles were ineffectual, while nanoparticles
harboring both donors, when photo-activated, obliterated melanoma cell viability
[43]. As photoactivtion is required, such a therapy may only be suitable in superficial
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tumors or in tumors in luminal organs. Another compound designed to donate both
NO and 'O,, [Ru(phthalocyanine)(pz), {Ru(bpy),NO},]°", was cytotoxic against
B16F10 mouse melanoma cells in vitro [44]. As with many of these emerging nano-
technologies, until a full in vivo toxicological evaluation is performed, the most
promising candidates are difficult to identify. Nevertheless, a Pubmed search for
the term ‘nanomedicine’ a decade ago would have returned ten results from that
year (2004); a similar search in 2013 returned more than 160 times that number.
Given the explosion in nanomedical research, it is unsurprising that NO-delivering
nanoscale devices are being produced.

Tumor Targeting

The short half-life of NO requires that location and time of generation of the radi-
cal is critical, in order to maximize its therapeutic index. In a strategy to ensure
appropriate delivery and release of NO, the HNO and NO donor IPA/NO, a diaze-
niumdiolate anion that hydrolyses to a mixture of NO and HNO, was conjugated to
a B-galactosidase substrate, tetraacetylated galactosyl bromide. Rate of IPA/NO re-
lease was proportional to the concentration of -galactosidase used, indicating that
enzymatic activation of the prodrug is a suitable strategy for controlled release. Al-
though no cancer applications were investigated, it is likely that alternative groups
could be conjugated to the donor agent to exploit tumors’ differential enzyme ex-
pression patterns [45]. One such NO-donating prodrug, 1-(2-methylpiperidin-1-yl)
diazen-1-ium-1,2-diolate, was designed to rely on activation by nitroreductase
which is highly expressed in malignancies. DLD-1 adenocarcinoma and HeLa cer-
vical cancer cells were cytotoxically sensitive to the prodrug, and the NO-induced
toxicity was abolished in the absence of nitroreductase [46].

Blockade of the activation of the EGF receptor is a successful strategy in therapy
of cancers of various origins. Coupling a phenylsulfonylfuroxan NO donor to an
EGFR T790M-targeting anilinopyrimidine produced a compound with remarkable
properties; compound 10h was almost as potent as gefitinib in gefitinib-sensitive
HCC827 NCSLC cells, and retained this potency in gefitinib-resistant H1975 lung
adenocarcinoma cells. Unsurprisingly, gefitinib itself did not impact on NO release
from H1975 and scavenging of NO using hemoglobin revealed that NO generation
was partly responsible for cytotoxicity. Compound 10h also impaired EGFR signal-
ing in a similar manner as WZ4002, a third generation EGFR inhibitor [47]. These
tantalizing in vitro studies should be followed by investigations in mouse models to
delineate the therapeutic potential of such exciting molecules.

INDQ/NO is a NO-donating prodrug that was functionalized to be activatable by
the activity of NAD(P)H:quinone oxidoreductase (DT-diaphorase; DT-D—elevated
in non-small cell lung carcinoma, colorectal carcinoma, liver cancers and breast
carcinomas [48]), an enzyme highly expressed in numerous cancers. In physiologi-
cal buffer, INDQ/NO was completely reliant on the presence of DT-D for NO lib-
eration which resulted in impaired viability of cancer cells irrespective of the organ
of origin and provoked congregation of y-H2AX foci in HeLa cells [49].
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NO-Mediated Effects of Other Drugs

Calycopterin, a flavonoid from Dracocephalum kotschyi induced apoptosis in
HepG2 hepatoblastoma cells, and boosted NO and ROS levels 90- and three-fold
respectively. Scavenging of ROS protected cells from calycopterin-induced apopto-
sis. The responsibility of NO was curiously not assessed [50].

Luteolin, a bioflavonoid, was capable of preventing azoxymethane-induced co-
lon carcinogenesis; the success of the strategy was deemed to be down to the biofla-
vanoid’s inhibition of iNOS and COX-2 signalling [51]. Similar inhibition of iNOS
and COX-2 was evoked by Garcinol, a polyiso- prenylated benzophenone deriva-
tive in ICR mice. Tumor initiation (by combined delivery of dextran sulfate sodium
[DSS] and azoxymethane [AOM]) produced tumors in 100 % of control mice, but in
only 44 % of mice that received garcinol at 500 ppm in their diet. Garcinol inhibited
DSS-evoked iNOS and COX-2 activation, and further, also inhibited VEGF activa-
tion by DSS/AOM combination treatment [52].

Classically prescribed for control of blood cholesterol levels, the statins are now
also receiving attention for anti-cancer properties. Simvastatin and fluvastatin nega-
tively impacted cell viability of MCF-7 [53], MDA-MB-231 and BT-549 [54] breast
cancer cells, but were without potency in non-transformed MCF-10 A cells. Fluv-
astatin provoked NO accumulation in MDA-MB-231 cells, and greatly enhanced
iNOS expression in both cell lines. This was in turn abrogated by NOS inhibition,
implicating the statin-induced increase in iNOS expression as being responsible for
the NO generation. The authors concluded that NO generation was at least partly
responsible for cytotoxity of the statins in triple negative breast cancer cell lines
[54]. The cytotoxic properties of calprotectin, an abundant heterodimeric cytosolic
protein of neutrophils, were found to be due in part to the generation of ROS and
NO in LNCaP prostate cancer cells [55].

Combination of the anti-diabetes drug metformin with photodynamic therapy
also inhibited iNOS and NO generation, with consequent COX-2 and MMP-2 ac-
tivity in Wistar rats bearing Walker 256 carcinosarcoma [56]. The photosensitizer
pheophorbide a (Pb a), when irradiated, manifested NO accumulation (increasing
iNOS expression) in B78-H1 murine amelanotic melanoma cells, as did DETA/
NO; combination of the two resulted in additive NO accumulation, with conse-
quent enhancement of cytotoxicity and inhibition of cellular invasive properties.
Clonogenic survival in vitro and xenograft growth in vivo were both similarly maxi-
mally inhibited when both agents were used in combination [57]. Rapozzi and col-
leagues, the authors of this second study, conclude by revealing that investigations
on a drug conjugate of a photosensitizer and an NO donor are ongoing within their
laboratories. As they are studying a model of melanoma, photodynamic therapy is
therapeutically viable, and we look forward with anticipation to further reports on
the therapy.

Tumor immunotherapy is a cancer therapeutic strategy that is limited by tumor
cell resistance to infiltrating effector T cells. Klug and colleagues recently dem-
onstrated low dose irradiation-mediated infiltration of RT5 tumors by activated T
cells. Tumor antigen-specific CD8'T cell transfer coupled with 2 Gy irradiation
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significantly boosted survival of RT5 tumor-bearing mice. Abolition of the macro-
phage complement of mice using clodronate in turn abolished the anti-tumor ability
of T cell/2 Gy therapy. The authors noted increased iNOS expression in irradiated
RT5 tumor-bearing mice and in irradiated peritoneal MAC-1-positive macrophages
of RT5 mice and tumor-infiltrating macrophages from RT5 mice, and emphasized
the therapeutic importance of iNOS expression/NO generation by the abrogation of
tumor infiltration when NOS was inhibited using 1400 W [58].

iINOS Gene Therapy

It is perhaps curious that elevated iNOS levels have been shown to predict a poorer
prognosis in cancer patients, as it seems reasonable to assume that higher iNOS
expression would be coupled with higher NO levels, and that this would improve
patient prognosis as elevated NO levels inhibit cancers. Notwithstanding this, it
has also been shown convincingly that high iNOS expression correlates with ear-
lier mortality. iNOS expression has consistently been shown to be associated with
progression of breast carcinomas. In a cohort of 151 breast cancer patients, higher
iNOS expression was significantly (P<0.001) correlated with malignancy [59]. In
a separate cohort there was a correlation between those patients with iNOS expres-
sion and increasing grades of in situ breast carcinoma, indicating that iNOS may
play a role in carcinogenesis [60]. Although conversely, iINOS expression was nega-
tively correlated with lesion grade in a cohort of invasive ductal breast carcinomas
[61], indicating a possible role in the prevention of metastasis. A cohort of breast
cancer patients was stratified based on their expression of the estrogen receptor and
iNOS expression was assessed; high iNOS expression was associated with signifi-
cantly poorer survival in ER-negative patients, while ER-positive patient survival
was not impacted by iNOS expression [62].

Neuronal NOS and endothelial NOS are primarily responsible for production
of NO for maintenance of physiological processes, while the activity of inducible
NOS is controlled by cytokine levels, so that, when required, appropriate levels of
NO can be generated to affect an appropriate response. As elevated NO levels are
desirable to elicit tumoricidal effects, some researchers have attempted to harness
the cancer cell’s own transcriptional and translational machinery to boost NO pro-
duction [63].

DU145 androgen-independent prostate cancer cells were sensitive to apoptotic
cell death on transfection with an iNOS-encoding plasmid [64]. ZR-75-1 breast
cancer cells were exquisitely sensitive to iNOS gene therapy delivered using a bio-
inspired nanovector that contained discreet motifs to facilitate DNA condensation,
ZR-75-1-specific targeting, endosomal disruption and nuclear localization. Trans-
fection of ZR-75-1 with the nanoparticulate therapy at the optimal vector:DNA ratio
(termed N:P ratio) obliterated clonogenic survival of the cells [65].

Cationic liposome-mediated delivery of pVAX-iNOS gene therapy was cyto-
toxic in A549 lung carcinoma cells, cell death occurring apoptotically. Combination
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iNOS gene therapy with low dose cisplatin produced additive benefit, and inhibited
the invasion/migration ability of the cells. /n vivo, the combination therapy was an
effective tumor growth inhibitor in an intradermal A549 xenograft model, and also
in an experimental A549 metastasis model, where cells were delivered via the tail
vein. Amelioration of MMP-2 signalling and enhancement of p53 expression are
at least partly responsible for the success of the combination gene-/chemotherapy
approach [66].

Recombinant adenoviral technology was used to introduce iNOS expression into
bladder carcinoma T24 cells. Infection of T24 cells with the adenoviral product
increased iNOS expression, with consequent boosting of p53 at the message and
protein levels. NO production was massively boosted by infection, and numbers of
apoptotic cells was almost trebled by infection [67].

Refer to Table 13.1 for a synopsis of some of the strategies that have been used
to deliver iNOS to transformed cells for therapeutic applications, and a summary
of findings.

NO Interference

Due to the dichotomy of the NO relationship with cancer, an appetite exists for
abrogating NO’s activities in cancer. Barakat et al. recently reported a suite of 22
zwitterionic adduct compounds for the scavenging of NO, two of which were con-
siderably more potent scavengers than their positive control, ascorbic acid [82]
The authors concluded that the antioxidant products could have therapeutic uses in
conditions such as diabetes, strokes, cardiovascular complications associated with
chronic inflammatory disease and heart failure.

Ma et al. synthesized 52 compounds analogous to 5-Nitropyrimidine-2,4-dione
and analyzed them for interference with NO signaling. A single compound was
identified that potently inhibited LPS-induced release of NO from RAW264.7 and
iNOS activity, while lacking cytotoxicity [83]. The analogue effectively abrogated
carrageenan-induced paw edema formation in vivo; it is unclear whether the anti-
cancer potential of the agent will be assessed.

An array of pyrazolopyrimidine derivatives was synthesized and assayed for
their inhibition of iNOS and COX-1 and —2. Despite lacking direct cytotoxicity
against SK-MEL malignant melanoma, KB epidermal carcinoma, BT-549 breast
ductal carcinoma and SK-OV-3 ovarian cancer cells in vitro, the compounds could
prove beneficial in oncological applications [84].

siRNA targeting of ribosomal protein L39 (RPL39) and myeloid leukemia fac-
tor 2 (MLF2) (two proteins that promote breast cancer stem cell self-renewal) sig-
nificantly abrogated MDA-MB-231 xenograft development. Proteomic analysis re-
vealed that iNOS expression and signaling was inhibited by knockdown of RPL39
and MLF2. Migratory ability of SUM 149 and BT549 breast cancer cells was boost-
ed by overexpression of both RPL39 and MLF2, and this was reversed by NOS
inhibition using L-NAME, strengthening the proposal that interference with the two
targets has anti-cancer potential, and that this potential is dependent on iNOS [85].



C. M. McCrudden and H. O. McCarthy

216

KIDAT[OP
[#£] 04214 u1 uTOIqNIOXOP 0} AJANISUSS PASLAIOUT SONT YIM UOTJONPSULI], L-IDIN VN [eI1AOUPY
[€1] Aderotjorper pajeuonoRI) YIIM UOHIRUIqUIOD AQ Pajeriudlod sem SIy)}—s)JeIsoudx 10woxd - IV wosodry
6T-LH Pue [-I1 Ul [3mo13 toum) pake[op A10AT[Op SONT [-IVA [erowmnjenuy 6TLH PUe [-41Y | o[qronpur-erxodKH omone)
[2L “12] (SONI USALIP-AND) pareSiel-uou ueyy juajod a1ow sem (6d) 10j0woxd
Ade1oy pajedie], ‘oaza ur (ymoI3 Jown) Julke[op pue o414 ur A1udZouo[d Juronpal (D1v)) 6ad Jwosodr]
‘uonerpe Surziuor o} 1-41d (‘0 % 1°0) d1xodAY pue orxouLIou PzKIsUAs SONI/6Ad [-ATd | d[qronpur-uonerpey otuone)
[0,] uonoaysuen 3urmo[oj ON 9Sed[aI Jou pIp (ewourosed
91T.LDH ‘P35l S[[99 Joy10 [[e ay1jun) "2dA) [[99 Yam paties uoneziisuas une[dsi) | uojod) 911 LDH PUe 6ZLH swosodr|
'S1eIS0UdX [EULIOPBIUL UT OAld U] PUR 04714 11 UTJR[dSIO 0] POZNISUQS dIOM [-ITY ‘SHINA ‘€-0d ‘T-ATd VN oruone))
uonensIuInpe
SNOUSABIUI UO KIDAT[OP

[69] y1mo0i13 JyeISouax pamo[s Ajpuedyiugis SONI

9IS Jowny ay} 01

paseq-(DSIN)

-DSIA JO AIOAT[OP O1W)SAS ‘AJI0TUTOUO[d PaqIyuI PUB (3031J0 INOYIIM d1dM SONI poresSiua SHSIA 1199 wd)s Jewr
Funyoe] sDSIN) % 0t Aq Aroedes aanyerojijoxd [- ¥ pRONpal SONI SULIDAIP SOSIA | BWOIILS0IqL) duLInu [- 1Y ysnoyje ‘YN | -Ayouosowr jey

1oj0woxd

[89] oa1a ur yymois yyeidouox 100UBD JSeaIq (VINSd) ueSnue

¢-Dd PaAerap uorssardxa SONI USALIP-DOY Pue -VINSd ‘dBDINT Ul 10U inqg /- IDN L-IDIN ‘190UBD UOJ0D | ouBIqUIdW o110ads
PUe 6ZLH ‘SH1Nd ‘€-Dd Ul A101u030u0[o paonpal uoissardxd SONI UALIP-DOY 6CLH ‘100ued 9jeysoxd aeysoxd/(OOY) sowosodi|
¢AJuo s[199 19oued 9jes01d Jo A)1o1uaSouo]d paonpal uorssaldxe SONI USALP-VINSA | dBDNT PUB GHINA ‘€-Dd | UId[BI09)SO uBwNg sone)
10J09A
[59] s[199 315891q V 0T-IDIN PUC [£Z-GIN-VAIN 19A0 (100uED Jnowr JUBUIQUIOOAT

[-SL-¥7Z 10J 10309A JO AJI01J109dS "S[[90 [-G/L-YZ JO [BAIAINS JT1UAZOUO[D JO UOI[OQY

JsBAIq UBWINY) [-G/-{Z

Sunesie) [-6L-UZ

poxdsur-org

[99] sisesejow

[eyudwLIad X JO [9pOW & PUE PO JJRISOUIX SNOdUBINOGNS B UI 044 Ul S}OIYJD sowosodi|
Jown)-nue dARIppe paonpoid pue ‘o.14 ur unedsio 03 AJIALISUSS [[90 PASLaIou] (DTOSN) 6¥SV VN oruone))
(ewourored 10J09A

[£9] 1onnsuod SONI-QVd yim pajodjul s[[9 ¢1 Jo sisoydode pasearou] 19ppe[q uewny) 71, VN [e1aouope pyd
SW0INO IofeJA [opouwr oseasiq | ASorens SunoSie], | poyjouwr AIAIRQ

Sumnasre)y 100ued 10j se13orens Aderdy) oudd SONI Jo Arewruung € d[qeL



217

13 Emerging Role of No-Mediated Therapeutics

[18] sosejsejowr Sun|
paonpoid pue Aormb maI13 yorym [0nuod aYIjun ‘dzIse)sejouw o) pI[rej pue Jurmoid
MOTS 0IOM S[[90 PAJOJUI JO SPeISOUIX snosuenoqns [(g] [01U0d oYI[Un ‘dzIse)sejou

S99 BUWIOUB[OW G¢/ |-

pue siown) dojoAap 03 pajre} uondafur ordojoypio 03 Joud pajoRJUI-SONI S[[9D | BWOUIOIED [eUdI 9INIZINS VN SNIIAONY
QUBIQUIOW QUISA]
-1-Ajod-o1eUISR
uorssardxo | ojqeowradiuios
[61] A1oA110p Ade1oy) ouoF [erownjenul YIm A[Jueiuoduod 190UBD ULl SONI Juapuadap B Ul S[[9
PAIDAT[OP SeM QUI[OAIAXOP [BIO USYM [JMOIT 0ald U1 JO uonepIe)al 230[dwod Jsowy | -1eao [-Id Pue €-A0-JS -QUI[OAdRIA] JURUIQUIOJDY
(uetieA OHD) VAD-OHO
pue (ewourored JLsed uodnue
uewny [[e) [[[-FOLV | OruoAIquoouroreds
‘SH-NDIA S1199 Surssardxo 1081e) 03 urRj0Id
[8L €LL] syeaBouox GH-NIIA Ul 0Ald ul §IMo0I3 Jowmn) -VAD PUB S[[99 H-NIN | ouowIyd 9dojoAud KIQAT[OP
JO uonIqIyuI 9 0/ "VHD JO uoIssaidxa 190 39318} uo JueI[I SEM JBY) AJIIX0)J0)L)D) Surssaxdxa-uou ya) -AJOS YHD-Nue [eIIA0NY
[9/ ‘5] 1o1mu05 uey) AjIe[nosea BUWOUIOIBI0UIPE
210W P[0J-6'7 SARY 9ITW SUIAIIAI-SONIPY WO SIOWN] “0AlA U1 Y] JO 9SOP J[Iuls Uuoj09d uewny Ot([ K1oA1[0p
M POUIqUIOD USYM AB[OP [3M0I3 Jown) paAoIdul pue 0.414 U1 UOTIEZI}ISUSSOIPLY -ANS ‘911-LOH VN [eIIAOUSPY
SW0INO IofeJA [opouwr oseasiq | ASorens SunoSie], | poyjouwr AIAIRQ

(ponunuod) ¢y AqeL



218 C. M. McCrudden and H. O. McCarthy

Two analogues of the teratogenic drug thalidomide inhibited the angiogenic phe-
notype of HUVEC cells, potentially through inhibition of NO synthesis [86] MHY-
794 (4-[thiazolidin-2-yl]benzene-1,2-diol), a tyrosinase inhibitor is also capable of
NO scavenging. MHY-794 was as effective a tyrosinase inhibitor as kojic acid, and
was as equipotent a scavenger of NO released from sodium nitroprusside as hemo-
globin. MHY-794 prevented the development of UVB-induced skin pigmentation
in hairless melainin-expressing mice, without directly impacting the viability of
B16-F10 melanoma cells, indicating potential of NHY-794 as an inhibitor of mela-
nogenesis [87].

Amino acid structures incorporating furoxan and sydnonimine ring system
NO donor motifs were synthesized and evoked NO release in glutathione buffer,
and could be incorporated into bioactive peptides for cellular targeting of NO re-
lease [88]. An encouraging observation was that the amino acids retained peptide
bond-forming ability, so the heterocycles appended to the amino acid side chains
shouldn’t impact on peptide structure. The authors did not speculate on possible
bioactive peptides whose sequences could be supplemented with the novel amino
acids, although peptide inhibitors of HIF-1 [89], MMP-2 and —9 [90] and the an-
giogenic process [91] (among others) are all well known, and could be candidates.

Conclusions

There is a multitude of evidence to suggest that elevated iNOS levels are indicative
of poor clinical prognosis. Notwithstanding the paradox that high iNOS expression
should result in high NO levels, which are generally associated with favorable out-
comes, comparably little research is being made into interference with NO, and far
more effort is going into development of new NO generators.

Much of the effort that has gone into iNOS gene therapy has involved delivery
of an iNOS-encoding plasmid under the control of the CMV promoter from cyto-
megalovirus. The CMV promoter ensures exceptional transgene expression, and in
in vitro settings, evokes impressive results. There are concerns, however, regard-
ing the indiscriminate delivery of a transgene under the control of a promoter that
ensures constitutive expression of iNOS; toxicities of such a therapy are likely, the
most obvious possibility being hypotension. Limiting transgene expression to the
disease is paramount. Strategies to ensure appropriate gene expression include the
use of promoters whose activation is dependent on tumor-specific regulators, or
targeting delivery of the therapy to the tumor itself. The latter was alluded to above,
when iNOS gene therapy was directed at ZR-75-1 breast cancer cells by a targeting
motif contained within a bio-inspired recombinant nanovector; the same vector was
unable to transfect MDA-MB-231 and MCF-7 breast cancer cells [65].

The former strategy mentioned, use of inducible or tumor-specific activators,
has also been undertaken by us for iNOS gene therapy. Using promoters such as
human osteocalcin (hOC—activated by regulators such as RUNX2) [92], prostate
specific membrane antigen (PSMA) [93] and pE9 (radiation-inducible) [94] we
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have delivered iNOS gene therapy, and observed tumor growth delay as impressive
as that evoked by CMV-driven gene therapy in a range of prostate cancer models.

One, when considering NO in oncology, must always bear in mind the dichotomy
of response of tumors to NO. While the general rule is that increasing the concentra-
tion of NO evokes a response that is generally attractive, it is not always the case.
Inhibition of iNOS signaling using amminoguanidine slowed xenograft growth and
abrogated the metastatic spread of orthotopically-implanted MDA-MB-231 in mice
[95]. The role of iNOS in development of drug resistence is emerging, with a recent
report implicating an iNOS/GST-/topoisomerase II (TOPO II) pathway as being
responsible for development of resistance in NCSLC [96].

The point should be labored, that high concentrations of NO are not univer-
sally beneficial in cancer. NO donors spermine/NO and DETA/NO were cytotoxic
against OVCAR3 and SK-OV-3 ovarian cancer cells [97]; puzzlingly, both donors
inhibited the release of the tumor angiogenesis activator VEGF in OVCAR3, but
failed to do so in SK-OV-3 [98]. The same inhibitors abrogated MMP-2 release
from both cell lines, although MMP-2 activity was inhibited only in the SK-OV-3
cells [98]. These studies above were performed only in vitro; despite the encourag-
ing results from the first study, it is likely that in vivo investigations might reveal
limitations of the strategy in these cell types. Thorough and systematic proteomic
comparison of the cell types may reveal an explanation for the disparity in tumor
aggression markers’ response to NO donors, and could ultimately provide rationale
for personalized medication strategies.

NO was found to be essential for the autophagic survival of MCF-7 breast cancer
cells following treatment with 4-hydroxytamoxifen (4OHTAM—the active metab-
olite of tamoxifen) [99]. Long-term exposure of lung cancer cells to NO increased
the resistance of the cells to cisplatin, doxorubicin, and etoposide [100]; similar
7—-14 day NO exposure (5 and 10 pM—marginally below the concentration at which
cytotoxicity was observed) increased the motility (migration and invasion) of NCI-
H460 NSCLC cells, resulting in a more aggressive phenotype [101]. It could be
argued that levels of NO marginally below the cytotoxic concentration are sufficient
to manifest a disease-progressing phenotype, as opposed to a disease-limiting one.

This chapter, dealing with the use of NO for therapeutic purposes, has alluded to
chemo- and radio-sensitization afforded by NO therapy. Incongruously, rather than
potentiating the chemotherapy, NO actually reacts with etoposide, forming several
products, including etoposide-o-quinone; such reactivity abolished the cytotoxic ef-
fect of etoposide in HL-60 leukemia cells in vitro, and inhibited topo II-dependent
DNA cleavage as induced by etoposide [102].

Therapy-limiting effects of aberrant iNOS expression are also known. Upregula-
tion of iNOS by fractionated doses of ionizing radiation in U87 and U373 glioblas-
toma cells was responsible for cisplatin and taxol resistance and expansion of gli-
oma stem-like cells in vitro. siRNA knockdown of iNOS attenuated the expression
of radiation-induced stemness regulators Sox2, Notch-2 and -catenin. In patient-
derived glioma XO01 cells, IR also evoked NO release, and expansion of a CD133+
(a putative glioma stem cell marker) population that was preventable by siRNA
knockdown of iNOS. Stemness regulators were upregulated by IR in patient-derived
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cells as they were in cell lines, and this was preventable by iNOS-targeting siRNA
as before. Irradiated X01 cells developed resistance to cisplatin, Taxol and IR
(10 Gy), and iNOS interference ameliorated this [103].

Apoptosis of breast cancer cells by oxidative stress evoked by photodynamic
therapy with the pro-sensitizer 5-aminolevulinic acid was in turn abrogated by
upregulation of iNOS with subsequent increase in NO concentration. iNOS upregu-
lation was dependent on NF-kB activation, and reversible by blockade of the PI3K
pathway with wortmannin [104]. Pharmacological inhibition of iNOS or scaveng-
ing of NO itself equally abrogated the protection from apoptosis afforded by NO
[105]. The phenomenon was not limited to the breast model used; the PC-3 pros-
tate cancer cell line responded similarly to photodynamic therapy, increasing iNOS
expression and NO production, ultimately protecting the cell from apoptosis [106].

It is without question that NO has a place in the oncology clinic. Nevertheless, it
is of paramount importance that the level of NO directed at the tumor is appropriate,
as the dichotomous relationship between the gasotransmitter and the tumor makes
using NO a high risk strategy. Nevertheless, a NO-delivering agent that is targeted
and capable of the controlled release of appropriate levels of NO to evoke a desired
response is likely to have applications beyond the oncology clinic [5].
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Chapter 14
Photodynamic Therapy and Nitric Oxide

Emilia Della Pietra and Valentina Rapozzi

Abstract Photodynamic therapy (PDT) is a clinically approved, minimally inva-
sive therapeutic treatment that exerts a selectively cytotoxic activity towards can-
cer cells. This technique involves administration of a photosensitizer followed by
irradiation at a wavelength corresponding to its absorbance band. In the presence
of oxygen, a cascade of stress oxidative reactions leads to direct tumor cell death,
damage to the microvasculature and induction of a local inflammatory reaction.
Clinical studies showed that PDT can be curative particularly in early-stage tumors.
Moreover, with many cancers becoming resistant to treatment, PDT offers a mecha-
nistically distinct alternative, mitigating chemoresistance but also synergizing with
chemotherapy and molecularly targeted therapies. A well-known phrase of Tayyaba
Hasan, one of the experts in PDT, stated “with PDT no matter what you do, if you
are lucky, there is a prodeath response, simultaneously, there is a prosurvival molec-
ular response, which mitigates the desidered outcome with PDT”. These opposing
molecular responses represent the challenge for basic science researchers and clini-
cians to enhance the photodynamic-mediated chemicals. Noteworthy, one of the
major effectors that modulate the efficacy of PDT is nitric oxide, whose role will be
discussed in this chapter.
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Abbreviations

AIF Apoptosis-inducing factor

ALA 5-aminolevulinic acid

cGMP Cyclic guanosine monophosphate
COX-2 Cyclooxygenase:2

CPTIO 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
DETA/NO Diethylenetriamine NONOate
EMT Epithelial mesenchymal transition
GSNO S-nitrosoglutathione

HbO, Oxyhemoglobin

HIF-1a Hypoxia:inducible factor 1a

HO* Hydroxyl radical

H,0, Hydrogen peroxide

HpD Hematoporphyrin derivative

INK c-Jun NH2-terminal kinase

LDL Low density protein

LED Light emitting diode

L-NAME  L-NG-Nitroarginine Methyl Ester
MAPK Mitogen-Activated Protein Kinase
MMP-9 Matrix metallopeptidase 9
MOMP Mitochondria outer membrane permeabilization
NF-kB Nuclear Factor-KappaB

NO Nitric oxide

'0, Singlet oxygen

ONOO~ Peroxynitrite anion

Pba Pheophorbide a

PDT Photodynamic therapy;

PS Photosensitizer

RIP1 Receptor interacting protein 1
RKIP Raf kinase inhibitor protein

ROS Reactive oxygen species

RNS Reactive nitrogen species

SNT S-nitrosothiol

TNF-a Tumor necrosis factor-alpha

YY1 Yin Yang 1

VEGF Vascular endothelial growth factor.

Basic Components of Photodynamic Therapy

Photodynamic therapy (PDT) consists of three essential components—a photosen-
sitizer (PS), light and oxygen [1, 2]. None of these is individually toxic, but alto-
gether they initiate a photochemical reaction that culminates in the generation of a
highly reactive product termed singlet oxygen ('O,) and/or reactive oxygen species
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(ROS). Both oxidative products can rapidly cause significant toxicity leading to
cell death. The anti-tumor effects of PDT can involve three inter-related mecha-
nisms: direct cytotoxic effects on tumor cells, damage to the tumor vasculature, and
induction of an inflammatory reaction that can induce the activation of systemic
immunity. The “choice” among these mechanisms depends on the type and dose of
the PS used, the dose-light interval, and the total light dose and its fluence rate (i.e.
the number of particles that intersect a unit area in a given amount of time, typically
measured in Watts per m?).

The Photosensitizer

Most of the PSs used in cancer therapy possess a structure similar to a tetrapyr-
role ring of the protoporphyrin contained in hemoglobin. The ideal photosensitizer
would be a pure compound in order to permit quality control analysis with low man-
ufacturing costs and good stability in storage. It should have a high absorption peak
between 600 and 800 nm, because in this wavelength range the penetration of light
into tissue is very high. In fact, PSs, such as chlorins, bacteriochlorins and phtalo-
cyanines, that present a strong absorbance in the deep red, offer improvements in
tumor control (Table 14.1). Moreover, good PSs should have relatively rapid clear-
ance from normal tissues, thereby, minimizing phototoxic side-effects and no dark
toxicity [3]. The optimal photosensitizer should not preclude the combined use of
others types of treatment such as chemotherapy, surgery or radiation [4-6].

The first PS to be clinically employed for cancer therapy was a water-soluble
mixture of phorphyrins called hematoporphyrin derivative (HpD), a purified form

Table 14.1 Properties of various photosensitizers and their applications in cancer

PS Structure Wavelenght | Cancer types
(nm)
Photofrin Porphyrin 630 Lung, esophagus, bile duct, bladder,
brain, ovarian
ALA Porphyrin 635 Skin, bladder, brain, esophagus
ALA esters Porphyrin precursor | 635 Skin, bladder
Foscan Chlorin 652 Head and neck, lung, skin, bile duct
Verteporfin Chlorin 690 Ophtalmic, pancreatic, skin
HPPH Chlorin 665 Head and neck, esophagus, lung,
skin, breast
Purlytin Chlorin 660 Skin, breast
Taloporfin Chlorin 660 Liver, colon, brain
Fotolon Chlorine 660 Nasopharyngeal, sarcoma, brain
Silicon pthalocyanine | Phtalocyanine 675 Cutaneous T cell lymphoma
Padoporfin Bacteriochlorin 762 Prostate
Motexafin lutetium | Texaphyrin 732 Breast
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of which later it became known as Photofrin [1, 4, 7]. Even if Photofrin is still
the most employed PS, the product has some disadvantages such as a long-lasting
skin photosensitivity and a relatively low absorbance at 630 nm. There has been a
significant work among medicinal chemists to discover second generation PSs that
have an absorbance at the longer wavelengths. Thus, over a hundred compounds
have been proposed as potentially useful for the treatment of cancer with PDT. The
discovery that 5-aminolevulinic acid (ALA) was a biosynthetic precursor of the PS
protoporphyrin IX [8] has led to many applications in which ALA or ALA-ester can
be topically applied or administered orally. These are considered to be “pro-drugs”
and are required to be converted to protoporhyrin to be active photosensitizers.

Normally, the PSs are very selective towards tumors. Many hypotheses have
been suggested to justify the tumor-localizing properties in PDT [9]. These include
the prevalence of leaky and twisted tumor blood vessels due to the neovasculariza-
tion and the absence of lymphatic drainage known to enhanced permeability and
retention (EPR) [10]. Some of the most successful compounds bind to low density
proteins (LDL) suggesting that the overexpression of LDL receptors found on tu-
mor cells could be important [11]. Targeting studies have demonstrated an increase
of tumor uptake when the PSs were covalently attached to various molecules that
present some affinity for neoplasia or to receptors expressed on specific tumors
[12]. The purpose is to count on the ability of the targeting vehicle to control local-
ization factors so that the PS can be chosen based on its photochemical properties.
These vehicles include monoclonal antibodies, antibody fragments, peptides, pro-
teins such as transferrin, epidermal growth factor, insulin, LDL, various carbohy-
drates, somatostatin, folic acid and many others.

Light Sources

A crucial role in PDT is to ascribe to light irradiation. Considering the different
light wavelengths, it is known that blue light penetrates least efficiently through the
tissue while red and infrared radiations penetrate more deeply. Even if the region
between 600 and 1200 nm is called the optical window for tissues, light up to only
about 800 nm can generate 'O,, and in fact longer wavelengths have insufficient en-
ergy to initiate a photodynamic reaction [13]. There are other phenomena that limit
PDT such as (i) the processes of reflection, refraction and scattering, during light
propagation, that reduce the beam power and the penetration in the tissue [14—16];
and (ii) the light absorption by tissue chromophores such as water, oxyhemoglobin
(HbO,) and deoxyhemoglobin, melanin and cytochrome [6, 17], that reduce the PS
activation.

Choice of the light source should be based on PS absorption (fluorescence exci-
tation and action spectra), disease (location, size of lesions, accessibility, and tissue
chartacteristics), cost and size. The fluence rate also affects the PDT response [18].

Different kinds of lamps can be used including halogen, fluorescent, tungsten
or xenon lamps (inexpensive); lasers (more expensive) and light emitting diodes
(LEDs) that have narrow spectral bandwidths and high fluence rates [19-20]. La-
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sers can be coupled into fibers equipped with diffusing tips to treat tumors present
in the urinary bladder and the digestive tract. It is also possible to implant a light
source in solid organs deep in the body under image guidance. Inflatable balloons,
covered on the inside with a strongly scattering material and formed to fit an organ,
are also commercially available [21]. The choice of optimal combinations of PSs,
light sources, and treatment parameters is crucial for successful PDT [15-22].

Photophysics and Photochemistry

Most of PSs in their energetically stable state (ground state) possess two electrons
with opposite spins located in an energetically most favorable molecular orbital.
Absorption of light leads to a transfer of one electron to a higher-energy orbital
determining the excited state. In this form, the PS is very unstable and releases this
surplus energy as fluorescence and/or heat. Otherwise, an excited PS may through
an intersystem crossing to change into a more stable triplet state with inverted spin
of one electron. The PS in the triplet state can either decay radiationlessly to the
ground state or transfer its energy to molecular oxygen (O,). This step leads to the
formation of singlet oxygen ('O,), and the reaction is known as a Type II process
[23]. In another case, the PS may react directly with an organic molecule in the
cellular microenvironment, acquiring a hydrogen atom or an electron to form a
radical. This reaction is known as a Type I process. Subsequent autoxidation of the
reduced PS produces a superoxide anion radical (O,*"). Dismutation or one-electron
reduction of O,* gives hydrogen peroxide (H,0,), which in turn can undergo one-
electron reduction to a powerful and virtually indiscriminate oxidant-hydroxyl radi-
cal (HO®). ROS generation via the Type II process is much simpler than the Type I,
Most PSs are believed to operate via the Type II mechanism (Fig. 14.1).
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Fig. 14.1 Schematic illustration of photodynamic therapy including the Jablonski diagram.
The PS initially absorbs a photon that excites it to the first excited singlet state and this can relax
to the more long lived triplet state. This triplet PS can interact with molecular oxygen in two path-

ways, type I and type 11, leading to the formation of reactive oxygen species (ROS) and singlet
oxygen respectively [24].
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Mechanisms of PDT-Mediated Cytotoxicity

PDT can evoke three main cell death pathways: apoptotic, necrotic, and autophagy-
associated cell death determined by the subcellular localization of different PSs
[25-26] (Fig. 14.2).

Apoptosis is generally the major cell death modality in PDT. When the PSs are
associated to membrane mitochondria, the photodamage determines the release
of Bel-2 [27-29] that causes the mitochondria outer membrane permeabilization
(MOMP) and the subsequent release of caspase activators such as cytochrome ¢
and Smac/DIABLO, or other proapoptotic molecules, including the apoptosis- in-
ducing factor (AIF) [30]. If the PSs are located on lysosome membrane, the rupture
and leakage of cathepsins from photooxidation [31-32] induce Bid cleavage and
MOMP [32]. The phototoxicity can involve other proteases, such as calpains, as
well as nonapoptotic pathways [30]. Usually the inhibition or genetic deficiency
of caspases can delay phototoxicity or shift the cell death modality toward necrotic
cell death [33]. The molecular mechanisms of programmed necrosis are still un-
clear, but certain events including activation of receptor interacting protein 1 (RIP1)
kinase, excessive mitochondrial ROS production, lysosomal damage, and intracel-
lular Ca?*overload have been involved [34-35]. Severe inner mithocondria photo-
damage or intracellular Ca?* overload could promote mithochondrial permeability
transition, an event that may favor the necrotic rather than the apoptotic-mediated
phototoxicity [30, 36]. Autophagy is another cell death pathway since it can occur
during in vitro tests involving PSs that are localized in the endoplasmatic reticulum

PDT

@ ~ Autophagy

<

Necrosis

Apoptosis

Fig. 14.2 Cell death pathways. Exposure to PDT leads to cellular damage that may result in cell
death via different pathways.
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(ER). This is a lysosomal pathway for the degradation and recycling of intracellu-
lar proteins and organelles. Autophagy can be stimulated by various stress signals
including oxidative stress [37]. This process can have both a cytoprotective and a
prodeath role after cancer chemotherapies, including those involving ROS as pri-
mary damaging agents [37]. Recent studies delineate autophagy as a mechanism to
preserve cell viability after PDT [38].

PDT and the Microenvironment

It is important to know that PDT-mediated changes to the tumor microenvironment
can modulate treatment responsiveness. The tumor microenvironment is made up
of malignant cancer cells and connective tissue as well as a myriad of host cells
including endothelial cells, pericytes, and inflammatory leukocytes (macrophages
and neutrophils). Leukocytes are recruited into tumors and through the release of
a lot of factors, stimulate the endothelium, and indirectly activate tumor vascular-
ization. Also the neutrophil recruitment in tumors can be followed by VEGF and
MMP-9 release with associated angiogenesis and invasion, respectively [39—40].
Moreover, tumor-associated macrophages exhibit a phenotype that favors tissue
growth, angiogenesis, and tissue remodelling.

All the cellular factors associated with PDT, such as necrosis, apoptosis, and hy-
poxia, can function as stimuli within the tumor microenvironment. Likewise, PDT-
induced hypoxia can lead to the transcriptional activation of VEGF via the HIF-1
pathway [41].

Several laboratories have also shown that PDT can induce the expression and/or
activation of additional pro-angiogenic molecules including COX-2 and prostaglan-
dins, TNF, matrix metalloproteinases (MMPs), integrins, IL-6, and IL-8 within the
tumor microevironment [41-47]. Preclinical investigations indicate that combining
PDT with targeted therapies directed at attenuating the pro-survival actions of the
tumor microenvironment can enhance the therapeutic potential of PDT [41-45].

Nitric Oxide and PDT

Nitric oxide (NO) is recognized as a major effector molecule in a diverse array of
physiologic and pathologic processes. It is also evident that this radical, produced
by many cells in the human body, not only controls important functions in tumor
progression, but may have a major influence on the outcome of cancer therapies, in
particular those dependent on oxygen and the generation of reactive oxygen species
[1, 48-50] such as photodynamic therapy [48, 51-55].
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How NO Influences the PDT Antitumor Response?

1. During PDT

The endogenous tumor level of nitric oxide (NO) varies considerably in both hu-
man solid tumors [49, 56-59] and murine tumors [48—60]. As described above,
the hallmark characteristics in the tumor microenvironment immediately following
PDT treatment include tumor vasculature disruption, reduced blood flow, vascular
occlusion with subsequent reperfusion injury, in addition to a marked infiltration
of inflammatory cells [48]. NO is known to directly influence a number of these
biological processes involved in PDT-induced anti-tumor effects. [48, 61]. It has,
therefore, been suggested that the intrinsic level of tumor NO may be a determinant
in the response to PDT [48, 62].

Both in vitro [53] and in vivo studies [48, 55] on several tumor models express-
ing different NO levels reported that a low production of NO makes tumors more
sensitive to PDT, in contrast to high NO production. In tumors exhibiting high lev-
els of NO, the vasculature events including vasoconstriction, ischaemia and hypox-
ia, in addition to the inflammatory reaction induced during PDT, may be reduced
[51, 62]. This could result from the following effects of NO: (i) it acts as a potent
vasodilator (ii) it prevents platelet aggregation and adhesion to the endothelium
(ii1) it suppresses the aggregation of accumulated inflammatory neutrophils (iv) it
inhibits the expression of leukocyte adhesion molecules and, hence, the adhesion
and extravasation of circulating leukocytes and (v) it averts mast cell degranulation
[63—65]. On the other hand, elevated NO levels may maintain vessel dilation during
PDT treatment, which can limit the decrease in tumor oxygenation and sustain in
this way the oxygen-dependent generation of phototoxic damage [51]. Additionally,
NO increases the vascular permeability and consequent vascular leakage, which
are characteristic occurrences in PDT-treated vasculature (1). The NO-sensitive
processes that unfold after termination of photodynamic light treatment include:
(1) ischaemia-reperfusion injury, where NO can have a protective role resulting in
increased tumor oxygenation (ii) apoptosis of tumor cells which can be stimulated
by NO and (iii) development of the immune reaction against the treated tumor,
whereby NO has immunoregulatory functions [1, 51].

2. Following PDT

Marked changes in tumor NO levels may be expected to occur after PDT. An in-
crease in the generation of NO attributed to enhanced nitric-oxide synthase (NOS)
expression has been observed following PDT using both silicon-phtalocyanine [66]
and ALA [67]. Furthermore, the stimulation of cellular signal transduction path-
ways by PDT-oxidative stress leads to the activation of nuclear transcription factors
[1], which may also result in the upregulation of genes encoding NOS. On the other
hand, activated inflammatory cells accumulated in PDT-treated tumors may be re-
sponsible themselves for the release of NO [68-71].
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Cytoprotective Role of NO in PDT

Depending on the concentration of NO presents in the tumor (both endogenous and
that induced by PDT), it is important to determine the underlying molecular path-
ways modulated by NO, with the aim to improve the efficacy of PDT. Once gener-
ated, NO combines with other oxidants to form reactive nitrogen species (RNS)
which can damage a variety of cellular targets such as DNA and proteins that regu-
late various intracellular and intercellular signaling events, ultimately leading to
apoptosis and mutagenesis [72] (Fig. 14.3).

When high levels of NO are present in a tumor, the superoxide, generated by PDT,
can react with an NO unpaired electron and form a peroxynitrite anion (ONOO™)
[69, 73-74]. This reaction inactivates the superoxide, hence, the neutrophils are
subsequently not activated [75—77], diminishing the damage to the vasculature and
surrounding tissue.

Tumors generating low levels of NO are much more sensitive to PDT than those
containing high levels of NO, and the administration of NOS inhibitors together
with PDT treatment enhances tumor regression [48, 52]. Administration of the NO
inhibitors reduces the blood flow in the tumor, and this could explain the increase
in PDT efficiency [48].

Several hypotheses have been raised to explain the mechanisms of protection
induced by NO in the inhibition of apoptosis [72, 78—79]. NO can inhibit the activa-

Ml o NH2
_NH . .
’ Nitration
»
O
HN o
NADPH 20. ONJPO
INOS GsH
P .
NAD @ S-Glutathionylation
N,
Oy -
L GSNO
v
/ o NO*
N E

S-Nitrosylation
RSH RSNO

Fig. 14.3 NO chemistry of biological significance. NO is synthesized endogenously from L-argi-
nine, NADPH and oxygen. NO freely diffuses creating concentration gradients across subcellular
compartments. Redox or additive reactions with constitutents of cellular microenvironment con-
vert NO to a number of NO_ species, which in turn, dictate the biological effects of NO.
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tion of caspases directly by S-nitrosylation [80—81], or through a cyclic guanosine
monophosphate (cGMP)-dependent mechanism, by activating protein kinase G
(PKG) [82]. More recently, Girotti et al [83—84] demonstrated that the cytoprotec-
tive effect of nitric oxide in PDT is due not only to the cGMP involvement but also
to the suppression of pro-apoptotic JNK and p38 MAPK activations.

NO Modulates Tumor Cell Death Induced by PDT
Through the NF-kB/Snail/'YY1/RKIP Loop

The NF-kB/Snail/YY 1/RKIP loop is a pivotal molecular circuitry modulated by
NO that controls the tumor progression [85]. Several studies have implicated the
role of NO in the regulation of tumor cell behavior and have shown that NO either
promotes or inhibits tumorigenesis [50, 86—87]. These conflicting findings have
been resolved, in part, by the levels of NO used such that low levels promote tu-
mor growth and higher levels inhibit tumor growth. The underlying mechanisms by
which NO sensitizes tumor cells to apoptosis were shown to be regulated, in part, by
NO-mediated inhibition of NF-kB survival/antiapoptotic pathways and downstream
of NF-«kB by inhibition of the pro-survival transcriprtion factors Snail and YY'1. In
addition, it has been shown [85] that NO induces the expression of the metastasis-
suppressor/immunosurveillance cancer gene product, Raf-1 kinase inhibitor protein
(RKIP). Overexpression of RKIP mimics NO in tumor cell-induced sensitization
to apoptosis. The induction of RKIP by NO was the result of the inhibition of the
RKIP repressor, Snail, downstream of NF-«xB. In the presence of a dysregulated NF-
«B/Snail/YY 1/RKIP circuitry in tumor cells, the treatment with NO modifies this
loop in favor of the inhibition of tumor cell survival and the response to cytotoxic
drugs. In addition, the NF-kB/Snail/Y'Y 1/RKIP loop consists of gene products that
regulate the epithelial mesenchymal transition (EMT) and, thus, tumor metastasis
[88] (Fig. 14.4).

Considering that PDT modulates NF-xB activity [§9-90] and induces the NO
release [66, 83, 91] we have focused our attention on the role of the NF-kB/Snail/
YY1/RKIP loop in the tumor response to pheophorbide a (a chlorofill derivative,
Pba)/PDT. Although, in general, Pba/PDT has been found to be an efficient inducer
of cell death by apoptosis and/or necrosis [92—-93], however, when the PS is not
used at its optimal dose (<IC,), it can activate rescuing pathways, leading to tumor
survival and recurrence. As the level of NO generated by a low-dose PDT is not suf-
ficient to trigger apoptosis, we investigated how this limited NO release influenced
the NF-kB/Snail/Y'Y 1/RKIP loop. We have observed that under low-dose Pba/PDT
conditions the expression of Snail is increased while the expression of RKIP is
decreased: an expression pattern associated to the activation of anti-apoptotic and
pro-survival pathways [90].

Moreover, with repeated treatments (8 times) of a low-dose Pba/PDT in pros-
tate cancer cell lines (PC3 and LNCaP), we have found that the NF-xB/YY 1/RKIP
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Fig. 14.4 A schematic diagram representing the effect of Pba/PDT on the NF-xB/YY1/Snail/
RKIP loop. Briefly, a low-dose PDT stimulates NF-«kB and the pro-survival genes YY1 and Snail.
The up-regulation of Snail results in the downregulation of the metastasis tumor suppressor RKIP.
Snail is also correlated to EMT inducing a decrease of E-cadherin expression. Contrasting findings
wese observed with a high-dose PDT

circuitry stimulates the EMT. In fact, we have observed a decreased expression of
E-cadherin, the main transmembrane adhesion molecule responsible for cell-to-cell
interactions and tissue organization in epithelial cells [94-95] and an increase of
vimentin, a cytoskeletal component responsible for maintaining cell integrity. As
a consequence, loss of E-cadherin expression is considered a crucial event on the
disruption of cell-cell adhesion and cytoskeletal architecture and in the acquisition
of an invasive phenotype in tumor cells [96]. In particular, in prostate carcinoma,
a lower expression of E-cadherin has been associated with more advanced tumor
stage and grade [97-98] and higher expression of vimentin is correlated with the
invasive capacity [99]. Based on these findings, we have succeeded to isolate a rare
cell subpopulation characterized by the CD24 +and CD44 + phenotypes [100-101].
This subpopulation within the tumor possesses the characteristics of self-renewal
capacity, resistance to Pba/PDT in comparison to normal PC3 cells and with tumor-
igenic ability (unpublished data). All of the above results, yet unpublished, indicate
that repeated treatments with a suboptimal dose of PDT determine the presence
of a subset cell population with properties of stem cells, that plays a vital role in
the initiation, progression and recurrence of cancer [102]. With the administration
of L-NAME, a non specific inhibitor of iNOS, in combination with Pba/PDT, we
highlighted the role of NO in this tumor progression, through the NK-kB/Snail/
Y'Y 1/RKIP loop.
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Role of Nitric Oxide in Improving the Effectiveness of PDT

NO has been found to be a pivotal factor in the chemosensitization of tumor cells
to various chemotherapeutic drugs [72]. Regarding the involvement of NO in PDT,
there are some parameters that must be considered in order to improve the efficacy
of phototoxic treatment, such as the type of sensitizer (precursor or direct), the type
of tumor (in terms of high or low levels of endogenous NO), the interval of time
between the administration of the PS and the light exposure.

Many authors have reported that the use of NOS inhibitors (L-NAME, 1400 W)
or a nitric oxide scavenger (CPTIO) improves the efficacy of ALA/PDT in tumors
with high levels of NO [48, 53, 55, 84], indicating a cytoprotective role for NO.
Also in our model, after repeated treatments with low-dose Pba/PDT in PC3, we
have observed the same cytoprotective behavior by NO (data unpublished). This
effect might be due to trapping lipid-derived radicals generated by one-electron
turnover of primary LOOHs [103]. Furthermore, it has been proposed that moderate
levels of NO may inhibit caspases by S-nitrosylation [104], induce the downregu-
lation of pro-apoptotic Bax and the upregulation of the the anti-apoptotic Bel-xL
[105] and induce the cytoprotective heme oxygenase-1 [106].

To increase the efficacy of PDT, we have proposed a combined treatment with an
NO donor. This treatment is based on the following considerations: (i) the dual role
of NO in tumor biology is due to its capacity to promote or inhibit tumor growth
dependent on the NO concentration [88] (i) NO modulates the activity of the NF-
kB pathway [107] (iii) Pba/PDT induces the release of cellular NO according to the
dose used [90] and (iv) Pba/PDT, in a dose-dependent way, inhibits or stimulates the
NF-xB/YY 1/Snail/RKIP loop (90) leading to cell growth arrest or cell recurrence.

As a proof of principle, we used in conjunction with Pba, DETANONOate
(DETA/NO), a molecule that spontaneously releases in the cytoplasm 2 mol of NO
per mole of compound [108]. We found, indeed, that the combination of the PS
with an NO donor resulted in a significant modulation of the NF-kB/YY 1/Snail/
RKIP loop towards the expression of the pro-apoptotic RKIP and the inhibition of
anti-apoptotic NF-kB and Snail gene products. The clinical relevance of increasing
the RKIP expression by NO correlates with a favorable clinical outcome resulting
in tumor regression and in inhibition of metastatic spread [109].

The dual treatment with DETA/NO and mPEG-Pba/PDT [110] has been admin-
istered in C57BL/6 mice inoculated s.c. with the B78-H1 murine amelanotic mela-
noma. The results obtained showed that the use of an NO donor significantly in-
creased the anti-tumor efficacy of PDT. Noteworthy, the group of mice treated with
mPEG-Pba and DETA/NO showed a significant delay of tumor growth compared
to the untreated group. Furthermore, the Kaplan-Meier survival analyses showed
a difference of the median survival times between the mice treated with DETA/
NO+mPEG-Pba (59 days) and the mice treated with mPEG-Pba/PDT alone (52.5
days) [91].

The data obtained both in vitro and in vivo with the combined treatment of an NO
donor and PDT [91] are significant and open new horizons for the optimization of
photodynamic treatment.
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New Therapeutic Strategies with Nitric Oxide and PDT

The effect of the combined treatment DETA/NO +Pba/PDT in an in vivo application
may be more complex than its effects in vitro, due essentially to a systemic effect
of the NO donor and especially to its lack of organ or tissue specificity. Therefore,
it is exceedingly challenging to selectively deliver NO to a target compartment, to
prevent changes of vascular dynamics that result in systemic hypotension [111]. An
alternative approach is to deliver NO via the site specific activation of a prodrug,
which minimizes adverse drug reactions.

In collaboration with Dr. Greta Varchi, ISOF-CNR, Bologna, Italy, we have syn-
thesized a new compound, named DRPDT2 (Fig. 14.5).

This is a conjugate between Pba (as photosensitizer) and an NO donor that al-
lows a controlled release of NO in the tumor at the time of irradiation of the photo-
sensitizer. The combination between singlet oxygen ('0,), reactive oxygen species
(ROS) and NO should culminate in synergistic cytotoxicity, increasing the efficacy
of PDT used alone. Moreover, the linker between the two molecules is intended to
increase specificity towards a particular target in prostate carcinoma. Preliminary
results have demonstrated that DRPDT?2 is a good PS in terms of no toxicity in the
dark, easy and cheap synthesis and rapid clearance. It must be irradiated with a white
light in order to activate both Pba (A=670 nm) and the release of NO (A=400 nm).
The DRPDT2 treatment performed in vitro with different lines of prostate cancer
cells demonstrated a higher cytotoxic activity then Pba treatment alone. Moreover,
DRPDT2 acts through the NF-kB/YY 1/Snail/RKIP loop causing an inhibition of
NF-kB and, consequently, a strong upregulation of RKIP (unpublished data).

An alternative approach reported in the literature is to deliver NO via PDT: inert
PS is activated by irradiation, followed by the decomposition of the excited elec-
tronic state to release NO. This technique has been tested with thionitrites, also
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Fig. 14.5 Design of a PDT-NO conjugate. The conjugate is constituted by a an NO donor and a
photosensitizer linked together through a linker that allows to increase the selectivity to the tumor
cells. The light irradiation causes, at the same time, the release of units of NO and the activation
of the PS
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known as S-nitrosothiols (SNTs) of glutathione (GSH) forming S-nitrosoglutathi-
one (GSNO) [112-113] and penicilamine [114], as well as photolabile metal-NO
complexes [115-116]. Recently, an NO donor has been developed that combines
thermal and chemical stabilities to increase the kinetics of NO release during pho-
toactivation [117].

Conclusions and Future Directions

The ability to readily control the kinetics of NO release from these new conjugates,
reported above, opens up a range of PDT applications [118]. In particular, regula-
tion of the NO flux has the potential to provide therapies for hypoxia-reperfusion
disorders and cardiovascular disease, while a higher exposure levels to these PDT
agents could be used to selectively kill malignant cells. The use of these particular
PDT-NO conjugates is desirable in cancer therapy to improve classical PDT, taking
advantage of nitric oxide by excluding its harmful systemic effects.
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Chapter 15
Regulation of Cell Death Signaling by Nitric
Oxide in Cancer Cells
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and Francisco J. Padillo

Abstract Nitric oxide (NO) is a lipophillic, highly diffusible, and short-lived phys-
iological messenger which regulates a variety of important physiological responses,
including vasodilation, respiration, cell migration, immune response and apoptosis.
NO is synthesized by three differentially gene-encoded NOS in mammals: neuronal
NOS (nNOS or NOS-1), inducible NOS (iNOS or NOS-2) and endothelial NOS
(eNOS or NOS-3). NO may exert its cellular action by cGMP-dependent as well
as by cGMP-independent pathways that include post-translational modifications
in cysteine (S-nitrosylation), tyrosine nitration and S-nitrosoglutathione-derived
compounds. NO sensitizes tumor cells to chemotherapeutic compounds. The anti-
tumoral activity of NO may be related to the regulation of the stress response medi-
ated by the hypoxia inducible factor-1 (HIF-1) and p53 that generally lead to growth
arrest, apoptosis or adaptation. In addition, the post-translational regulation of cell
death receptors modulates the apoptotic pathways.

Keywords Angiogenesis - Cell proliferation - Cell death receptors - ¢cGMP-
dependent and independent pathways - HIF-1 - Hypoxia - Nitric oxide synthase -
p53 - Tumorogenesis
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DR Death Receptor

ECM Extracellular Matrix

eNOS (NOS-3)  Endothelial NOS

GTN Glyceryl Trinitrate

GSH Reduced Glutathione

GSNO S-nitrosoglutathione

haeme Iron Protoporphyrin IX

HIF-1 Hypoxia Inducible Factor-1

iNOS Inducible NOS

MAPK Mitogen-Activated Protein Kinases
nNOS (NOS-1)  Neuronal NOS

NO Nitric Oxide

NOS Nitric Oxide Synthases

o* Anion Superoxide

PI3K Phosphatidylinositol-3 kinase

PSA Prostate-Specific Antigen

sGC Soluble Guanylate Cyclase

TRAIL Tumor Necrosis Factor-Related Apoptosis Inducing Ligand
TRAIL-R1 TRAIL Receptor 1

TRAIL-R2 TRAIL Receptor 2

TNF-R1 Tumor Necrosis Factor Receptor Type 1
Introduction

Nitric Oxide, Nitric Oxide Synthase and Subcellular
Localization

Nitric oxide (NO) is a lipophillic, highly diffusible, and short-lived physiological
messenger [1]. NO regulates a variety of important physiological responses, includ-
ing vasodilation, respiration, cell migration, immune response and apoptosis. NO
is synthesized by three diffrentially gene-encoded nitric oxide synthases (NOS) in
mammals. The brain proved to be a rich source of NO synthesis and allowed the
first NOS (nNOS or NOS-1) to be cloned and purified [2—4]. The NOS-1 gene has
the most complex genomic organization in humans with multiple splice variants
being produced [5, 6]. The inducible NOS (iNOS or NOS-2) is readily induced in
many tissues by proinflammatory cytokines [7]. The endothelial NOS (eNOS or
NOS-3) binds to plasma membranes and is typically associated with caveolin [8].
The full active NOS form requires two NOS monomers associated with two Ca?'-
binding protein molecules, calmodulin (CaM). NOS contains relatively tightly-
bound cofactors such as (6R)-5,6,7,8-tetrahydrobiopterin (BH4), FAD, FMN and
iron protoporphyrin IX (haeme), and catalyzes the reaction of L-arginine, NADPH,
and oxygen to NO, L-citrulline and NADP [7]. HB, acts as a redox cofactor and
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prevents the uncoupling of NOS and the generation of anion superoxide (O,").
All NOS isoforms are differentially regulated at the transcriptional, translational
and post-translational levels. However, the activity of NOS-1 and NOS-3 is highly
dependent upon intracellular Ca?" concentration, whereas NOS-2 forms an active
complex with CaM.

There are compartments that allow the full activation of NOS with free access to
substrates and cofactors, as well as the presence of activators [9]. Noteworthy, ac-
cumulating evidence indicates that NOSs are subject to specific targeting to subcel-
lular compartments (plasma membrane, Golgi, cytosol, nucleus and mitochondria)
and that this trafficking is crucial for NO production and specific posttranslational
modifications of target proteins [10, 11].

Nitric Oxide Cell Signaling

The biological activity of NO is classified by cGMP-dependent and cGMP-inde-
pendent pathways, both attributed to physiological and pathological conditions
[12—-14]. cGMP-dependent protein kinases, cyclic-nucleotide-gated ion channels
and cGMP-regulated phosphodiesterases mediate several cellular effects. Howev-
er, during the last decade cGMP-independent reactions gained considerable inter-
est. A variety of effects are achieved through NO interactions with targets via redox
and additive chemistry, that may promote covalent modifications of proteins as
well as oxidation events that do not require attachment of the NO group. In fact,
NO is the prototypic redox-signaling molecule that is more versatile than O, or
H,0, and is clearly better identified with redox-related modifications of intracel-
lular proteins [15].

Nitric Oxide cGMP-Dependent Pathways

Soluble guanylate cyclase (sGC) is a receptor for NO [16], and is intimately in-
volved in many signal transduction pathways, most notably in the cardiovascular
system (e.g., in the regulation of vascular tone and platelet function) and in the
nervous system (e.g. in neurotransmission and, possibly, long-term potentiation and
depression). There are three known targets for cGMP which mediate the transmis-
sion of the NO/cGMP pathway signal downstream fromguanylate cyclase: cGMP-
dependent protein kinase [17], cGMP-regulated phosphodiesterase [18, 19] and
cGMP-gated ion channels [20]. The first of these, cGMP-dependent protein kinase,
phosphorylates target proteins in response to an increase in the cGMP concentration.
For example, in smooth muscle cells, cGMP-dependent protein kinase phosphory-
lates the inositol 1,4,5-triphosphate receptor, leading to a decrease in Ca®* concen-
tration and, ultimately, smooth muscle relaxation. The second, cyclic nucleotide
phosphodiesterase, catalyzes the hydrolysis of the 3’-phosphodiester bond of cAMP
and cGMP to yield AMP and GMP, respectively. The third, cyclic nucleotide-gated
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ion channels, are non-specific cation channels found in a variety of tissues. Most
notably, these channels are found in the retina and in the olfactory epithelium where
they are involved, respectively, in visual phototransduction and in olfaction.

Nitric Oxide cGMP-Independent Pathways

The most prominent and recognized NO reaction with thiol groups of cysteine
residues is called S-nitrosylation, which leads to the formation of more stable ni-
trosothiols [21]. However, other modifications such as disulfide, mixed disulfide
formation with reduced glutathione (S-nitrosoglutathione or GSNO), or oxidation
towards sulfonic acid are also important, since they are reversible. Higher thiol
oxidation states such as sulfinic or sulfonic acids are irreversible modifications
with subsequent loss of functional control. Nitrosothiol formation can be the result
of a direct reaction with NO or of an oxidative nitrosylation reaction involving the
preformation of ONOO™ [22]. The pattern of nitrosylated proteins is specific and
is probably dependent of the presence of specific consensus motifs which influ-
ence the accessibility of the thiols groups to NO [23]. Different proteins such as
NMDA and ryanodine receptors, ras, caspases, glyceraldehyde-3-phosphate dehy-
drogenase and DNA repair proteins are widely post-translationally modified by
nitrosylation [24].

The NO-dependent post-translational modification of key factors exerts tran-
scriptional regulation. The S-nitrosation of specific cysteines in active zinc fin-
gers sequences in SP-1, EGR-1 and glucocorticoid receptors induces Zn?* release,
concomitantly with conformational changes, and reduced DNA-binding [25]. The
impact of NO on other transcription factors such as NF-kB may affect at differ-
ent levels such as on the kB expression and stability, NF-kB activation, nuclear
translocation, or cysteine residue modification involving alteration of DNA-bind-
ing. The administration of NO donors reduces NF-kB activation and downstream
the expression of anti-apoptotic gene products [26], which is relevant for NO-de-
pendent sensitization of chemotherapy-resistant tumor cells [27, 28]. It now seems
more certain that reducing conditions are required in the nucleus for NF-kB DNA-
binding, whereas oxidizing conditions in the cytoplasm promote NF-«kB activation
[29]. AP-1 is a transcription factor that belongs to the basic leucine zipper (bZip)
family in which a single cysteine residue is present that confers redox sensitivity
[30]. NO, mostly by S-nitrosylation [31] and glutathiolation [32] of cysteines, in-
hibits c-Jun and c-Fos DNA-binding in a reversible manner. p53 also binds to its
specific DNA sites in a reducing environment, and mutations of cysteine residues in
the p53 core binding-domain (loop-sheet-helix motif linked to a loop-helix motif)
prevents its DNA-binding and p53-induced transcription [33]. HIF-1a has a single
cysteine in the basic-helix-loop-helix of the carboxyl-terminal trans-activating do-
main, which participates in protein—protein interactions that activate transcription
[34]. Other transcription factors whose binding to DNA are facilitated under reduc-
ing conditions include c-Myb, USF, NFI, NF-Y, HLF, PEBP2, GABPa, TTF-1, and
Pax-8 [29].
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The generation of O, and NO may lead to the production of the harmful mol-
ecule ONOO™ [35]. ONOO™ may result in S-nitrosylation and tyrosine nitration of
proteins with a concomitant change in their functions [36]. The reaction of ONOO™
with Akt and BH4 altered NO production generated by NOS [37, 38]. Proteins that
can be nitrated on tyrosine residues include actin, histone proteins, protein kinase
C, prostacyclin synthase, manganese superoxide dismutase, tyrosine hydroxylase,
cytochrome P450B1, transcription factor STAT1 and p53 [39]. NO may induce in-
directly gene transcription via activation/modulation of signaling pathways such as
mitogen-activated protein kinases (MAPK), G-proteins, the Ras pathway, or phos-
phatidylinositol-3 kinase (PI3K) pathways [40].

Nitric Oxide, Cell Proliferation and Cancer

NO may participate in the induction of genotoxic lesions, as well as promoting
angiogenesis, tumor cell growth, and invasion [41]. The effects of NO in tumors
seem to depend on the activity and localization of NOS isoforms, concentration and
duration of NO exposure, and cellular sensitivity to NO [42].

Importance of the Extracelular Matrix in Tumor Progression

Basic cancer research has mainly focused on mutations in cancer cells that result in
either gain-of-function in oncogenes or loss-of-function in tumor-suppressor genes
[43]. However, the extracellular matrix (ECM) of tumors and the non-cancerous
stromal cells within tumors also have an important impact on tumor progression
[44]. NOS-2 is present in fibroblast, inflammatory and endothelial cells; and NOS-3
is present in endothelial cells which has a relevant impact in the cancer-cell growth,
differentiation, apoptosis, migration and invasion, and the regulation of angiogen-
esis and immunity [45].

Participation of NO in Carcinogenesis

Expression of NOSs and production of NO have been detected in several estab-
lished human tumors [42]. The infectious and non-infectious generation of chronic
injury and irritation initiate an inflammatory response [46]. Neoplastic transforma-
tion is a key initial step in cancer. Chronic inflammation and continuous exposure
to moderate/high concentrations of NO that is produced by NOS-2 are thought to
promote neoplastic transformation. A subsequent respiratory burst, an increased
uptake of oxygen that leads to the release of free radicals from leukocytes, includ-
ing activated macrophages, can damage surrounding cells. This process can drive
carcinogenesis by altering targets and pathways that are crucial to normal tissue
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homeostasis. NO and NO-derived reactive nitrogen species induce oxidative and
nitrosative stress, which result in DNA damage (such as nitrosative deamination of
nucleic acid bases, transition and/or transversion of nucleic acids, alkylation and
DNA strand breakage) and inhibition of DNA repair enzymes (such as alkyltrans-
ferases and DNA ligases) through direct or indirect mechanisms [42]. By contrast,
there are several studies that show inhibitory effects of NO on tumorigenesis [47,
48]. DNA damage and/or modification that is produced by NO induces the accu-
mulation of wild-type p53 and activation of poly(ADP-ribose) synthase, and results
in death of transformed cells [49, 50]. The induction of mutations in cancer-related
genes or post-translational modifications of proteins by nitration, nitrosation, phos-
phorylation, acetylation or polyADP-ribosylation are some key events that can in-
crease the cancer risk. However, NO may also influence the carcinogenesis process
by alteration of cell-cycle checkpoints [51], apoptosis [52] and DNA repair [53].
NO donors sensitize tumor cells to chemotherapeutic compounds by nitrosylation
of critical thiols in DNA repair enzymes in hepatoma cell line [54]. Other studies
have demonstrated increased susceptibility to chemotherapy to cisplatin [55] and
melphalan [56] by NO donors in different cell lines. However, the expression level,
duration and timing of NO delivery, the microenvironment, the genetic background
and the cell type might determine NO sensitivity and the overall effect of NO [42].
These results implied substantial modifications of key biological target(s) including
DNA repair proteins and transcription factors that are known to be inhibited by NO.

Hypoxia, Tumorogenesis and NO

Evidence has accumulated showing that up to 50-60% of locally advanced solid
tumors may exhibit hypoxic and/or anoxic tissue areas that are heterogeneously dis-
tributed within the tumor mass. Tumor-to-tumor variability in oxygenation is great-
er than intra-tumor variability [57]. Major pathogenetic mechanisms involved in
the development of hypoxia in solid tumors are (a) severe structural and functional
abnormalities of tumor microvessels (perfusion- limited O2 delivery) (b) increased
resistance to blood flow (c) deterioration of diffusion geometry (diffusion-limited
02 delivery) (d) tumor-associated and/or therapy-induced anemia leading to a re-
duced O2 transport capacity of the blood (anemic hypoxia) and (e) fewer functional
lymph vessels.

Cells exposed to hypoxia respond by arresting their proliferation and subsequent
cell death, thus, in vitro hypoxia can hinder or even completely inhibit tumor cell
proliferation [57]. Additionally, hypoxia can induce programmed cell death (apop-
tosis) both in normal and in neoplastic cells via HIF-1and p53. All these features oc-
cur under anoxia (short hypoxia); however, sustained hypoxia may promote tumor
progression via mechanisms enabling cells to overcome nutritive deprivation, to
escape from the hostile environment and to favor unrestricted growth [58]. Tumor
hypoxia is classically associated with resistance to radiotherapy, but it has also been
shown to diminish the efficacy of certain forms of chemotherapy, of photodynamic
therapy and immunotherapy [58—60].
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NO and Tumor Angiogenesis

NO has been reported to contribute to tumor biology and vascularization with mul-
tiple cellular and molecular effects and sometimes with divergent properties. Early
experimental studies have shown that the induction of iNOS in tumor cells promotes
angiogenesis (by upregulating VEGF expression), which increases microvascular
density and tumor progressions [61-65]. A histological examination of tumor speci-
mens has revealed a significant relationship between high angiogeneic activity (i.e.
microvessel density or VEGF expression) and iNOS expression in human brain,
head and neck, lung, breast, stomach, colon tumors, etc. [66—75]. These findings
definitely indicate that cancer-derived NO mediates tumor angiogenesis, invasion
and growth. As we described previously, one of the most important transcription
factors that activates the expression of O,-regulated genes is hypoxia-inducible
factor 1 (HIF-1) [76, 77].

The administration of nitroglycerin, isosorbide dinitrate and sodium nitroprus-
side differentially modulates hypoxia-induced gene expression mediated by HIF-1.
SNP treatment reduced HIF-1a protein levels and HIF-1 transcriptional activity in
Hep3B cells that were untreated or exposed to hypoxia [78]. Similar results were
observed in the human embryonic kidney HEK293 cells and HUVECs, suggesting
that the phenomenon is not dependent on the cell or tissue type [79]. Nitroglyc-
erin dramatically decreased the rates of immunoreactive cells for HIF-1a protein
in cancer tissues in patients with operable lung adenocarcinoma, beside a decrease
in plasma levels of VEGF and P-glycoprotein [80]. This suggested that decreases
in plasma VEGF levels following nitroglycerin treatment may enhance chemosen-
sitivity to Docetaxel and Carboplatin via a decrease in HIF-1a-dependent pathways
such as P-gp in tumor tissues [80]. Moreover, low-dose of glyceryl trinitrate (GTN)
has a consistent, inhibitory effect on prostate-specific antigen (PSA) progression
in men with recurrent prostate cancer after primary treatment failure, suggesting a
non-random drug effect of GTN [81].

NO and Cell Death Receptors in the Liver

Cell death receptors include CD95 (Apo-1), tumor necrosis factor receptor type 1
(TNF-R1), tumor necrosis factor-related apoptosis inducing ligand (TRAIL) recep-
tor 1 (TRAIL-R1/Death receptor 4 [DR 4]); TRAIL receptor 2 (TRAIL-R2/DRS/
Killer/TRICK?2), death receptor 3 (DR3/Apo-3/TRAMP/WSL-1/LARD), and death
receptor 6 (DR6). The administration of an NO donor mediates mitochondrial dys-
function and cell death in cells [82, 83]. The intratumoral injection of microencap-
sulated NOS-2-expressing cells upregulates the CD95/CD95L system and induces
cell death in colon- and ovarian-derived tumors [84]. Similarly, the intratumoral
injection of NOS-2 over-expressing plasmids significantly reduced tumor growth
developed in medullary thyroid implanted tumor cell cells in nude mice [85].
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We have recently shown that the administration of an NO donor or NOS-3 over-
expression increased the oxidative/nitrosative stress, CD95/CD95L expression and
cell death in HepG2 cells, as well as it increased cell death receptors (TNF-R1,
CD95/CD95L and TRAIL-R1) expression and reduced tumor cell growth after im-
plantation of the HepG2 cells in a xenograft mouse model [86, 87]. Our study also
showed that p53-mediated induction of cell death and increased CD95 expression
were induced by NOS-3 overexpression in HepG2 cells [87]. A series of NO-depen-
dent post-translational modifications also modulate CD95 dependent cell death. In-
terestingly, both exogenous and endogenous NO induce S-nitrosylation of Cys199
and Cys304 of the CD95 receptor, and this correlates with enhanced expression of
CDB95 at the plasma membrane and its translocation into lipid rafts [88].

The induction of DNA damage by NO increases p53 accumulation and cell death
in transformed cells [49, 50]. NO donors sensitize tumor cells to chemotherapeutic
compounds by nitrosylation of critical thiols in DNA repair enzymes in a hepatoma
cell line [54]. The induction of extrinsic and intrinsic cell death pathways induced
by chemotherapy in hepatocellular carcinoma cells involves increased expression
of several p53 gene family members [89], which have been additionally related to
increased expressions of TNF-R1, CD95 and TRAIL-R1 in a hepatoma cell line
[90]. Other studies have also shown that NO donors increased susceptibility to cis-
platin [55] and melphalan [56] in different cell lines.
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Chapter 16

Discovery and Development of RRx-001,
a Novel Nitric Oxide and ROS Mediated
Epigenetic Modulator

Jan Scicinski, Bryan Oronsky, Shoucheng Ning, Gary R. Fanger,
Susan J. Knox and Mark Bednarski

Abstract Methods to find compounds that interact favorably with anti-cancer
biological targets typically start from a limited set of structural types and focus
on target-based approaches resulting in limited breakthroughs, mostly incremen-
tal improvements, and many structurally similar compounds that fall into ‘me
too’ or ‘me better’ categories. Due to the very low success rate for drug devel-
opment in oncology, different, ‘non-me too’ approaches that utilize novel chemo-
types together with phenotypic discovery approaches are required to provide truly
novel treatments. The defense and aerospace industry offers a huge resource of
largely untapped chemical diversity that lends itself to a phenotypic approach to
drug discovery. Herein we describe a novel program focused on discovering drug
candidates from energetic materials that arose from a unique partnership between a
defense contractor specializing in the research and utilization of energetic materials
and an academic institution, under the umbrella of a start-up and with an innovative
funding and organizational structure. We describe the most advanced compound,
RRx-001, the first of a new class of NO-mediated epigenetic anticancer agents that
bind hemoglobin and drive RBC-mediated redox reactions under hypoxia.
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Abbreviations

ABAZ N-bromoacetylazetidine
ADNAZ N-acetyl-3,3-dinitroazetidine

BSO Buthionine sulphoximine

CDDP Cisplatin

CEA carcinoembryonic antigen

CMC Chemistry, Manufacturing and Controls
CMO Contract Manufacturing Organization
CPT Cold Pressor Test

DLT Dose Limiting Toxicity

DNMT DNA methyltransferase

FOLFIRI  Chemotherapy regimen for colorectal cancer: Folinic acid/
Fluorouracil/irinotecan

GMP Good Manufacturing practice

HDAC Histoine deacetylases

HMNAZ  I-tert-butyl-3- hydroxymethyl-3-nitroazetidine

IP Intraperitoneal route of administration
v Intravenous route of administration
MTase Methyl transferases

MTD Maximum Tolerated Dose

NAC N-acetyl Cysteine

NO Nitric Oxide

PO Oral route of administration

QD Once daily

RBC Red Blood Cell

RNS Reactive Nitrogen Species

RONS Reactive Oxygen and Nitrogen Species
ROS Reactive Oxygen Species

SCcvil A syngeneic murine squamous cell carcinoma cell line
TBDNAZ  1-tert-butyl-3,3-dinitroazetidine

TNAZ Trinitroazetidine

Introduction

Cancer accounts for approximately one-quarter of deaths in the United States and
is second only to ischemic heart disease as a cause of mortality [1]. Improving the
treatment of cancer, therefore, represents an important therapeutic endeavor. The
ability of an anti-cancer agent to confer very high specificity to tumors with low
toxicity to normal tissues is one of the holy grails of medical oncology.

Natural products are potential sources of novel pharmacophores that are, on the
whole, structurally dissimilar from the mainstream, though in general they have
fallen out of favor due to complications and challenges with toxicity and manufac-
ture or isolation. Thus, as a generalization, with few exceptions, most new chemical
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entities in cancer are based on established chemical structures with similar pharma-
cological activities targeting the same or related mechanisms. This kind of imitation
arises from traditional target and structure-based drug discovery approaches that
are focused on identifying and optimizing compounds with ‘on-target’ specificity
and selectivity profiles that often follow in the footsteps of popular and profitable
predecessors like Gleevec.

Methods to find compounds that interact favorably with biological targets typi-
cally start from a limited set of structural types, often reflecting the molecular
sub-types that are seen in biological systems such as aromatic heterocycles and/
or amino acid-like compounds. Regardless of the drug discovery source, e.g. high
throughput screening or fragment-based drug discovery, the emerging molecules
often end up looking similar, leading to intellectual property and freedom to operate
issues [2—4] While research breakthroughs do occur, improvements in treatments
tend to be incremental, with many compounds falling into the ‘me too’ or ‘me bet-
ter’ category. Clearly, this copycat strategy has failed to live up to expectations as
the current success rate for drug development in oncology is approximately 5 %,
and more effective alternatives and strategies are required.

By contrast, the defense and aerospace industries offer a huge untapped resource
of chemical diversity for the discovery and development of novel drugs for a variety
of indications. The relatively easy accessibility of these materials together with their
unique structures lend themselves well to phenotypic approaches to the discovery
of new drug candidates [5]. Here, we describe the discovery and development of
RRx-001, arising from a unique partnership between a defense contractor special-
izing in the discovery, synthesis, large scale manufacture and utilization of energetic
materials and an academic institution, under the umbrella of a start-up and with
an innovative funding and organizational structure set up to discover and develop
novel medicinal agents using energetic materials as start-points.

Energetic Materials as Medicinal Agents

The subset of chemical compounds known as energetic materials store and release
significant quantities of energy in the process of breaking chemical bonds; these
characteristics are ‘tinker-friendly’, either through modification of their chemical
scaffolds or through the preparation of mixtures of materials for controllable stor-
age and release of the chemical energy under specific conditions [6, 7]. In addition,
many of the materials used in solid propulsion motors and military charges are
extensively evaluated for human and environmental toxicity, allowing information
on the relative toxicity of constituent functional groups to inform the drug discovery
process [8, 9].

Molecular free radicals, which mediate the effects of radiation therapy, are im-
portant intermediaries in the decomposition of these compounds. Under the leader-
ship of Stanford University radiation oncologist, Dr. Susan Knox, radiologist Dr.
Mark Bednarski, and venture capitalist, Dr. Arnold Oronsky, at InterWest Partners,
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a collaborative research program with the defense contractor ATK Thiokol was ini-
tiated and a company, RadioRx Inc, was formed to identify potential therapeutic
leads from these energetic molecules. This unique collaboration led to the discovery
and development of a highly innovative anticancer compound, called RRx-001.

An initial set of commonly used energetic compounds (Table 16.1) was selected
in collaboration between Stanford University and ATK Thiokol and sent for initial
evaluation at Stanford. Compounds were shipped as solutions in DMSO to mini-
mize transportation hazards. Most of the materials tested in vitro showed moderate
to good activity against tumor cells in a methyl tetrazolium (MTT) assay.

In a separate assay, a subset of these were discovered to augment the effect of
ionizing radiation on cancer cells; within this subset the highly energetic molecule,
TNAZ [10], not only demonstrated promising single agent activity, but also ra-
diosensitizing properties in vivo, confirming the initial hypothesis (Fig. 16.1). As
shown in Fig. 16.1, below, the activity of two 2 mg/kg doses of TNAZ, combined
with a single 10 Gy dose of radiation showed favorable anti-tumor properties in the
SCCVII syngeneic mouse tumor model.

In spite of its highly promising activity, TNAZ was less than an ideal clinical
candidate, owing to its explosive properties, which would have led to potentially
difficult CMC and regulatory hurdles. Consequently, lead optimization prioritized
not only improved activity, both as a single agent and in combination with radiation,
but also the identification of a molecule that, unlike TNAZ, would be safe to manu-
facture, handle and transport. A series of compounds were prepared [11] based on
the dinitroazetidine scaffold (Table 16.2) and evaluated in vitro, of which RRx-001
was the most promising.

RRx-001 represents a new class of compounds that was rationally designed by
combining two structural components: a dinitroazetidine, derived from TNAZ and
an o-bromoacetamide. Mark Bednarski’s rationale for combining these two struc-
tural elements was twofold: (1) to reduce explosive potential and (2) to increase
biological activity while enabling the assembly of antibody and prodrug constructs.
The individual contribution of these two functionalities to the overall activity of the
molecule was assessed by the synthesis and biological evaluation of close analogs
of RRx-001 in which these key functionalities were replaced. To probe the effect of
the gem-dinitro group, a molecule containing an unsubstituted azetidine, and lack-
ing the gem-dinitro group, (ABAZ, N-bromoacetylazetidine) was synthesized. The
importance of the bromoacetamide moiety was assessed by preparation of N-acetyl
dinitroazetidine (ADNAZ) (Fig. 16.2).

The activity of these structural analogues was compared in vitro and in vivo in
the mouse SCCVII syngeneic tumor model against RRx-001. While RRx-001 was
found to be the most potent of the analogs, the data supported the conclusion that
both the gem-dinitro and bromoacetamide groups are required for optimal activity.
The bromoacetamide group likely serves a dual function—depletion of glutathione
(and glutathione precursors) leading to increase in ROS and RNS and conjugation
to an endogenous carrier molecule, RBCs, by hemoglobin adduction (see below).
In addition, due to the presence of this alkylating center, RRx-001 could readily be
linked to antibodies and prodrugs, resulting in macromolecules that had promising
activity in both tumor cell lines and in animal models.
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Fig. 16.1 Activity of two 2 mg/kg doses of TNAZ with or without a single 10 Gy dose of radiation
against control in the SCCVII syngeneic mouse tumor model

Table 16.2 Activity of close analogs of RRx-001. IC,; values are from an MTT assay in HT29

cells
Name Structure Abbreviation ICs0 (MM)
°
1-Fumaryl-3,3-dinitroazetidine 2 )C\NNOH FDNAZ 0.029
°
1-Succinyl-3,3-dinitroazetidine 2 )C\NNOH SDNAZ 0.087
O,N
1-Acetylbromo-3,3- O.N N ABDNAZ, RRx- 0.001
dinitroazetidine \g/\Br 001 :
O,N
1-Trifluoroacetyl-3,3- O,N
dinitroazetidine N CFs TFADNAZ 0.092
O,N
. . L O,N
1-Azidoacetyl-3,3-dinitroazetidine N\g/\N AzADNAZ 0.07
3
O,N
1-Chloroacetyl-3,3- O,N
dinitroazetidine N\g/\CI CIADNAZ 0.01
O,N
. - O,N
1-lodoacetyl-3,3-dinitroazetidine N\g/\l IADNAZ 0.0014
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azetidine  Bromoacetamide

Ol = O, =2 X0

ABAZ RRx-001 ADNAZ
Fig. 16.2 Probing structure activity relationships of RRx-001

Anti-Tumor Activity of RRx-001

RRx-001 was highly active as a single agent in vitro against a variety of cell lines
(Table 16.3) under conditions of different oxygen concentrations and in vivo against
multiple tumor types (Figs. 16.3 and 16.4). Moreover, it also synergized with radia-
tion therapy, while acting as a radioprotectant to normal GI epithelium while activ-
ity was retained through multiple routes of administration (IV, IP, PO and SC) [12].

Single dose activity of RRx-001 was investigated in a murine SCCVII syngeneic
tumor model. Mice bearing SCCVII tumors were treated with a single 15 mg/kg IP
injection of RRx-001 or cisplatin (CDDP) 10 mg/kg. The growth inhibitory effects
over time were determined by measurement of tumor volumes. At these doses, both
drugs exhibited similar activity in reducing tumor growth. In addition, from obser-
vations of the animals during the study, RRx-001 treated mice appeared healthier
than the cisplatin-dosed mice in terms of their coat condition and lack of substantial
weight loss (Fig. 16.3).

The activity of multiple doses of RRx-001 in combination with radiation was
determined in the murine syngeneic tumor models. Radiotherapy was administered

Table 16.3 In vitro activity in tumor cell lines as a single agent

Cell line Cell line type Mean IC,, (uM) S.D.
SCCcvIl SCC 1.8 0.3
PANCI1 Pancreatic cancer 2.3 0.7
22B Oral SCC 2.3 0.5
M21 Melanoma 2.6 0.5
us7 Glioblastoma 2.7 0.6
RKO Colon carcinoma 3.0 0.4
HT-29 Colorectal adenocarcinoma 34 0
SNB75 Glioblastoma 3.8 1.4
MCE-7 Breast adenocarcinoma 4.0 0.5
A498 Renal cell carcinoma 4.9 1.3
IMR32 Brain neuroblastoma 5.1 0
A549 Non-small cell lung carcinoma 6.0 1.8
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Fig. 16.3 Single dose antitumor activity of RRx-001 compared to cisplatin in the murine SCCVII
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Fig. 16.4 Potentiation of the effect of radiation with RRx-001 in the murine SCCVII tumor model

daily at 250 cGy for 5 days (Fig. 16.4). RRx-001 was dosed IP at 5 mg/kg QD for
5 days. As a single agent, RRx-001 inhibited tumor growth. The mean tumor size
exposed to the combination therapy was significantly smaller than the mean tumor
size in animals treated with RRx-001 or radiation alone and the combined effect of
RRx-001 and radiation was determined to be synergistic. During this study, animals
dosed with RRx-001 as a single agent or in combination with radiation did not
exhibit overt systemic toxicity as determined by weight loss. In addition, no signifi-
cant hematological, biochemical, or histopathological changes were observed [12].

Metabolism of RRx-001

The development of drugs that actively alkylate biological targets is generally a
medicinal chemistry strategy to be avoided [13]. However, alkylating agents are
surprisingly common among approved products, which have led to a recent upsurge
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Fig. 16.5 Metabolism of RRx-001

of interest in these compounds [14—16]. In the context of anti-cancer field, the set
of compounds typically referred to as alkylating agents is usually limited to those
that irreversible bind nucleic acids, proteins, amino acids and other biomolecules
that contain strong nucleophiles, leading to DNA damage, inactivation of repair
functions and ultimately cell death. The major limitation of these compounds is
a lack of selectivity leading to significant normal tissue toxicity. Binding to DNA
leads to toxicity such as neutropenia and myelosuppression, however, additional
non-selective, irreversible binding to protein thiols can result in unpredictable toxic
side effects. These characteristics have stigmatized alkylating agents, resulting in a
barrier to their development as therapeutic agents.

However, the key to their successful design and development is selectivity in
binding. Strategies to minimize potential off-target effects that could lower the risk
of unexpected toxicity, include the incorporation of a weakly alkylating moiety in a
molecule that is optimized to fit precisely into the corresponding binding site on the
target, like a lock and key, enabling the alkylating function to react with a nucleopl-
hile embedded there [16]. An alternative strategy is to combine rapid reactivity and
permeability for faster binding kinetics.

RRx-001 possesses excellent permeability characteristics, while high reactivity
enables rapid diffusion into RBCs and quantitative binding to glutathione and the
cysteine 93 on the beta chain of hemoglobin (Fig. 16.5) [17]. The glutathione ad-
duct is rapidly excreted, while the RRx-001 bound hemoglobin remains in circula-
tion. Unlike typical anti-cancer alkylating agents, RRx-001 does not bind DNA and,
hence, systemic toxicities, including myelosuppression, mucositis and neuropathy
are not present.

Hemoglobin Binding and Local Release of Nitric Oxide

Studies on the metabolism of RRx-001 confirmed that, on infusion, the molecule
permeates into RBCs and rapidly and irreversibly binds to glutathione and hemo-
globin. Binding to glutathione via the bromoacetamide group leads to depletion
of glutathione and glutathione precursors in RBCs, increasing oxidative stress. In
addition, RRx-001 binds to the beta Cys-93 residue of hemoglobin, a highly con-
served and critically important residue that modulates hemoglobin oxygen affinity
and is implicated in nitric oxide transport [ 18, 19]. As shown in Fig. 16.6, modeling
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e,

Fig. 16.6 Modeling demonstrates proximity of beta-Cys-93 binding to heme. Binding this residue
changes heme oxygen affinity (Modeling based unbound Hb, no conformational changes modeled)

demonstrates the proximity of RRx-001 bound beta-Cys-93 to His 92 residue and
Heme.

The binding of RRx-001 to this residue results in the immediate release of a ni-
tric oxide (NO) burst, that is suggested by the presence of marked local vasodilation
and transient infusion pain, which resolves immediately on stopping the infusion.
Exhaled NO breath testing in hamsters before, during and after infusion (Fig. 16.7)
confirmed a rise in nitric oxide levels. The release of NO was found to correlate
strongly with infusion duration [20].
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Fig. 16.7 Nitric oxide levels in hamster breath after jugular vein infusion
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Fig. 16.8 Potentiated reduction of nitrite to nitric oxide by RRx-001-bound RBCs

The selective and specific modifications of hemoglobin in a small sub-pop-
ulation of RBCs are responsible for the catalytic overproduction of nitric oxide.
Although deoxygenated hemoglobin can function as a nitrite reductase converting
the inorganic anion nitrite into NO under hypoxic conditions [21-23], the binding
of RRx-001 to this residue greatly amplifies and accelerates this catalytic reaction
[24]. This in situ generation of ROS/RNS under hypoxia shifts the biocharacter of
the tumor microenvironment from habitable to inhabitable, whereas the ultrashort
lifetime of ROS and RNS confines their activity to the tumor, sparing normal tissues
from toxicity.

The selective delivery of a high flux of nitric oxide specifically under hypox-
ic/ischemic conditions when oxygen-dependent nitric oxide synthases (NOS) are
non-functional has great potential in several pathologic states such as hemorrhagic
shock, sickle cell disease, malaria, as well as cancer, where tissue hypoxia plays
an important role. It also differentiates RRx-001 from other nitric oxide donors,
such as the nitrate esters, furoxans, benzofuroxans, NONOates, S-nitrosothiols, and
metal complexes that release NO systemically rather than locally, thereby poten-
tially leading to NO-induced systemic toxicity, such as headaches, hypotension and
methemoglobinemia [25]. In contrast, in preclinical toxicology studies, RRx-001
was not associated with any systemic toxicity at doses that were considered to be
therapeutic.

Moreover, unlike these small molecule NO donors, RRx-001 has an extended
half-life on the order of days to months since RBCs, and therefore the deoxyhemo-
globin contained in the RBCs, to which RRx-001 is bound, has a half life of approx-
imately 60 days. Therefore, these RRx-001-loaded RBCs, which behave essentially
as NO prodrugs, produce and deliver nitric oxide at a sustained but accelerated rate
under hypoxia for the lifetime of the RBC (Fig. 16.9).
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Fig. 16.9 Nitric oxide release “On Demand”. Under hypoxia RRx-001 co-opted RBCs, produced
nitric oxide which combines with superoxide and other reactive oxygen species (ROS) to produce
the potent oxidant, peroxynitrite, and other reactive oxygen and nitrogen species (RONS)

RRx-001 Increases Nitrooxidative Stress In Tumors

The RBCs containing RRx-001 bound hemoglobin become oxidatively stressed as
described above. This small subset of RRx-001 co-opted and oxidatively stressed
RBCs act as delivery agents, shedding free radicals, diffusible oxidation products,
chemokines and cytokines that are preferentially toxic and selectively target the
tumor microenvironment. The basis for therapeutic selectivity is a controlled re-
lease of these endothelial cytotoxins under hypoxic conditions leading to excess
free radicals in tumors pushing tumors into oxidative overload, DNA damage and
cell death (Fig. 16.10).

Higher levels of oxidative stress compared to normal tissues are a hallmark of
tumors. RRx-001 delivers nitric oxide together with RBC oxidation products to tu-
mors under hypoxia, which leads to the formation of peroxynitrite, N,O, and other
reactive and toxic nitrogen oxides. These exert an additional oxidative burden on
the already oxidatively susceptible tumor cells by transforming cellular stress from
oxidative only to nitro-oxidative. The reactive nitrogen species such as peroxyni-
trite exert their harmful effects on the tumor directly and indirectly. They oxidize
critical cysteine residues on the epigenetic regulators HDACs and DNA MTases,
inhibiting them, which leads to p53 reactivation. ONOO™ induced DNA damage can
both lead to apoptosis and to further activation of repair processes that indirectly but
eventually lead to ATP depletion and necrosis (Fig. 16.11).

In addition, preliminary data suggest that RRx-001 acts in a stress-response path-
way, presumably through NO release, that promotes activation of the transcription
factor nuclear factor (erythroid-derived 2)-like 2 and the tumor suppressors p53 and
p21, supporting the emerging idea that RRx-001 leads to the onset of replicative se-
nescence, resulting in cell cycle arrest or apoptosis in addition to other mechanisms
of cell death [26].
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Manufacture and Formulation of RRx-001

A particular advantage of medicinal compounds derived from energetic materi-
als is that their synthesis proceeds from fairly advanced intermediates requiring
a relatively small number of chemical steps to be undertaken under GMP. These
advanced intermediates, which have well established and characterized synthetic
routes, are readily available and obtainable in ton quantities.

Although RRx-001 is not an explosive molecule, the successful scale up and
manufacturing of RRx-001 required careful consideration and due diligence given
the inherently energetic gem-dinitroazetidine functional group of the molecule. ATK
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Fig. 16.11 Basic mechanism of RRx-001-induced cytotoxicity via a selective increase in oxida-
tive stress in tumors resulting in inhibition of HDACs and DNMTs and induction of p53

Thiokol, which had initially prepared gram quantities of RRx-001 for preclinical
studies, applied their expertise in handling and preparing energetic materials to the
development of a synthetic process for the synthesis of multi-kilo quantities of the
drug that simultaneously addressed the specific hazards posed by byproducts and
intermediates. Accordingly, the development work to optimize product yield and
purity and to improve the process efficiency and safety was guided by a comprehen-
sive Critical Process Review [27], which determined that it was possible to conduct
the entire process safely. Optimization resulted in the synthesis of multi-kilogram
quantities of RRx-001 in high yield and purity; the process was transferred to a
CMO for scale-up and preparation under GMP.

In the first synthetic stage, 1-tert-butyl-3- hydroxymethyl-3-nitroazetidine (HM-
NAZ) undergoes a retro-Henry reaction, followed by an oxidative nitration to yield
1-tert-butyl-3,3-dinitroazetidine (TBDNAZ) in an essentially quantitative yield. To
avoid handling this hazardous product in a neat form, this material is not isolated
but used directly in the next stage [28].

In the final stage, TBDNAZ is converted to RRx-001 by acylation with bromo-
acetylbromide in the presence of the Lewis acid, boron trifluoride etherate using
TBDNAZ as a sacrificial base (Fig. 16.12). Purification by aqueous wash, followed
by two crystallization steps gave RRx-001 in excellent purity and yield.

Development of a parenteral formulation was complicated by the highly reactive
nature of RRx-001 coupled with very low aqueous solubility. The dipole moment,
a measure of the difference of charge between two ends of a molecule can help
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Fig. 16.12 Synthesis of RRx-001

guide formulation development, since the combination of high dipole moments and
low solubility tends to promote aggregation in solution. Dipolar aprotic solvents
that diminish and disperse these intermolecular precipitation forces are able to fully
solubilize these micro-crystals. An excipient system, comprising the cosolvents, di-
methylacetamide and PEG-400, already approved for use in the medication, busul-
fex [29], resulted in a sterile, stable and manufacturable formulation for RRx-001.

Clinical Experience with RRx-001: Resensitization,
Epigenetics—A New Paradigm In Treating Cancer

Having successfully demonstrated preclinical activity and safety, a now-completed
Phase 1 study of RRx-001 was initiated. The primary objectives of the trial were to
assess the safety and tolerability, the pharmacokinetics and to determine the recom-
mended Phase 2 dose of RRx-001 in patients with solid tumors who had previously
failed conventional therapy. A total of 25 patients were treated intravenously with
escalating doses of RRx-001 once or twice a week. Tumor types enrolled included
colorectal (11 patients), head and neck (4 patients), pancreatic (3 patients), lung (2
patients), ovarian (1 patient), liver (1 patient), cholangiocarcinoma (1 patient), brain
(1 patient), and melanoma (1 patient).

The most common adverse event related to RRx-001 was pain and vasodilation
on infusion, ascribed to the displacement of nitric oxide from its binding site on the
beta cysteine 93 hemoglobin residue after RRx-001 administration, as described
above. However, other than the localized pain, typical chemotherapy side effects
such as nausea/vomiting, alopecia, weight loss, fatigue, stomatitis, diarrhea and
myelosuppression were notably absent. In fact, many patients anecdotally reported
improvement in fatigue, appetite and quality of life. DLTs were not identified and an
MTD was not reached and a safe and effective Phase 2 dose was established. RRx-
001 had no effect on typical RBC parameters such as hemoglobin and hematocrit
(Fig. 16.13) [30].

Although the primary objective of the Phase 1 study was not to determine effi-
cacy, clinical benefit (measured by tumor regression or stable disease) was demon-
strated in>70 % of patients in multiple tumor types. One patient with head and neck
cancer experienced a durable partial response for over a year. A subset of patients
experienced prolonged stable disease independent of dose level. Two patients re-
sponded well to radiation while also receiving treatment with RRx-001, suggesting
radiosensitizing properties [30].
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Fig. 16.13 Percent changes in hemoglobin and hematocrit for all 25 subjects over time. Day num-
ber=time from first RRx-001 treatment (Day 1)

The median duration of survival in the 11 colorectal patients in this trial was al-
most 17 months [30], more than 9 months greater than survival of 3rd line colorec-
tal patients with regorafenib, the FDA-approved current standard of care for this
population [31].

In an interesting observation, RRx-001 resensitized patients to previously failed
therapies. After single agent therapy with RRx-001, four subjects became respon-
sive to previously failed FOLFIRI, as shown by changes in CEA and by imaging
(Fig. 16.14) [30, 32]. A further three subjects appeared to respond favorably to sub-
sequent chemotherapy and radiation post RRx-001.
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Fig. 16.14 Improved response to previously failed therapy post RRx-001: Grey area denotes a
treatment gap between RRx-001 and subsequent therapy. a Last dose RRx-001; b First dose sub-
sequent therapy. Patient A is still receiving FOLFIRI. Day numbers refer to days post first dose

RRx-001
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RRx-001—An Epigenetic Modulator: Perspectives and
Future Plans

In addition to the other known mechanisms of action discussed above, the clinical
observations of resensitization described suggested a pan-epigenetic mechanism
with broad inhibition of DNA methyltransferases (DNMTs) and Histone Deacety-
lases (HDACs) [32], likely through NO-oxidation of critical cysteine residues, re-
sulting in a variety of effects, including the possible reactivation of p53 expression
[33, 34]. Such effects could help to explain the observed resensitization of resistant
tumor cells to subsequent chemotherapy. Cysteine-dependent enzymes are targets
of all forms of reactive oxygen and nitrogen species. Early data suggest that RRx-
001-induced generation of nitric oxide, in combination with reduced glutathione
depletion, leads to oxidative modification of catalytic cysteine thiols and inactiva-
tion of enzymes in the tumor microenvironment, which may provide a strategy for
resensitizing resistant cancer cells in multiple tumor types [35].

RRx-001 was well tolerated in a Phase 1 clinical trial, demonstrating promising
single agent survival and activity. As the first-in-class molecule, RRx-001 moves
forward in Phase 2 in multiple tumor types, both clinical and preclinical studies are
planned to highlight RRx-001’s unique mechanisms of action and activity —vali-
dation of its one-of-a-kind potential to turn cancer into a chronic disease through
resensitization and RadioRx’s nontraditional ‘non-me too’ method of drug develop-
ment.
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Chapter 17
Nitric Oxide, Coagulation and Cancer

Benjamin A. Derman, Hau C. Kwaan, Malak Elbatarny and Maha Othman

Abstract Nitric Oxide (NO) is a well-known potent and rapid vasodilator and
inhibitor of coagulation. Synthesized from an L-arginine precursor, NO is produced
via the Nitric Oxide Synthase enzyme which is expressed constitutively in endo-
thelial cells. Nitric oxide has a wide range of biological properties that maintain
vascular homeostasis and protection of the vessel from injurious consequences. The
decreased production of NO in pathological states causes deleterious effects, creat-
ing an endothelial dysfunction state with a wide variety of subsequent diverse bio-
logical effects. There is now evidence of the link between hypoxia and/or reduction
of NO availability and coagulopathies. NO is also a modulator of various cancer-
related events and has anti-tumor properties. Cancer is a known hypercoagulable
state and hypoxia is a typical feature of the tumor micro-environment. Cancer
patients—particularly those with advanced or metastatic states—are at higher risk of
developing venous and arterial thromboembolic events. The dichotomous nature of
nitric oxide with regard to its tumorigenic and tumoricidal properties are at present
under intense investigation. The transcendent field of nanotechnology has moved
into the realm of NO donor therapy, though currently there are no commercially
available carriers of NO. While nanotechnology is not quite at the translational
research stage, it poses the greatest potential for storage and site-specific delivery
of high concentrations of NO to tumors. In this chapter, we review the effects of NO
on various hemostatic elements, the pro-tumoral and anti-tumoral effects of NO and
finally shed some light on the link between NO, cancer and coagulopathies.
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Abbreviations

NO nitric oxide

NOS nitric oxide synthase

aPTT activated partial thromboplastin time
vWF von Willebrand factor

LPS lipoproteinpolysaccharides

TEG thromboelastography

TF tissue factor

MPs microparticles

PCa prostate cancer

GTN glyceryl trinitrate

tPA tissue plasminogen activator

uPA urokinase type plasminogen activator
PAI plasminogen activator inhibitors

L-NMMA L-NG-monomethylarginine
nNOS neuro-isoform of NOS
eNOS endothelial isoform of NOS

iNOS inducible NOS

PGE2 prostaglandin E2

VEGF vascular endothelial growth factor
COX-2 cyclooxygenase-2

EMT epithelial-mesenchymal transition
MMP matrix metalloproteinases

NODD NO-donating drugs
NSAID non-steroidal anti-inflammatory drug
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Introduction

It is well known that nitric oxide (NO) is a potent and rapid vasodilator and inhibi-
tor of coagulation. Synthesized from an L-arginine precursor, NO is produced via
nitric oxide synthase (NOS), a calcium-calmodulin-dependent enzyme which is ex-
pressed constitutively in endothelial cells. The synthase enzyme is also known to be
activated in the presence of inflammatory mediators as well as lipopolysaccharide
(LPS) indicating the critical relationship between NO and inflammation. Studies
have indicated that inducing NOS activity such as after an endotoxic shock chal-
lenge increases NO output detectable in 3—12 h [1-3].

NO has a wide range of biological properties that maintain vascular homeostasis,
including modulation of vascular dilator tone, regulation of local cell growth, and
protection of the vessel from injuries from activated platelets and white cells in the
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blood, thereby playing a crucial role in the normal endothelial function. Hyper-
tension, hypercholesterolemia, smoking, diabetes mellitus, heart failure and cancer
are associated with diminished release of NO into the arterial wall either because
of impaired synthesis or excessive oxidative degradation. NO is a modulator of
various cancer-related events and has anti-tumor properties. The decreased produc-
tion of NO in some pathological states causes deleterious effects in the endothelial
equilibrium, resulting in endothelial dysfunction and a wide variety of subsequent
diverse biological effects [4]. Evidence exists from pathological conditions such as
obstructive sleep apnea [5] and placental alterations in rat models [6] of the relation-
ship between hypoxia and coagulopathies.

NO is a core molecule in endothelial and blood vessel functions. The endothe-
lial cell surface in an adult human is composed of approximately 1-6 x 10'3 cells,
and spans a surface area of approximately 350 m? with a mass of about 110 g [7,
8]. The endothelium contains growth factors, coagulant and anticoagulant proteins,
lipid transporting particles, metabolites and hormones; it also expresses proteins
and receptors that control cell-cell and cell-matrix interactions [9]. Stimulation
of the endothelium in conditions of shear stress or inflammation induces a pro-
thrombotic and antifibrinolytic microenvironment. Given the wide distribution
and heterogeneity of the endothelium, every organ system including blood ves-
sels within these organs can be affected as result of endothelial damage or insult.
Moreover, endothelial cells from diverse tissues are heterogeneous with respect to
their surface phenotype and protein manufacturing, release and expression. This
heterogeneity manifests itself differently in pathological states including thrombo-
sis [10] and cancer [11-14]. In this chapter, we will review NO’s specific effects on
hemostatic parameters including its important role in physiological endothelium,
platelets, coagulation factors, and other procoagulant and fibrinolytic elements
(Fig. 17.1). We will also discuss tumoral and antitumoral effects of NO and shed
some light on cancer therapeutics.

NO and Pro-Coagulant Factors

There have been no reports showing significant change in prothrombin time
upon exposure to NO [15]. Inhaled NO in healthy males did not alter hemostasis
significantly, as measured by the activated partial thromboplastin time (aPTT)
and the bleeding time [16]. However, inhalation of NO in animals resulted in
prolongation of the bleeding time [17], and the inhibition of NO synthesis short-
ened the prolonged bleeding time in uremic rats [18]. The reduction of NO did
not significantly increase levels of factors II, V, or VII, but NOS inhibitors were
associated with moderate increases in the plasma von Willebrand factor (vWF)
[19], endothelial thrombogenicity, and vascular platelet thrombi [15, 20]. These
effects indicate that this vascular damage can be causally linked to the increased
vWFE.
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In a porcine model of endotoxin septic shock, a NOS inhibitor administration
resulted in coagulation changes consistent with disseminated intravascular coagu-
lation. In response to bacterial membrane lipoproteinpolysaccharides (LPS), there
was a fourteen-fold elevation in thrombin and antithrombin complexes over the
baseline; this increased further to twenty-seven-fold the baseline with the use of
NOS inhibitors [15]. Moreover, prolonged inhibition of NOS significantly elevated
fibrinogen levels in a dose-dependent manner in murine models [21].

Furthermore, the expression of tissue factor, the key trigger of coagulation, was
inhibited in association with NO release in response to statin derivatives [22]. This
inhibition was also associated with inhibition of collagen-induced platelet-aggrega-
tion, collagen-induced platelet P-selectin expression, platelet adhesion to collagen-
coated coverslips under high shear stress indicating strong antithrombotic effects
for these drugs, likely mediated through NO release.
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NO and Global Hemostasis

Inhalation of NO has no major impact on hemostasis in healthy subjects, because no
significant changes in platelet counts and levels of coagulation activation markers
have been found in venous blood after drug administration [23]. However, in neo-
nates with persistent pulmonary hypertension, inhalation of NO inhibited coagula-
tion as evidenced by the more sensitive global hemostatic test thromboelastography
(TEG) [24]. This was also supported by another study that showed an inhibitory
effect for NO on all TEG parameters in platelet rich plasma and whole blood: it
caused a longer reaction time (R), decreased angle, and reduced maximum ampli-
tude (MA) in a dose-dependent manner [25].

Bradykinin is a potent stimulator of NO formation and prostacyclin release from
the endothelium. Bradykinin binds to B1 and B2 receptors on endothelial cells,
opens endothelial calcium channels, and activates NOS [26]. A study with bradyki-
nin B receptor knockout mice showed reduction of thrombosis risk; this was shown
to be mediated by an overriding mechanism involving angiotensin II which induced
an elevation in NO and prostacyclin [27].

NO and Pro-Coagulant Microparticles

Microparticles (MPs) are membrane vesicles with procoagulant and proinflamma-
tory properties released during cell activation or apoptosis. MPs can be released
from all types of cells and carry phenotypic markers of these cells. Tissue factor
(TF)-bearing MPs can serve as novel signaling elements and trigger hemostasis.
Studies have shown that LPS administration leads to an increase in the numbers of
MPs released from platelets, monocytes, and endothelium but inhalation of NO did
not influence them [28].

However, patients with prostate cancer (PCa) have shown increased plasma pro-
coagulant MPs. Moreover, hypoxia was recently shown to induce the release of
TF-MPs by human PCa cell lines in vitro, which was reduced by the NO mimetic
nitroglycerin (glyceryl trinitrate, GTN) [29]. In a pregnancy rat model of abnor-
mal inflammation, inflammation-induced systemic coagulopathies were associated
with placental hemostatic alterations and impaired placental hemodynamics [6]. In
a closely similar model, GTN prevented inflammation-associated coagulopathies
and fetal death, indicating a role for NO in triggering inflammation-induced co-
agulopathy [30]. These data add to the evidence of the link between hypoxia, nitric
oxide, and coagulation.
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NO and Natural Coagulation Inhibitors

Little is known about the relationship between of NO and natural coagulation in-
hibitors. Antithrombin III pretreatment was shown to reduce NO levels and improve
survival in a rat model of heat stress-induced acute inflammation [31]. Activated
protein C administration in rat model of experimental septic shock improved hemo-
dynamics and myocardial efficiency by downregulating the inducible nitric oxide
synthase pathway and reducing myocardial oxidative stress [32]. These data indi-
cate once again the close link of hypoxia, inflammation and coagulation.

NO and the Fibrinolytic System

The plasminogen-plasmin system consists of plasminogen, a precursor of the active
protease plasmin, which is then converted to plasmin by plasminogen activators,
tissue plasminogen activator (tPA) and urokinase type plasminogen activator (uPA).
The process is inhibited by several plasminogen activator inhibitors (PAI), of which
PAI-1 has been shown to play an important role in both physiologic and pathologic
conditions [33, 34]. NO is involved in modulating the fibrinolytic activity in blood.
Sodium nitroprusside given to rabbits results in increase in tPA [35], believed to be
due to the inhibition of clearance of tPA by PAI-1. This was confirmed by findings
in human volunteers when after administration of a NO donor, mobsidomine, PAI-1
was reduced concomitantly with an increase in tPA [36] Conversely, the inhibition
of NOS by L-NS-monomethylarginine (L-NMMA) can block the increase in tPA
[37].

On the other hand, tPA can also affect NO production. In the central nervous
system, NO is an important modulator in mediating neurogenesis [26, 38] syn-
aptic plasticity [35], and neuronal signaling [36]. Under physiologic conditions,
tPA reduces NO by dislocating the neuro-isoform of NOS (nNOS) in neuronal cul-
tures and, through the activation of plasminogen to plasmin, by proteolysis of NOS
[41]. In stressed conditions with excitotoxicity, NO modulates neurodegeneration
[42] tPA regulates NO production through its proteolytic action on NOS [43, 44].
Much less is known of tPA in the other organs. Notably, hypertension, aortic arte-
riosclerosis, and coronary perivascular fibrosis developed in experimental animals
given long-term treatment with N®-nitro-L-arginine methyl ester (L-NAME), an
inhibitor of NOS. These changes are not seen in PAI-1 knock-out animals 45. In
these animals, there is upregulation of PAI-1. PAI-1 is known to have a role in the
pathogenesis of a number of vascular pathologies, including hypertension and ath-
erosclerosis and in pulmonary fibrosis. It is, thus, hypothesized that this interaction
with the endothelial isoform of NOS (eNOS) may account for the role of PAI-1 in
the vasculopathy and fibrosis. This concept was verified in experiments when an
inhibitor of PAI-1, TM5441, was able to prevent hypertension and vascular changes
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in L-NAME-treated animals [46, 47]. Such experimental therapeutic approaches
pave the way for further exploration of the NO system for many vasculopathies.

NO and Platelets and Thrombosis

The NO derived from endothelial cells also affects platelet function. It impairs
platelet aggregation [48, 49] and activation [50]. It also down-regulates P-selectin,
thus preventing platelet-endothelial adhesion [51]. By the same token, inhibition of
NO results in platelet adhesion [51-53] and aggregation [53].

Thus, the enhancement of NO may be of potential therapeutic benefit. This has
been explored in sepsis, where platelet adhesion to endothelium can impair the mi-
crocirculation [54]. In sepsis, there is increased oxidative stress leading to platelet
adhesion and microcirculatory blockage. It has been shown that the administration
of the antioxidant ascorbic acid inhibits this series of events and that the action of
ascorbic acid is dependent on local NO produced by eNOS [54].

Recently, studies showed that NO also participates in the pathology of the an-
tiphospholipid syndrome, in which the presence of high levels of anti-beta2 glyco-
protein I antibodies is predictive of thrombotic complications [55]. This antibody
inhibits eNOS and attenuates the production of NO on the endothelial surface [56],
leading to a prothrombotic endothelial phenotype. A correlation between low plas-
ma NO levels and the titer of antiphospholipid antibodies as well as the number
of vascular occlusive lesions had been observed in patients with antiphospholipid
antibody syndrome [57].

NO and Cancer

NO is a modulator of various cancer-related events with additional anti-tumor prop-
erties [58]. Among the isotypes of NOS, inducible NOS (iNOS) has been found
to be activated in various types of tumors, including breast, colon, head and neck,
esophagus, lung, prostate, bladder, and pancreatic carcinomas, brain tumors, meso-
thelioma, Kaposi’s sarcoma, and hematologic malignancies [59]. iNOS is induced
by cytokines and lipopolysaccharides within the inflammatory milieu [60]. NO pro-
duction is particularly important in these inflammatory states, as it can form reac-
tive nitrogen species (RNS) nitrogen dioxide (NO,) and peroxynitrite (ONOO"),
which in turn cause DNA and lipid damage via oxidative and nitrosative stress.
Moreover, RNS are involved in inducing a tumor specific immune response that
ultimately inhibits T-cell penetration and function in the tumor microenvironment
that aids in tumor growth [61].



288 B. A. Derman et al.

Pro-Tumoral Effects of NO

Under normal physiologic circumstances, NO in low concentrations performs many
vital functions including regulating blood flow, iron hemostasis, and neurotransmis-
sion. At higher concentrations, it acts as an immune regulator; iNOS generates large
amounts of NO in macrophages and neutrophils in order to eliminate a variety of
pathogens [60].

Nonetheless, in the setting of inflammation and/or cancer, both low and high NO
concentrations can have deleterious pro-tumoral properties. Low NO concentra-
tions can act to increase cell proliferation, angiogenesis, metastasis and invasive-
ness, and decrease apoptosis. High levels—though it has the effect of increasing
apoptosis—cause extensive DNA damage, but more importantly cause oxidative
and nitrosative stress. However, the direct modification of DNA and inactivation of
DNA repair enzymes by NO alone are simply not enough to lead to carcinogenesis
[62].

The indirect effect of NO—the production of RNS—is the true pathogenic and
carcinogenic culprit. Excess NO, particularly in the setting of inflammation, reacts
with superoxide anion to form the powerful oxidant peroxynitrite (ONOO™) [58, 60,
63]. Peroxynitrate is involved in several carcinogenic pathways, including genotox-
ic mechanisms (inducing DNA damage, suppressing DNA repair enzymes such as
p53, and modifying post-translational proteins), antiapoptotic effects, promotion of
angiogenesis, promotion of metastasis, inhibition of antitumor immune responses,
and promotion of the epithelial-mesenchymal transition [58, 62—65].

NO alone can cause direct DNA damage by way of strand breaks, oxidation,
and deamination of nucleic acids. The more potent derivative peroxynitrite induces
DNA damage by forming 8-nitroguanine, in addition to inducing lipid peroxidation
that ultimately creates more reactive species to form DNA adducts [62]. Chronic
nitrosative stress is further genotoxic via its post-translational alteration of proteins
involved in intracellular signal transduction; this in turn leads to abnormal growth
and proliferation of cells [62]. NO can cause further genome infidelity by inhibit-
ing DNA repair processes via nitrosylation of DNA alkyl-transferase, xeroderma
pigmentosum-A, and 8-oxoguanine glycosylase-1 [59].

But it is truly the antiapoptotic effects exerted by NO and its derivatives that
allow for the aforementioned mutations to escape repair or inactivation. NO has
been shown to cause loss-of-function mutations in p53 in HPV [65], inhibit caspase
activation via S-nitrosylation [66], activate cyclooxygenase, inhibit release of cyto-
chrome C, and increase bcl-2 expression [67]. All of these actions serve to create a
permissive milieu for cancer cells to thrive.

The metabolically active cancer cells need a robust vascular network in order to
maintain growth. NO produced by eNOS dilates arterioles that assist in augment-
ing tumor blood flow, in addition to decreasing leukocyte endothelial adhesion and
increasing vascular permeability via increased prostaglandin E2 (PGE2) production
[68, 69]. NO is perhaps most influential in angiogenesis by mediating up-regulation
of the vascular endothelial growth factor (VEGF) by ¢cGMP pathways [69, 70].
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Production of cyclooxygenase-2 (COX-2) by NO also stimulates proangiogenic
factors and prostaglandins that lead to neovascularization to increase a tumor’s in-
vasiveness and metastatic potential [68, 70]. To achieve effective invasiveness and
metastasis, however, the tumor environment must undergo the epithelial-mesenchy-
mal transition (EMT). EMT refers to a complex set of events that are responsible
for the rapid changes in the epithelial cell phenotype, during which they assume
mesenchymal cellular properties. EMT essentially enables transformed cells to tra-
vail through the basement membrane that is encapsulating a tumor, and invade lym-
phatic or blood vessels so as to gain access to other organs [63, 71, 72]. The effect of
NO on EMT is controversial, with evidence supporting its ability to both augment
and attenuate the EMT dedifferentiation and hence tumor invasiveness and metasta-
sis. In gastric carcinomas, for example, a significant correlation was found between
iNOS expression in tumor cells and loss of differentiation. iNOS expression was
most notable in ‘EMT-like’ dedifferentiation areas with loss of cohesion and an in-
vasive phenotype [73]. Similarly, a study involving colorectal adenocarcinoma cells
expressing iNOS (HRT-18 cells) versus those not expressing iNOS (HRT-29 cells)
were shown to be nearly three times more invasive; further supporting this result
was the increased invasiveness of the HRT-29 cells in the presence of an NO donor
and inflammatory cytokines [74]. The mechanism by which NO increases tumor
invasiveness is thought to be related to up-regulation of matrix metalloproteinases
(MMP-2 and MMP-9) and downregulation of tissue inhibitors of MMPs such as
TIMP-2 and TIMP-3 [75].

Anti-Tumoral Effects of NO

The dichotomous nature of NO with regard to its tumorigenic and tumoricidal
properties is not to be understated. Low concentrations of NO promote tumor cell
survival and angiogenesis, whereas high levels of NO (typically>500 nM) have a
cytotoxic propensity, particularly as it pertains to inducing apoptosis [63, 76]. The
concept of a dose threshold for NO is key to understanding NO-induced cytotoxicity.

NO has the potential to induce apoptosis through various mechanisms, including
S-nitrosylation of NF-kappa-B, glyceraldehyde-3-phosphate dehydrogenase, Fas
receptor and Bcel-2 [77, 78]. Furthermore, NO ignites the caspase cascade that is
responsible for releasing mitochondrial cytochrome C into the cytosol that is ulti-
mately responsible for initiating the chain of apoptotic events [67, 79]. NO and its
relationship to p53 has proven to be baffling. Wild-type p53 appears to be activated
by low-dose NO, which in turn exerts a negative feedback loop to inhibit further
NO generation. High NO concentrations appear to inactivate pS3 via peroxynitrite
tyrosination, causing mutations in the p53 gene itself that lead to the loss of repres-
sor activity. This, in turn, leads to increased iNOS expression, which feeds a cycle
of NO generation, DNA damage, and additional mutations [59].
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NO has also been shown to suppress metastasis by inhibiting the EMT at high
concentrations. Indeed, in vitro studies have shown that treatment of human meta-
static prostate cell lines with NO donors is able to inhibit EMT and reverse the
mesenchymal phenotype and cell invasive properties [80]. Given that most studies
investigating the anti-tumoral role of NO have been in vitro, it is difficult to extrapo-
late its potential in vivo effects. In particular, the question remains whether high
enough NO concentrations can be accomplished in vivo so as to facilitate apoptosis
without up-regulating pro-tumoral pathways.

NO and Cancer Therapeutics

It should follow that NO is a strong candidate and target for anticancer therapeutics,
albeit with two drastically different approaches to achieve the same desired effect.
Anti-NO cancer therapies have been investigated as a means to modulate the delete-
rious effects of RNS. NO scavengers have shown promising results, from reducing
cancer-related vascular hyperpermeability [81] to inhibiting colon cancer develop-
ment [82]. NOS enzyme inhibitors, especially iNOS-specific inhibitors, have been
shown to decrease the rate of premalignant lesion development in colon cancer [83].
However, NOS inhibitors require long-term administration, as early cessation of
therapy can result in tumor regrowth [84].

As it pertains to radiation, NO appears to have both radiosensitizing and ra-
dioprotecting properties. NO has the ability to act as a radiosensitizer of hypoxic
tumor cells, mimicking the effects of oxygen on fixation of radiation-induced DNA
damage [85, 86]. NO can also exert radioprotective effects as it is a free radical that
can scavenge other free radicals induced by radiation and inhibit further DNA dam-
age. Moreover, NO can decrease blood flow to bone marrow via the vascular steal
phenomenon, which paradoxically causes hypoxia in the marrow and protects those
cells from radiation damage [87].

The concept behind NO-based drugs is that its therapeutic consequence is heav-
ily dependent on the concentration and duration of NO delivered. Indeed, effective
NO-based drugs must be able to accomplish three tasks: (1) store NO doses for a
specific duration, (2) deliver finite amounts of NO over a specific amount of time
(i.e. rate), and (3) selectively deliver NO to the tissue of interest given its short
half-life [84]. Pro-NO cancer therapies follow this recipe by increasing NO concen-
trations locally at the tumor site to exert its anti-tumoral (i.e. proapoptotic) effects
while sparing healthy cells [88].

Pro-NO strategies include iNOS gene therapy and NO donor drugs. NOS gene
therapy was thought to be a workaround to increase NO delivery in the setting of
malignancy. However, this strategy has been met with substantial obstacles initially
due to the hazard from the viral vectors required to deliver the gene therapy [89],
but also secondary to early death of the NOS transfectants. The constitutive expres-
sion of NOS can paradoxically lead to the death of the transfectant, thereby decreas-
ing the amount of time that NO can be generated [59].
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There are many NO donor therapies (also known as NO-donating drugs, NODD),
but the most studied and best understood is NO-NSAID, a NSAID (non-steroidal
anti-inflammatory drug) with a NO-donor covalently bound to it [59, 90]. NO ap-
pears to enhance the anticancer potential of NSAIDs, though the mechanism by
which this occurs is unclear. Some have suggested that NO-NSAIDs accomplish
this via direct inhibition of hypoxia-inducible factor-1alpha, a VEGF transcription-
al activator [91]. Other evidence suggests that NO-NSAIDs induce apoptosis and
modulate the Wnt and NF-kappa-B signaling pathways to achieve its anticancer
effect [90]. Regardless, NO-NSAIDs such as NO-acetylsalicylic acid (NO-ASA)
exhibit inhibition of colon cancer cell lines in vitro and in animal models as well
[92]. NO-NSAIDs have also been shown to have proapoptotic and anti-invasive
properties in prostate cancer [93, 94]. Other NO-donor drugs have been studied as
well, including NONOates DEA/NO and PAPA/NO, SNAP and GSNO, with vary-
ing efficacy in numerous cancer cell lines.

The transcendent field of nanotechnology has moved into the realm of NO donor
therapy, though there are currently no commercially available carriers of NO. The
theory behind nanoparticles is to load high amounts of NO onto a stable material
that can be photoactivated. While nanotechnology is not quite at the translational
research stage, surely it poses the greatest potential for storage and site-specific
delivery of high concentrations of NO to tumors.
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Neutral Sphingomyelinase 2: Structure,
Function, and Regulation with Emphasis
on Nitric Oxide Involvement and Potential
Implications for Cancer Therapy

Bei Lei Sun and Bulent Mutus

Abstract Mammalian neutral sphingomyelinase 2 is encoded by the gene smpd3
and belongs to the family of hydrolases which catalyze the breakdown of sphin-
gomyelin to form ceramide and phosphocholine. The bioactive ceramide can then
act as the second messenger molecule capable of mediating an array of cellular
events, such as growth arrest and apoptosis. Recent studies have revealed that the
expression and activity of neutral sphingomyelinase 2 are selectively regulated and
this regulation can take place at the transcriptional level as well as at the post-
translational level. Upon exposure to oxidative stress, endoplasmic reticulum stress,
tumour necrosis factor alpha stimulation or anti-cancer drugs, altered neutral sphin-
gomyelinase 2 activity directly translates into changes in ceramide levels which
help cells mount an appropriate response. On the other hand, inappropriate acti-
vation or inhibition of neutral sphingomyelinase 2 could contribute to the devel-
opment of pathological conditions such as cancer and endothelial dysfunction. In
this chapter, we focus on current knowledge regarding neutral sphingomyelinase
2 structure, the regulation of its activity, its function and potential involvement in
stress response and cancer genesis.
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nNOS  Neuronal nitric oxide synthase
ER Endoplasmic reticulum
HAEC Human airway epithelial cells
HEK Human embryonic kidney
HSP Heat shock protein

MAPK  Mitogen activated protein kinase
PKC Protein kinase C

ROS Reactive oxygen species

SM Sphingomyelin

SMase  Sphingomyelinase

TNF Tumour necrosis factor

Introduction

Sphingolipids are a major component of the plasma membrane in eukaryotic cells.
This class of lipids typically consists of a sphingosine backbone, a long chain fat-
ty acid molecule, and a variable polar head group. Originally considered to serve
only structural roles, these lipids are now recognized as important players in a wide
range of signal transduction pathways [1-3]. In particular, sphingomyelin (SM)-
based pathways have received considerable attention in recent years.

The SM molecule has a polar phosphorylcholine head group and the compo-
sition of the long chain fatty acid varies from tissue to tissue and can be either
saturated or mono-unsaturated with 14 to 24 carbons [4—5]. Results based on cell
fractionation studies and degradation experiments suggest that more than half of the
cellular SM mass is confined to the plasma membrane [6]. The exact percentage
may vary from one cell type to another, though it has been reported that cells with
extensive plasma membrane recycling have a larger fraction of SM in the intracel-
lular compartments [7].

The hydrolysis of SM yields ceramide, which is an important second messenger
molecule capable of modulating a variety of cellular events, such as cell cycle ar-
rest, differentiation, inflammation and apoptosis [8—10]. SM hydrolysis is specifi-
cally catalyzed by a group of enzymes known as sphingomyelinase (EC.3.1.4.12).
SMase can be further classified into three groups (acid, alkaline and neutral) based
on their distinct pH optimum. Acid SMase is responsible for the catabolism of SM
within the lysosomes and a deficiency of this enzyme leads to the human Niemann-
Pick disease [11, 12]. In recent years, acid SMase has also been reported to be an
important player in stress-induced ceramide generation and subsequent signaling
pathways [13—16]. For more detailed information on acid SMase, we recommend
the reviews by Smith and Schuchman [17]; and Zeidan and Hannun [18]. On the
other hand, alkaline SMase is found in the intestinal tract, bile and liver, and it plays
a crucial role in SM digestion [19, 20]. Recent findings by Zhang et al. also point
toward the potential involvement of alkaline SMase in regulating mucosal growth
as well as the function of alkaline phosphatase [21].
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Neutral magnesium-dependent SMase activity was first described in 1967 by
Scheider and Kennedy [12]; since then, several mammalian forms have been iden-
tified and characterized. Neutral SMasel was identified and cloned based on re-
mote sequence similarity to known bacterial sphingomyelinases in 1998 [22]. A
year later, results from overexpression and radiolabeling experiments suggested
that this 423 amino acid integral membrane protein acts as lyso-platelet activating
factor phospholipase C rather than sphingomyelinase in cells [23]. Additional stud-
ies are needed to further determine the physiological roles of neutral SMasel. More
recently, neutral SMase3, a C-tail anchored protein, was identified using peptide
sequence from purified bovine SMases [24]. A study by Cororan et al. suggested
this 97 kDa protein may be linked to tumorigenesis and cellular stress response
[25]. Neutral SMase? is the most studied member of the neutral SMase family and
has been implicated in a number of pathological conditions. This short chapter will
review current knowledge regarding the structure and function of neutral SMase2,
as well as regulation of its expression and activity.

Neutral SMase2 Structure and Subcellular Localization

In 2000, Hofmann and colleagues identified the mammalian neutral SMase2 based
on remote similarity to bacterial sphingomyelinases using a bioinformatics based
gene discovery approach coupled with phylogenetic analysis [26]. This membrane
protein consists of 655 amino acid residues with an overall predicted molecular
weight of 71 kDa. Neutral SMase2 was reported to be magnesium dependent and
can be activated by unsaturated fatty acids as well as anionic phospholipids, such
as phosphatidylserine [26, 27]. Unlike neutral SMasel, neutral SMase2 exhibits
SMase activity both in vitro and in vivo with overexpression of this enzyme result-
ing in accelerated SM catabolism and an increase in ceramide levels [27]. The pro-
posed domain structure of neutral SMase2 (Fig. 18.1) consists of two hydrophobic
segments near the N-terminus, followed by a 200-residue collagen-like triple heli-

e

D Hydrephobic Segment D Putative Catalytic Domain

. Anionic Phospholipid Binding Domain . Palmitoylation Site
I Collagen-Like Triple Helices (@N)  Cakeineurin Binding Site

Fig. 18.1 Schematic representation of human neutral SMase2 (GenBank accession number
QINY59.1). Structural features and putative domains are indicated
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ces and a catalytic domain near the C-terminus [26]. Although the two hydrophobic
segments were initially proposed to be transmembrane domains, subsequent analy-
sis of neutral SMase2 membrane topology by Tani and Hannun suggested that these
segments do not actually span the entire membrane [28]. Two discrete anionic phos-
pholipid (APL) binding domains were identified near the N-terminus which allow
neutral SMase?2 to interact specifically with certain APLs including phosphatidyl-
serine and phosphatidic acid [29]. The two APL binding domains partially overlay
with the two hydrophobic segments and mutagenesis studies revealed that Arg-33,
Arg-45 and Arg-48 are essential for interaction with APL in the first domain while
Arg-92 and Arg-93 are critical for the second domain [29]. Neutral SMase2 can
also be palmitoylated in two cysteine clusters via thioester bonds [30]. Site directed
mutagenesis of cysteine to alanine uncovered that this palmitoylation is important
for protein stability, as well as its localization with palmitoylation deficient mutants
showing rapid degradation and reduced membrane association [30].

The subcellular localization of neutral SMase2 has been reported mainly in two
organelles. Hofmann et al. observed localization predominantly at the Golgi in sev-
eral cell lines derived from the brain [26]. In contrast, Marchesini et al. reported
localization at the plasma membrane in confluence arrested MCF7 cells a few years
later [31]. Subsequent studies suggest neutral SMase?2 is transported between the
Golgi and plasma membrane and this intracellular trafficking may be important for
its catalytic regulation [32, 33].

Neutral SMase2 Function

During recent years, neutral SMase2 has emerged as an important mediator of cel-
lular stress response, mainly through the production of ceramide. In human airway
epithelial cells (HAEC), exposure to oxidative stress (H,O,, cigarette smoke) se-
lectively induces the activation of neutral SMase2; and the resultant increase in
cellular ceramide leads to HAEC apoptosis and lung injury. This response to oxida-
tive stress is lost upon siRNA silencing of neutral SMase2 [33, 34]. The expression
level of neutral SMase?2 is also significantly higher in lung tissues obtained from
patients with pulmonary emphysema (smokers) as compared to normal control sub-
jects [35]. Together, these studies suggest that neutral SMase2 plays a critical role
in ceramide generation following oxidative stress both in vitro and in vivo. Oxidant
exposure has been shown to affect the subcellular localization of neutral SMase2,
such that preferential trafficking to the plasma membrane is observed under condi-
tions of oxidative stress; and exposure to the antioxidant glutathione (GSH) leads
to the trafficking of neutral SMase2 to the nucleus, where both ceramide generation
and apoptosis appear to be attenuated [33]. Clement et al. demonstrated that certain
types of neuronal cells could adapt to chronic oxidative stress by down-regulating
neutral SMase activity [36]. These cells exhibit increased intracellular cholesterol
levels and are resistant to apoptosis. Extracellular treatment of the stress resistant
cells with neutral SMase reverses the stress-resistant phenotype; while treatment
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of oxidative stress sensitive neuronal cells with neutral SMase?2 inhibitors elevated
cellular cholesterol and made the cells more resistant to oxidative stress [36].

Endoplasmic reticulum (ER) stress has been shown to inhibit the activity of neu-
tral SMase?2 in bovine aortic endothelial cells (BAEC) [37]. When treated with the
ER stressor palmitate or tunicamycin, reduced neutral SMase2 activity in BAEC
leads to less ceramide generation, which results in a decrease in NO production
as endothelial nitric oxide synthase (eNOS) activation is ceramide-dependent [38].
Similarly, siRNA mediated knock-down of neutral SMase?2 also results in a decrease
in NO generation [37]. This reduced bioavailability of NO promotes the dominance
of vasoconstriction over vasodilation. In this way, decreased neutral SMase2 ac-
tivity could be a contributing factor in the induction of endothelial dysfunction.
Neutral SMase?2 is involved in the activation of inducible nitric oxide synthase
(INOS). In C6 rat glioma cells, inhibition of neutral SMase2 prevents the induc-
tion of iNOS by lipopolysaccharide, whereas inhibition of acid SMase or ceramide
de novo synthesis had no effect, suggesting that the ceramide produced by neutral
SMase? is critical in the regulation of iNOS expression [39]. Similarly, treatment
with GW4869, a specific neutral SMase inhibitor, decreases iNOS expression in
cultured human retinal pigment epithelial cells and protects these cells from ER
stress-induced apoptosis [40].

Neutral SMase2 also participates in the regulation of cell growth and cancer
genesis. Marchesini and colleagues demonstrated that neutral SMase2 is involved
in confluence-induced growth arrest in MCF7 cells [31]. Specifically, endogenous
neutral SMase2 mRNA is up-regulated when cells become confluent and this up-
regulation is associated with G /G, cell cycle arrest as well as an increase in the
level of ceramide. While neutral SMase?2 is distributed throughout the cells in sub-
confluent, proliferating cultures, its localization is limited to the plasma membrane
in growth arrested cultures at confluence [31]. Nucleotide sequencing in a panel
of human cancers revealed mutations in the smpd3 gene, which encodes neutral
SMase2, were present in a subset of human leukemia [41], suggesting that neutral
SMase2 may have a functional role in cancer initiation or progression.

A number of anti-cancer drugs can act through neutral SMase?2. Ito et al. showed
that treatment with daunorubicin increases neutral SMase2 mRNA and protein lev-
els in MCF7 cells, placing neutral SMase2 in an important role in daunorubicin-
induced cell death [42]. In oligodendrocytes, neutral SMase2 over-expression leads
to increased ceramide generation and enhances apoptosis induced by staurosporine
or C(2) ceramide [43]. Furthermore, the Sonic-hedgehog inhibitor cyclopamine has
been shown to induce apoptosis in Daoy human medulloblastoma cells by selec-
tively activating neutral SMase2 in a nNOS/NO-dependent fashion. siRNA knock-
down of neutral SMase2 protected these cells from drug induced apoptosis [44].
Protopanaxadiol, from the root extract of Panax ginseng, can exert cytotoxicity
against 5 different cancer cell lines through neutral SMase?2 activation and disrup-
tion of membrane lipid rafts [45]. Although much more work is needed to deduce
all relevant mechanisms, neutral SMase2 could potentially be used to improve the
efficiency and selectivity of chemotherapeutic treatments.
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Regulation of Neutral SMase2

Neutral SMase? is a redox sensitive enzyme and the antioxidant GSH inhibits its
upregulation [33, 46]. Pre-treatment of MCF7 cells with GSH has been shown to
prevent diamide-induced neutral SMase activation [47]. Similarly, treatment with
GSH can also protect HAEC from oxidative stress-induced ceramide generation
and apoptosis [33, 34]. Further experiments are needed to deduce the specific mech-
anisms of this inhibition.

All-trans retinoic acid causes G /G, growth arrest in many cell types. Using
MCF7 cells as a model system, Clarke et al. showed that this growth arrest was me-
diated by an increase in neutral SMase2 activity [48]. This increase in activity was
later found to be mostly due to enhanced transcription [49]. Promoter analysis re-
vealed the importance of the 5’ promoter region of neutral SMase2 which contains 3
Sp1 sites. Mechanistically, Ito et al. suggested that ATRA treatment activates PKCS
which then phosphorylates Sp1. The phosphorylated Sp1 transcription factor binds
to the neutral SMase2 promoter, resulting in increased level of transcription [49].

HSP60 has been shown to interact with neutral SMase2 using proximity ligation
assay and immunoprecipitation. Treatment with HSP60 siRNA leads to an increase
in neutral SMase?2 protein levels in neutral SMase2 overexpressing HEK293 cells,
suggesting that HSP60 could be a negative regulator of neutral SMase2 [50].

Long-term as well as acute stimulation with the pro-inflammatory cytokine tu-
mour necrosis factor alpha (TNF-a) can activate neutral SMase?2 in a number of cell
lines including MCF7, A549, HUVEC and smooth muscle cells [27, 38, 51, 52]. In
A549 cells, exposure to TNF-a results in the translocation of neutral SMase? to the
plasma membrane in a time- and dose-dependent manner [S1]. Interestingly, both
the activation and translocation of neutral SMase2 following TNF-a stimulation
appear to be dependent upon p38 MAPK [51]. These results suggest that neutral
SMase?2 activity could be modulated by intracellular trafficking and the major site
of action is likely at the plasma membrane. In 2012, Barth and colleagues have also
shown that TNF-a activates neutral SMase2 in both neurons and non-neuron cells,
causing ceramide accumulation, ROS formation and apoptosis [53]. The polycomb
group protein EED has been identified as an interaction partner for neutral SMase2
and physically couples neutral SMase2 to the [RACK1-FAN-TNF receptor] com-
plex allowing the transduction of signals initiated by TNF [54].

Recently, Filosto and colleagues reported that neutral SMase?2 is a phosphopro-
tein with phosphorylation occurring exclusively at serine residues [55]. This phos-
phorylation event has been suggested to occur downstream of p38 MAPK and PKC
[55]. In human airway epithelial cells, exposure to oxidative stress enhances the
phosphorylation of neutral SMase2, which leads to increased activity [55, 56]. In
addition, the phosphatase calcineurin has been reported to bind directly to neutral
SMase?2, and when the binding site was mutated away, neutral SMase2 would ex-
hibit constitutively elevated phosphorylation and activity [55]. A subsequent publi-
cation by the same research group identified five serine residues which were phos-
phorylated. Three of those residues (Ser-289, Ser-292 and Ser-299) are positioned
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near the catalytic domain, while the other two (Ser-173 and Ser-208) are next to the
calcineurin binding site [56]. Overall, the phosphorylation of these five serine resi-
dues plays a critical role in neutral SMase?2 activation under oxidative stress. In ad-
dition, neutral SMase?2 protein stability could also be regulated post-translationally
by phosphorylation; specifically, the phosphorylation of Ser-208 leads to increased
protein stability [56].

Another reported post-translational modification of neutral SMase2 is palmi-
toylation. Two palmitoylated Cys. clusters were identified by Tani and Hannun
based on site directed mutagenesis [30]. One of those two clusters is located be-
tween the hydrophobic segments, while the other one is found within the catalytic
domain. This modification is important for the plasma membrane localization of
neutral SMase?2 as well as its stability with the palmitoylation deficient mutants be-
ing directed to lysosomes and rapidly degraded [30].

Unpublished work in the Mutus lab points toward the possibility that protein
S-nitrosylation could be an additional type of post-translational modification ca-
pable of down-regulating the activity of neutral SMase2. With reduced activity, the
corresponding decrease in ceramide generation can lead to evasion of apoptosis by
cancer cells in order to exhibit continued survival and proliferation following expo-
sure to stressors such as oxidative stress and chemotherapeutic drugs. Investigation
is currently ongoing to determine whether inappropriate S-nitrosylation of neutral
SMase?2 could confer a survival advantage to cancer cells.

Conclusion

Since its identification and cloning in 2000, neutral SMase2 has emerged as an im-
portant regulator of ceramide generation and sphingolipid signaling. Upon exposure
to oxidative stress, anti-cancer drugs or TNF-a stimulation, the activity of neutral
SMase? is selectively up-regulated, resulting in elevated levels of cellular ceramide,
which then activate pathways leading to programmed cell death. This increase in
neutral SMase?2 activity could be attributed to an up-regulation of transcription and/
or post-translational modifications. The subcellular localization of neutral SMase2
also affects its activity. Certain types of stimuli, such as hydrogen peroxide and
TNF-0, cause the preferential trafficking of neutral SMase2 to the plasma mem-
brane, where there is an enrichment of the substrate SM and the neutral SMase2
activating lipid phosphatidylserine [57]. Determination of trafficking mechanisms
will allow us to gain a deeper understanding of neutral SMase?2 physiology. In addi-
tion to stress response, neutral SMase?2 is also implicated in cell growth and cancer
genesis. Elucidation of relevant pathways will determine if neutral SMase2 could
be used as a therapeutic target for cancer treatments.
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The publisher regrets to have incorrect surname for Dr. Cian McCrudden and affili-
ation for Dr. McCarthy and Dr. McCrudden in the Preface. The correct version of
Preface is mentioned below:

Preface

The recent developments on understanding the challenging topic of nitric oxide
(NO) and its derivatives in the field of cancer have yielded significant advances in
the potential therapeutic use of NO-related donors in the fight against cancer, used
either alone or in combination with other therapies to achieve synergy. The first
book in this field “Nitric Oxide and Cancer: Prognosis, Prevention, and Therapy”
was published in 2010 by Springer, New York. This book consisted of many reviews
by authoritative scientists/ clinicians and included topics as follows: (1) The role of
NO in the pathogenesis of cancer (2) The dual roles of NO in protecting or induc-
ing cell death (3) The role of NO in metastasis (4) The chemo-immunosensitizing
activities of NO (5) The prognostic significance of NO and (6) The therapeutic ap-
plications of NO. Hence, this first book provided a general introduction regarding
the important role NO may play in cancer, a taboo subject that has not seriously
been considered in the past.

This new book “Nitric Oxide and Cancer: Pathogenesis and Therapy” extends
and adds several relevant advances that have been made in the last several years
with a thorough understanding of the current status of NO in cancer and its potential
therapeutic translational application in the clinic. This book has assembled contri-
butions from experts in this field and reports on up to date reviews on novel findings
on various topics of interest to both the scientific and non-scientific communities.

Part I deals with the “Molecular cell signaling by NO in cancer.” Five contribu-
tions cover this topic. Doctors Du and Geller (University of Pittsburgh) reviewed
the Wnt/B-catenin signaling pathways modulated iNOS/NO signaling in inflamma-
tion-induced carcinogenesis. They used transgenic animal models for their stud-
ies. Signals by iNOS/NO result in loss of heterozygosity of adenomatous polyposis
colon (APC) and activate the Wnt/B-catenin signaling pathway and contribute to
the development of cancer. In fact, inhibition of iNOS decreases the Wnt/B-catenin
signaling and cancer growth. These investigators established three pathways for the
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interaction between iNOS and the Wnt signaling, namely (i) a positive feedback
loop in which iNOS causes APC and B-catenin mutations and by Wnt-inducing
iNOS expression (ii) a negative feedback between Wnt and Dichhoff-1 (DKK1) in
which iNOS inhibits DKK1 gene expression and (iii) cross-regulation between the
NF-kB and Wnt/B-catenin pathways through iNOS/NO genes. They suggested that
combining iNOS inhibitors with NSAIDs may synergize for more potent anticancer
effects. Dr. Yakovlev (Virginia Commonwealth University) reviews “Nitric Ox-
ide and Genomic Stability.” 1t is well established that inflammation induces iNOS
and results in the overproduction of NO and reactive nitrogen species (RNS) that
participate in carcinogenesis by different mechanisms. Dr. Yakovlev discusses the
NO/ RNS-dependent mechanisms of genomic instability and bystander effects.He
reviews the mechanisms of “Synthetic lethality” of NO-RNS donor/PARP inhibitor
combination in sensitizing cancer cells to DNA-mediated damage effects. Dr. Sci-
cinski and colleagues (Mountainview, California) review “Targeting hyponitroxiain
cancer therapy.” Hyponitroxia is a pro-neoplastic effector and they review strate-
gies to reverse this effect by increasing NO and killing the tumor cells. NOS is in-
hibited due to hypoxia and stimulation under oxic conditions. They discuss attempts
to manipulate hypoxia in cancer treatments and they postulate that manipulation
of NO levels may represent a potential conversion form hypoxia to enoxia as a
function of mutually reinforcing the relationship of NO and oxygen. Dr. Glynn
and colleagues (National University, Ireland) discussed “The role of NO in tumor
invasion and metastasis.” They proposed that NOS expression in tumor epithelia
has a tumor promoting activity, while NOS expression in tumor-associated macro-
phages has an anti-tumor activity. Hence, tumor progression/regression depends on
the balance between these two NO-associated activities. They present a challeng-
ing complexity of the cellular source of NO, the direct exposure and the amount of
NO, all of which, form NO-mediated suppressive or stimulating activities in the
tumor microenvironment. They proposed that more research is warranted to achieve
a highly selective application to favor anti-tumor activity over pro-tumor activity by
NO. Dr. Postovit (University of Alberta) reviews “The role of NO in the regulation
of the pro-tumorigenic and hypoxic phenotype.” Clearly, tumor hypoxia correlates
with poor clinical prognosis. Dr. Postovit discusses how NO can mimic and miti-
gate the effect of hypoxia in tumors as a function of the NO concentration. Several
clinical trials have been used as examples in which NO-mediated anti-tumor effects
correlated with inhibition of hypoxia. Furthermore, a report is discussed in which
patients were treated with GTN and resulting in an increased response rate and de-
creased time to progression in stages I1Ib/IV NSCLC treated with cis platinum and
vinorelbine. Further, a retrospective study showed that GTN increases the response
rate of patients with lung cancer treated with docetaxel and carboplatin. The pa-
tients treated with GTN showed decreased levels of VEGF and HIF-1a., corroborat-
ing the role of NO in mitigating the pro-tumorigenic effects of hypoxia. Dr. Postovit
cautions of NO-mediated treatments to consider the paradoxical role of NO in the
regulation of hypoxia-induced manifestations.

Part II covers three reviews on “S-nitrosylation and cancer.” Dr. Brown and col-
leagues (Columbia State University) discussed “The signaling mediated by NO and
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through its S-nitrosylation of various proteins and their impact on the tumor cells.”
S-nitrosylation is reversible and involves the attachment of a nitroso moiety to the
reactive thiol/cysteine residues and producing S-nitrothiol (SNO). Several proteins
have been reported to be S-nitrosylated that are involved in transcription, DNA
repair, and apoptosis, and also proteins involved in tumorigenesis. These investiga-
tors have summarized in a table format several proteins that are S-nitrosylated and
that are involved in either the progression or inhibition of cancer. Clearly, a better
understanding of the mechanisms of signaling and consequences of S-nitrosylation
is needed to enable the selective anti-tumorigenic activity over the pro-tumorigen-
icactivity. Dr. Jeannin and colleagues (Burgundy University, Dijon, France) review
“S-nitrosylation of cancer cells.” They discussed several protein targets of chemo-
therapy that are S-nitrosylated. They discuss the potential role of activation of death
receptor signaling pathways by NO to treat tumors. They elaborated on the role of
NO in the regulation of death receptors, directly or indirectly, and how in combina-
tion with chemotherapeutics result in synergistic anti-tumor effects. Clearly, the
potential clinical application of suitable NO donors in combination with chemo-
therapeutic drugs may result in an improved clinical response in cancer patients.
Doctors Luanpitpong and Rojanasakul (West Virginia University) discussed “The
role of S-nitrosylation in cancer metastasis.” They reviewed the roles of S-nitrosyl-
ation incancer focusing on anoikis, resistance, cell invasion, migration, and angio-
genesis, all of which are key events in metastasis. In their review, they discuss the
role of theconstitutively activated PI3K-AKT signaling pathway, in turned on or
off, via S-nitrosylationof the phosphatase PTEN. PTEN activity is inhibited by S-
nitrosylationand, thus, enhances PI3K-AKT activity and cell survival. The mecha-
nism of anoikis resistance in cancer and S-nitrosylation were well discussed. In
addition, they also discuss the S-nitrosylation of various proteins involved in me-
tastasis and apoptosis, including FLIP, Bel2, cavolin 1, c-Src, EGFR, Ras, MMP-9,
etc. These various Snitrosylated proteins are shown to play an important role in the
metastatic cascade and resistance to apoptosis.

Part III deals with the “Modulation of anti-tumor immune responses by NO.”
Three contributions are presented. Dr. Garban (University of California, Los Ange-
les) reviews “The role of NO on the anti-tumor immune response.” He discusses the
reported literature on the role of NO in the sensitization of drug-resistant tumor cells
to immune-mediated cytotoxic activities. In addition, he discusses the role of NO-
mediated modification of proteins that results in the potentiation of antigenicity.
For instance, he refers on the role of NO in IL-2-mediated activation of anti-tumor
response. He summarizes the role of NO on the inhibition of the constitutively ac-
tivated NF-kB pathway and downstream inhibition of anti-apoptotic gene products
as well as pro-inflammatory cytokines. In addition, he discusses the role of NO
on the inhibition of the resistant factor Yin-Yang 1 (YY1) and FOXP3. Dr. Siesjo
(Lund University, Sweden) reviews “The regulation of anti-tumor immune response
by NO.” He discusses the contrasting roles of NO by direct cytotoxicity and by
inhibition of anti-tumor immune reactivity. He elaborates on the role of NO on the
regulation of both central and peripheral tolerance. Among the topics discussed, he
reviews the regulation of T-cells activated by NO, the immune-suppressive role of
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NO, the potentiation of anti-tumor cytotoxic cells by NO, the role of dendritic cells
and suppressor cells modulated by NO and the mechanism of NO-mediated im-
mune suppression. He attributes the obstacle in manipulating NO in cancer therapy
due to the lack of clinically approved NO donors or NO inhibitors. He also sug-
gests the potential of combination of immunotherapy and NO-modulating agents
on the fight against cancer. Dr. Doctors Janakiram and Rao reviewed “Nitric Oxide:
Immune modulation of tumor growth.” It is well known that in the tumor microen-
vironment NO is generated by tumor cells, infiltrated cells, and tissue cells in the
microenvironment. Hence, the generation of NO and its levels play a pivotal role
in the regulation of tumor growth, both as an enhancer and as a repressor. Clearly,
this complexity of the tumor microenvironment and the interaction of tumor cells
with the infiltrating immune cells create a system that is not predictable and thus,
difficult to establish the best approach to favor NO anti-cancer effects through the
use of NO donors or NO inhibitors in clinical therapy.

Part IV deals with “Therapeutics and overcoming resistance.” Dr. Bonavida re-
views the “Role of NO in chemo-immune resistance.” In this review, he focused on
the underlying mechanisms that regulate resistance and how NO treatment results
in the reversal of resistance. Emphasis was placed on a dysregulated loop in cancer
cells, namely, the NF-kB/Snail/Y'Y I/RKIP loop, that was reported to regulate both
drug and immune resistance. Each gene product in the loop was reported to regulate
resistance as assessed by the use of specific inhibitors. Treatment with NO donors
leads to the modification of the dysregulated loop resulting in the inhibition of NF-
kB, Snail, and YY1 and concomitantly with the derepression and the upregulation
of RKIP. The mechanism of inhibition of NO was examined and was found to be, in
part, due to the direct S-nitrosylation of NF-kB (p50 and p65) and also by S-nitro-
sylation of Snail and YY 1. The direct inhibition of NO as well as indirect inhibition
of YY1 and Snail through NF-«xB inhibition resulted in upregulation of RKIP and
reversal of resistance. In addition, evidence was presented on the activity of NO do-
nors in chemo-immunosensitization of resistant cells. A discussion was provided on
the role of NO on inhibiting EMT via inhibition of the loop since inhibition of Snail,
a metastasis inducer, was responsible, in part, to the inhibition of EMT and metas-
tasis. Doctors McCarthy and McCrudden (Queen’s University, Belfast, UK) discuss
“Emerging role of NO-mediated therapeutics.” They reviewed the emerging strate-
gies of utilizing NO-mediated therapeutics for cancer. They also review the role of
iNOS gene therapy and its limitations, which was not effective in vivo. These inves-
tigators have reported a novel inducible and tumor-specific activation of the iNOS
gene for therapy. Using inducible promoters, they were able to deliver the iNOS
gene for therapy and observed a delay in tumor growth. They pointed out that, in
combination, treatments with high concentrations of NO may not result in antitumor
activity. For example, NO can react with some chemo-therapeutic drugs such as
etoposide and abolishes its activity. Other examples of iNOS upregulation for pro-
moting tumor growth were presented. Doctors Rapozzi and Della Pietro (University
of Udine, Italy) reviewed “The role of NO in photodynamic therapy (PDT).” PDT
is clinically used therapeutically for treatment of early stages of cutaneous tumors.
As PDT may induce apoptotic effects, these investigators have examined the role of
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NO in mediating PDT anti-tumor response. They discussed the induction of iNOS/
NO by PDT and NO-mediated tumor cell death by PDT. They also discussed the
alternatives to delivering NO-releasing compounds to enhance PDT anti-tumor re-
sponse. They present the possibility of conjugating NO with a photosensitizer in
PDT. This is a new application of PDT which has significant clinical ramifications.
Dr. Muntane and colleagues (University of Sevilla, Spain) reviewed “The inhibi-
tion of cell death signaling by NO in cancer cells.” They discuss the role of NO
in anti-tumor activity by the regulation of stress response mediated by HIF1-o and
p53 that lead to cell growth arrest and apoptosis. They also discuss the induction of
DNA damage by NO, the increase of p53 and cell death. They report that NO nitro-
sylates critical thiols in DNA repair enzymes in hepatoma cells that results in che-
mo-sensitization. Dr. Scicinski and colleagues (Mountainview, California) review
“Discovery and development of RRX-001.” They have developed a new compound,
RRx-001, the first of a class of NO-mediated epigenetic anti-cancer agents. They
reported that RRx-001 (designed by combining two structural components, a di-
nitroazetidine derived from TNAZ [tri-nitroazetidine] and a-bromoacetate) was ac-
tive as a single agent in vitro and in vivo against tumor cell lines. They describe the
mechanisms by which RRx-001 mediates its activity via NO. They have completed
a phase I study with RRx-001 and, aside from phase I end point, they also found
clinical benefits in 70 % of patients with multiple tumor types. Of interest, RRx-001
sensitized patients who previously failed therapy. Based on these positive findings,
a phase II is being considered.

Part V deals with “NO-mediated alterations in gene products.” Dr. Othman and
colleagues (Northwestern University) review “The role of NO in coagulation in
cancer.” It is well known that NO is a rapid vasodilator and inhibitor of coagulation.
Cancer patients are at high risk of developing venous and arterial thrombo-embolic
events. They discuss the relationship of pro-coagulant factors and NO, the role of
NO and global hemostasis, the link among hypoxia, NO, and coagulation, NO as a
fibrinogen system, and NO and thrombosis. They also discuss both the pro and an-
titumorigenic effects of NO-mediated therapies. Doctors Mutus and Sin (University
of Windsor, Canada) review “The relationship between neutral sphingomyelase 2
and NO and their implications in cancer therapy.” Neutral sphingomyenase 2 is a
regulator of ceramide and sphingolipid signals. Under oxidative stress, such as anti-
cancer drugs, the level of SMase?2 is upregulated resulting in increased levels of
cellular ceramide, which lead to activate pathways that lead to apoptosis.

Clearly, the above contributions have added a new dimension in understanding
the complex roles of NO in cancer and have presented several mechanisms of its
multiple effects and its potential for therapy when used under optimal conditions.
It is, noteworthy, that current studies are aimed at developing novel NO donors that
will be effective in the treatment of highly resistant cancer as well as preventing
metastasis, when used alone or in combination with sub-toxic therapeutics. In addi-
tion, current studies are also exploring the development of complexes consisting of
NO and other agents for targeted delivery to enhance specificity and reduce toxicity.

Benjamin Bonavida
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