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Abstract

Purpose The diatomic radical nitric oxide (NO) has been
the cause of intense debate with implication in carcino-
genesis, tumour progression, invasion, angiogenesis and
modulation of therapeutic responses. The tumour biology
of NO is highly complex, and this review summarises the
various protective and damaging mode of action of NO.
Methods We reviewed all published literature addressing
the complexities of the role of NO in the altered biology of
cancer and evaluating promising therapeutic roles of NO/
iNOS for anti-cancer therapy.

Results The available experimental evidences highlight
contrasting pro- and anti-tumour effects of iNOS expres-
sion, which appear to be reconciled by consideration of the
concentrations of NO involved, the temporo-spatial mode
of NO action, intracellular targets, cellular redox state and
the timing of an apoptotic stimulus. Several clinical and
experimental studies indicate that the presence of NO in
tumour microenvironment is detrimental to tumour cell
survival and metastasis. In contrast, numerous reports
suggest that NO can have tumour-promoting effects. NO is
a ‘double-edged sword’ in cancer, and this review offers
insight into the dichotomous nature of NO and discuss the
therapeutic gain that can be achieved by manipulating
tumour NO.
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Conclusions NO may exert a biphasic response, such that
when NO levels go beyond a critical concentration that
would be suitable for tumour growth and survival, growth
arrest and/or apoptotic pathways are initiated. These
characteristics of NO have been exploited therapeutically
with impressive effects in pre-clinical models of cancer to
slow tumour growth and to enhance the efficacy of both
chemotherapy and radiotherapy.
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Abbreviations
NO Nitric oxide
NOS Nitric oxide synthase

TNF-o Tumour necrosis factor-o

IFN-y Interferon-y

NF-xB Nuclear factor-«xB

HIF-1 Hypoxia inducible factor-1
HMGB1 High-mobility group box 1
MAPK  Mitogen-activated protein kinase
JNK c-Jun N-terminal kinase

VEGF Vascular endothelial growth factor
Introduction

Biosynthesis of nitric oxide (NO) is catalysed by a family
of enzymes called NO synthases (NOS). NOS are dimeric
enzymes with each monomer composed of two distinct
catalytic domains: NH,-terminal oxygenase domain and
COOH-terminal reductase domain. N-terminal is the
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binding site for heme 5,6,7,8-tetrahydrobiopterin (BHy),
oxygen and L-arginine, whereas NADPH, FMN and FAD
bind on C-terminal [1]. The catalytic mechanisms of NOS
involve flavin-mediated electron transport from NADPH to
the heme centre, where oxygen is reduced and incorporated
into the guanidine nitrogen of L-arginine producing NO and
L-citrulline [2] (Fig. 1). Three distinct isoforms of the
enzyme NOS have been reported; neuronal NOS (nNOS or
NOSI), inducible (iNOS or NOSII) and endothelial NOS
(eNOS or NOSIII). The three isoforms share about 50%
sequence homology and are differentially regulated making
the catalytic activity distinct for each isoform. The eNOS
and nNOS isoforms are constitutive and calcium/calmo-
dulin-dependent and generate NO in the picomolar—-nano-
molar range for short periods of time. The iNOS isoform is
induced by cytokines and is not dependent upon calcium/
calmodulin for its enzymatic action. iNOS is expressed in
essentially every cell type and can locally generate high
output quantities of NO at micromolar range for prolonged
periods of time [1]. Beside these three isoforms, a mito-
chondrial-specific NOS (mtNOS) has also been recently
described, which has important implications for the role of
NO in mitochondrial bioenergetics [3]. NO is an uncharged
molecule containing an unpaired electron that allow it to
react with inorganic molecules (i.e. oxygen, superoxide or
transition metals), structures in DNA, prosthetic groups
(i.e. heme) or with proteins and, thus responsible for its
complex and pleiotropic biological activity [4]. Evidences
are accumulating for the role of NO as an oncopreventive
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Fig. 1 NO chemistry of biological significance. NO is synthesised
endogenously from vr-arginine, NADPH and oxygen. NO freely
diffuses creating concentration gradients across subcellular compart-
ments. Redox or additive reactions with constituents of cellular
microenvironment convert NO to a number of NOy species, which in
turn, dictate the biological effects of NO
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agent and more recently as a novel therapeutic to overcome
tumour cell resistance.

Regulation of iNOS Activity

The induction of iNOS and the subsequent biological
actions of NO are complex mechanisms that may partly
explain the contradicting results in NO biology obtained by
different groups. Extensive in vitro studies using macro-
phages and cancer cell lines have shown that three major
pro-inflammatory cytokines induce iNOS; these are the
interleukin-1s (IL-1s), tumour necrosis factor-oc (TNF-o)
and interferon-y (IFN-y) [5]. TNF-¢, IL-1f or endotoxins,
such as lipopolysaccharide stimulate iNOS transcription by
activation of the transcription factor nuclear factor xB
(NF-xB), which binds to B element in the NOS promoter
[5]. Similarly, IFN-y activates the transcription factor
interferon regulatory factor-1 (IRF-1), which also binds to
the NOS promoter [6]. Maximal induction of the iNOS
gene requires physical interaction between NF-xB and
IRF-1 while bound to the NOS promoter.

HIF-responsive element (HRE) is also present in the
NOS promoter, which can promote transcriptional induc-
tion under hypoxia [7]. Tumours are hypoxic, and iNOS
can be induced through synergism between IRF-1 and
hypoxia inducible factor-1 (HIF-1) [8]. Besides hypoxia,
another important component of the disordered tumour
microenvironment is high-mobility group box 1 (HMGBI1)
protein. HMGBI is passively released from necrotic cells
and actively released from inflammatory cells [9]. It binds
with high affinity to several receptors including the
receptor for advanced glycation end products (RAGE) and
toll-like receptors (TLR)-2, TLR-4, TLR-9, thereby pro-
moting inflammation [10]. In the case of tumours, HMGB 1
recognition has a paradoxical dual effect as it not only
promotes tumour neoangiogenesis but also triggers pro-
tective anti-neoplastic T cell responses [9]. RAGE activa-
tion induces cell growth through mitogen-activated protein
kinase (MAPK) signaling [11] and is associated with
induction of iNOS, NF-«xB and B-cell lymphoma (Bcl-2)
protein [12]. HMGB1 also has partial effects on the
upregulation of iNOS and NF-kB expression [13]. Toge-
ther, this suggests a complex regulation of iNOS gene
expression by various signalling pathways.

Expression of iNOS in human tumours

During the last two decades, iNOS has been reported to be
associated with several human malignant tumours includ-
ing breast [14], brain [15], lung [16], prostate [17], colo-
rectal [18] and pancreatic carcinomas [19], Kaposi’s
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sarcoma [20] and melanoma [21]. The first report of iNOS
expression in human gynaecological tumours showed pre-
dominantly localised expression in tumour cells and lack of
any detectable activity in normal tissue suggesting a rela-
tionship between iNOS activity and malignancy [22].
Subsequent studies showed a strong correlation between
iNOS expression and higher tumour grade in malignant
neoplasms of the central nervous system [15]. Immuno-
histochemical staining of these tumours showed iNOS to be
localised primarily in areas between viable and necrotic
regions of the tumour (an area that is presumably hypoxic).
Furthermore, clinical observation indicates that patients
with iNOS-expressing melanomas had significantly poorer
survival rates than their iNOS-negative counterparts [21].
On the contrary, another group studied lymph nodes and
subcutaneous metastases from melanoma patients and
reported that patients with a lower percentage of iNOS-
expressing tumour cells had a greater risk of developing
distant metastases [23]. This dichotomy may be due to
variation in the levels of NO, expression of pro- and
anti-apoptotic genes and the presence of other reactive
molecules. One of the large-scale breast cancer studies
demonstrated that while none of the benign lesions had any
detectable iNOS (0/41), 77% in situ carcinomas (21/27)
and 61% invasive lesions (33/54) showed iNOS tumour
cell staining [24]. Taken together, these studies indicate
that in order to determine the precise function(s) of NO in
tumour cell biology, understanding of the enzyme’s
activity and a clear identification of iNOS localisation in
tumour and stromal tissues is required.

Role of eNOS in cancer

Multiple clinical observations indicate that eNOS is not
only expressed in normal tissue, but also extensively
expressed in tumour tissues. eNOS is relevant in tumour
progression, as it has been shown to modulate cancer-
related events like angiogenesis, apoptosis, cell cycle,
invasion and metastasis [25]. Although iNOS remains a
viable candidate for purposes of cancer prevention and
treatment, studies suggest that targeting eNOS may also be
a viable strategy. In addition to tumour cell expression,
eNOS is particularly expressed by vascular endothelial
cells or surrounding stromal cells and therefore has been a
focus of attention in angiogenesis. Vakkala et al. [26]
reported that eNOS was expressed in 65% of invasive
breast carcinoma samples with immunopositivity seen both
in stromal structures and carcinoma cells. In another study,
the positive expression rate of eNOS was 89% in non-small
cell lung cancer tissues [27]. Knockdown of the eNOS gene
or selective inhibition of eNOS by L-N%nitroarginine
methylester (L-NAME) inhibited the homing of peripheral

endothelial progenitor cells and neoangiogenesis in
tumours, demonstrating that NO promoted neoangiogenesis
[28]. Multiple hormone agonists such as bradykinin,
estradiol and vascular endothelial growth factor (VEGF)
induce eNOS expression in tumour cells in association with
elevations in cytosolic calcium concentrations [29]. In
contrast, eNOS activation by shear stress and isometric
vessel contraction occurs independently of changes in
intracellular calcium levels [30]. eNOS and associated NO
can increase the permeability of the tumour—blood barrier
and therefore may play a role in tumour invasion. Clinical
studies suggest that high eNOS expression can be posi-
tively correlated with vascular invasion in human gastric
cancer [31] and trophoblastic disease [32].

In addition to regulatory pathways involving calcium/
calmodulin, the dynamic regulation of eNOS involves
numerous pathways of phosphorylation and dephospho-
rylation. All NOS isoforms are subject to regulation by
phosphorylation. eNOS is known to be phosphorylated at
multiple sites, including Ser 1177 and Ser 635, which are
stimulatory and Thr 495 and Ser 116, which are inhibitory
[33]. Protein kinases that modify eNOS activity include
AMP-activated protein kinase (PKC), cAMP-dependent
protein kinase (PKA) and the serine/threonine kinase Akt
[34]. There is evidence of coordinated regulation of eNOS
activity by agonists such as VEGF, which cause both
phosphorylation of Ser 1177 and dephosphorylation of Thr
497 [35]. Furthermore, VEGF increases angiogenesis in
both iNOS +/4 and iNOS—/— mice but not in eNOS—/-
mice, supporting a predominant role of eNOS in VEGF-
induced angiogenesis and vascular permeability [36].
Recent work has further demonstrated that PKA signaling
leads to eNOS phosphorylation at Ser 1177 and dephos-
phorylation of Thr 497, thereby enhancing enzymatic
activity, whereas PKC promotes the dephosphorylation of
Ser 1177 and the phosphorylation at Thr 497, resulting in
attenuated enzyme activity [37]. eNOS activity is regulated
by a complex combination of protein—protein interactions
and signal transduction cascades involving calcium mobi-
lisation and phosphorylation events. Thus, it is possible
that the NO generated from this activation of eNOS may
contribute significantly to tumour cell survival under
hypoxia and other stress conditions.

cGMP-dependent and cGMP-independent signalling

The pro-tumourigenic versus anti-tumourigenic effect of
NO depends on the cellular makeup, surrounding microen-
vironment (e.g. other inflammatory species and free radi-
cals), the activity and localisation of NOS isoforms and
overall levels. Nitric oxide production kinetics by iNOS
differ greatly from the production by eNOS or nNOS. iNOS
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produces very large, toxic amounts of NO in a sustained
manner, whereas constitutive NOS isoforms produce NO
within seconds and its activities are direct and short acting.
Low levels of NO produced by constitutive synthases pri-
marily interact directly with positively charged metal ions of
guanylate cyclase (sGC), cytochrome C oxidase, cyto-
chrome p450 and NOS itself [37]. NO activates sGC cyclase
leading to the synthesis of cyclic guanosine monophosphate
(cGMP) from guanosine triphosphate (GTP). This in turn
depletes intracellular Ca®" levels by reducing Ca* release
from intracellular stores, Ca®" influx and Ca’* uptake
mediated by calcium adenosine 5-triphosphatase of the
endoplasmic reticulum [37]. These actions thereby stimulate
muscle relaxation, increase vascular permeability and exert
anti-proliferative, anti-platelet and anti-oxidant effects
through cellular targeting of downstream effectors (i.e.
protein kinases, phosphodiesterases and ion channels) [38].
Recent data have also indicated that NO produced by con-
stitutive NOS enzymes may be involved in immune regu-
lation of T helper cell proliferation and cytokine production
[39]. NO formed by eNOS seems to be mostly cytoprotec-
tive, possibly due to its characteristic redox properties [38].

Cytochrome C oxidase, which reduces oxygen and
pumps protons across the inner mitochondrial membrane,
generating the potential that drives ATP synthesis, is
inhibited by NO binding to its oxygen-binding site [39].
Inhibition of oxygen consumption by NO is postulated to
modulate cellular function under physiological conditions.
Endothelium-derived NO may increase permeation of
oxygen into the tissue, inhibiting oxygen consumption near
blood vessel walls so that oxygen is available to diffuse to
more distant regions [40]. NO produced physiologically by
nNOS and eNOS does not reach concentrations at which it
can significantly inhibit respiration. Instead, in normoxic
conditions, it is present at only 0.6—1.1 nM, a concentration
range that is within the sensitivity range for sGC but not for
cytochrome C oxidase [41]. In pathological situations, such
as ischaemia or inflammatory conditions when iNOS is
expressed, it is more likely that increased free radical
generation, rather than compromised oxygen consumption,
is responsible for iNOS-mediated cell damage. NO at
higher concentrations combines with other oxidants to
from reactive nitrogen species (RNS), which can damage a
variety of cellular targets such as DNA and proteins, ulti-
mately leading to apoptosis and mutagenesis [37]. When
NO interacts with oxygen and superoxide (O,"), nitrosy-
lation and nitration occur, respectively. With respect to
nitrosylation, NO interact with oxygen, electron acceptors
or metals to produce nitrosonium ion (NO™), which can
subsequently interact with thiols such as cysteine residues
in proteins. Similarly, NO interact with O, to generate
peroxynitrite (ONOO™), which leads to tyrosine nitration
of proteins [37]. This chemistry of NO facilitates its
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interaction with several proteins, thus regulating various
intracellular and intercellular signalling events.

Another important variable of these distinct concentra-
tion gradients relative to their biologic response is the
enzymatic activity of specific NOS isoforms. Two of the
isoforms, nNOS and eNOS, are controlled by calcium
influx, which generates a burst of 10-50 nM NO lasting
only minutes [42]. However, phosphorylation of eNOS
removes the calcium dependence and prolongs the pro-
duction of NO [42]. iNOS-expressing cells generate NO for
prolonged periods, which can range from high (300 nM) to
low (<100 nM) levels, depending on the inducing cyto-
kines and inflammatory mediators [42]. In vivo NO fluxes
are controlled specifically and in addition to rate of syn-
thesis and NO concentration, the biologic outcome also
depends on cellular consumption and the redox environ-
ment. These discrete NO-signalling profiles suggest that
NO concentration can be finely tuned to elicit different
biologic responses, which has recently been extended by
studies identifying an NO biphasic angiogenic response
[43].

Post-translational modifications induced by NO

Post-translational modifications of proteins by NO repre-
sent mechanisms through which it may regulate cellular
signalling in carcinogenesis and cancer chemotherapy
treatment. These post-translational modifications induced
by high intracellular levels of NO include nitrosylation of
thiol and amine groups; nitration of tyrosine, tryptophan,
amine, carboxylic acid and phenylalanine groups and oxi-
dation of thiols and tyrosine [44] (Fig. 1).

S-Nitrosylation

S-nitrosylation is the reversible coupling of a NO moiety to a
sulfur atom to form S-nitrosothiol (RSNO), and unlike
phosphorylation or ubiquitinylation, it is not enzyme-
dependent [44]. The propensity of certain cysteine residues
to get nitrosylated or de-nitrosylated depends upon a number
of factors including the electrostatic environment, orienta-
tion of aromatic residues, hydrophobicity, protein—protein
interactions and the redox microenvironment regulated by
the NADPH/NADP™', GSH/GSSG couples, the thioredoxin
(Trx) system and others enzymes [44]. Molecular alterations
that lead to apoptosis resistance can be initiated or promoted
by S-nitrosylation. For example, apoptosis signal regulating
kinase 1 (ASK1) is inhibited by S-nitrosylation of its cys-
teine-869 residue, thus inhibiting apoptosis [45]. Mean-
while, activation of ASKI1 was observed in human
embryonic kidney HEK293 cells by S-nitrosylation of Trx
protein [46]. Also, NO inhibits the function of NF-xB [47],
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protein kinase C (PKC) [48] and c-Jun N-terminal kinase
(JNK) [49] and activates Ras [50] and ryanodine receptor
[51] via S-nitrosylation.

Tyrosine nitration

Tyrosine nitration is incorporation of a nitro group (-NO,),
generally at position 3 of the phenolic ring of a tyrosine
residue yielding 3-nitrotyrosine [44]. There are two main
mechanisms leading to tyrosine nitration in vivo, the for-
mation of peroxynitrite and the production of nitrogen
dioxide (NO,). Nitration of tyrosine residues can block
protein phosphorylation by interfering with tyrosine resi-
dues, thus modifying cell signalling pathways. MacMillan—
Crow et al. [52] showed that exposure of the pancreatic
ductal adenocarcinoma cells to ONOO™ induces c-Src
tyrosine kinase nitration and phosphorylation, thus
increasing c-Src activity and cell growth.

S-Glutathionylation

The GSH/GSSG redox system maintains cellular proteins
in a reduced state. The main form of glutathione is the
reduced form (GSH), whereas only less than 2% of gluta-
thione is present in oxidised glutathione disulfide form
(GSSG) [53]. Normally, S-nitrosylated proteins are rapidly
reduced by GSH, which in turn could be S-nitrosylated to
nitrosoglutathione (GSNO) [44]. GSNO is an effective
agent for the direct transfer of NO to other thiols, including
proteins, by transnitrosylation. In addition, glutathione
could potentially replace the NO on S-nitrosylated proteins,
converting the proteins to an S-glutathiolated form via
reversible disulfide bonds, and thus dynamically regulating
the protein function [53].

NO: cellular signalling and concentration dependence

Many of the biological and pathological effects of NO are
mediated through cell signalling pathways. Reports dem-
onstrated that shear stress induces the formation of NO and
activates the stress-activated protein kinase/c-Jun N-ter-
minal kinase (SAPK/JNK) and MAP kinase, extracellular
signal-regulated protein kinase (ERK) [54]. Activation of
the different MAPK cascades by NO may occur either by
direct alterations to the kinases themselves or by modula-
tion of an upstream factor, such as a GTP-binding protein
p21ras [55]. Also, NO directly modulates the Janus kinases
(JAKs)/signal transducer and activator of transcription
(STAT) [56] and PI3 K-Akt [57] signalling pathway. Both
JAK?2 and JAK3 autokinase activity have been found to be
inhibited by NO, presumably by oxidation of crucial thiols
to disulphides [56]. These cascade events then trigger the

phosphorylation of key nuclear proteins, including tran-
scription factors such as c-Jun, leading to alterations in
gene expression [58].

Due to its lipophilic nature, NO can rapidly cross cell
membranes and enter intracellular compartments, where it
can exert its action even when produced by a neighbouring
cell (tumour or stromal cells) within the tumour and
endothelial cells in the tumour microvasculature, thus
mediating interactions between tumour and host cells [59].
Tumour cells have quite different NO concentration
requirements to cause either a pro-growth or an anti-growth
phenotype. Characterising steady state of NO is, therefore,
of particular importance when assessing its effects at the
cellular level. MCF7 breast cancer cells were found to
activate specific signalling pathways in response to distinct
fluxes of NO [60]. Low levels of NO (<50 nM) were
associated with increased cGMP-mediated ERK phos-
phorylation and intermediate levels (>100 nM) lead to
HIF-1o stabilization. However, the pro-survival effects of
NO are lost at high NO concentrations (>400 nM), which
is signified by increases in phosphorylation of tumour
suppressor protein pS3 [61]. Pervin et al. [62] showed that
treatment for breast cancer cells with NO donor diethyle-
netriamine-NONOate (DETA/NO) (30-60 uM), led to
increased pAkt and pERK, and interruption of ERK and
Akt phosphorylation inhibited proliferation of these cells.
Furthermore, prolonged exposure of breast cancer cells to
1 mM DETA/NO for an extended period of time resulted
in MAP kinase phosphatase-1 (MKP1)-mediated pERK
and pAkt dephosphorylation with subsequent induction of
apoptosis. Though NO is short lived, the sustained NO flux
generated by iNOS can vary in duration from seconds to
days, thus deciding the anti-apoptotic/pro-apoptotic effects
of NO.

Molecular effects of NO on apoptosis

Increasing amount of evidences suggest that iNOS has the
potential to produce NO at toxic levels that may be exploited
in achieving direct apoptosis. NO induces apoptosis through
heme nitrosylation of cytochrome ¢, which enhances its pro-
apoptotic function, leading to increased caspase-3 activation
[63]. NO can activate other apoptotic pathways independent
of caspase activation or perhaps activate other caspases, not
commonly involved in apoptosis. For instance, NO donor
glyceryltrinitrate is able to induce apoptosis in human colon
cancer cells by activation of caspases-1 and -10 [64]. In
contrast, nitrosylation of caspases-8, -9 and -3 at their active
sites has been shown to inhibit their enzymatic activity [65].
Long-term exposure of non-tumourigenic lung epithelial
cells to non-toxic concentrations of carcinogenic metal
Cr(VI) led to apoptosis resistant and malignant transformed
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phenotype. These cells exhibited increased NO production
and elevated expression of S-nitrosylated Bcl-2, which was
accompanied by a parallel increase in total Bcl-2 level,
suggesting positive regulation of Bcl-2 by S-nitrosylation
through protein stabilization [66]. S-nitrosylation of these
proteins precludes their ubiquitination and subsequent deg-
radation by the proteasome, thus accentuating their anti-
apoptotic effect that is critical in the context of tumourigenic
potential and cancer progression. Since resistance to apop-
tosis is a hallmark of neoplastic evolution, selection of cells
that are resistant to apoptotic cell death by S-nitrosylation
may be a key determining factor in cancer progression.

Another important facet of the potential apoptotic
mechanism of NO is the regulation of p53. Activation of
the transcription factor p53 was shown to play a role, since
the synergy between NO and radiation was decreased in
tumours induced by p53-mutated cells [67]. The intro-
duction of p53 gene into cells lacking functional p53
enhanced the synergy, which was due to the phosphoryla-
tion of p53 on serine 15 [68]. In a subsequent report, it was
shown that GSNO enhanced markedly the ability of low-
dose ionising radiation to elicit apoptotic killing of human
neuroblastoma cells expressing cytoplasmic wild-type p53
[69]. NO induced the phosphorylation of p53 in these cells
via the kinase ATR (ataxia telangiectasia and Rad3 related)
and promoted p53 nuclear retention [70]. A strong corre-
lation between p53 phosphorylation and iNOS protein
expression in human samples of ulcerative colitis provided
further evidence that NO activate p53 pathway in vivo
[71]. Other studies have demonstrated that in human
malignant cell lines, this is a low-dose effect of NO,
whereas high NO concentrations leading to peroxynitrite
formation can inactivate p53 by tyrosine nitration [72].
This would explain the inactivation of the p53 pathway
found in tumours lacking p53 gene mutations.

Moreover, NO may modulate tumour DNA repair
mechanisms by up-regulating poly(ADP-ribose) polymer-
ase (PARP) and the DNA-dependent protein kinase (DNA-
PK) [73]. Several kinases including PKC, ERK and activator
protein-1 (AP1) were inhibited at high concentrations of
S-nitroso-N-acetylpenicillamine (SNAP) and up-regulated
at low concentrations [74]. NO also induces the expression
of MKP-1 leading to dephosphorylation of ERK, which is
the initial and essential step that commits cancer cells to
programmed cell death [75]. Apoptosis can also be
promoted by NO via down-regulation of expression of anti-
apoptotic protein survivin, as observed in human lung car-
cinoma cells [76]. NO also up-regulates Fas expression in
ovarian carcinoma cell lines through the specific inactiva-
tion of the transcription repressor yin-yang-1, which binds to
the silencer region of the Fas promoter [77]. Moreover, NO
sensitises human ovarian carcinoma and prostatic adeno-
carcinoma cells to TNF-a-mediated apoptosis through the
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specific disruption of the TNF-o-induced generation of
hydrogen peroxide, inhibiting the activity of the NF-xB and
consequently the impaired expression of the anti-apoptotic
genes [78].

NO as a promoter of tumour growth

To date, much conflicting data have been presented, which
highlight both pro- and anti-tumour effects evoked by NO
(Fig. 2). Inhibition of tumour growth, via the selected
restriction of the tumour vasculature using NOS inhibitors
,led to the initial hypothesis for the supportive role of NO
expression in cancer progression. Tozer et al. [79] dem-
onstrated that NOS inhibitor, NG-nitro-L-arginine (L-NNA)
at dosage of 1 mg/kg, significantly reduced tumour blood
flow and increased vascular resistance within the tumour
without causing any significant vascular changes in normal
tissues. Ishii et al. [80] reported that NO generation may
promote tumour progression through the activation of
various matrix metalloproteinases (MMP). In human mel-
anoma C32TG cells, MMP-1, -3, -10 and -13 were trans-
criptionally enhanced when exposed to increasing doses of
NO donor SNAP. Further investigation confirmed that
MMP-1 activation was transcriptionally enhanced by NO
via the ERK and p38 MAPK pathways, and that these
pathways were highly activated during tumour inflamma-
tion, resulting in tumour progression [81].

The elevated NO release within a tumour has also been
shown to result in the overproduction of VEGF. Previous
studies have strongly correlated the up-regulation of VEGF-
C with higher metastatic potential and poorer prognosis [82].
NO donor drug DETA-NONOate significantly increased
VEGF-C expression in breast cancer cells. This was further

Activation of Kinases
(1JNK, 1p38, 1ERK)

HIF-1a stabilization

Increased VEGF expression
Apoptotic proteins
Anti-apoptotic proteins (tp53, tBax, |Bcl-2)
(tBel-2, 1Cox-2, 1S0D)
Nitrosylation of cyt ¢
Caspase-8, -9, -3 inhibition
Activation of caspase-3
c¢GMP (1sGC)
DNA Repair
(1PARP, 1DNA-PK)

| Pro-apoptotic |

Radical scavenging

| Anti-apoptotic I

Fig. 2 Balancing cell death and survival: Role of NO. Several factors
that can tip the balance towards pro- versus anti-apoptotic actions of
NO are shown. The sum of these variables at the end will regulate
cellular susceptibility towards NO and RNS and dictate whether they
exert pro- or anti-tumour effects
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confirmed when the increases noted were inhibited in the
presence of L-NAME, suggesting that VEGF-C expression
is at least in part controlled by NO [83]. Similarly, in human
gastric carcinoma specimens, iNOS expression levels were
found to correlate with both VEGF levels and microvessel
density [84]. The therapeutic activity of anti-VEGF mono-
clonal antibody, bevacizumab, recently approved for
patients with colorectal cancer is associated with inhibition
of NO production [85]. An in vitro assay, which examined
tubule formation and the activity of several mechanistic
processes, involved in angiogenesis showed that lower
concentrations of SNAP (0.1-0.3 mM) significantly
increased angiogenesis by up to 46%; at progressively
higher concentrations, the pro-angiogenic effects started to
diminish, and at a SNAP concentration of 4 mM, a maximal
angiogenesis inhibition of 80% was observed [74]. This
clearly demonstrates the dose-dependent response to NO
with regard to angiogenesis. Another mechanism by which
NO may promote tumour growth is by activating cycloox-
ygenase-2 (COX-2), which by modulating the production of
prostaglandins promotes angiogenesis and inhibits apoptosis
[86].

NO as an inhibitor of tumour growth

The first report of anti-tumour potential evoked by
expression of the iNOS enzyme was in a human colorectal
adenocarcinoma cell line. Cells from both the primary
tumour SW480 and from lymph node SW620 metastases
were shown to express calcium-independent NOS
activity [87]. Inhibition of this activity using the NOS
inhibitor N%-monomethyl-L-arginine (NMLA) subse-
quently increased the metastatic potential of the SW480
cells to the same level as that of the SW620 cells. Com-
parison studies between the characteristics of several non-
metastatic and highly metastatic clones, produced from an
original K1735 melanoma, revealed that the non-metastatic
clones generally expressed much higher levels of endoge-
nous NO [88]. Xie et al. [89] preformed a series of trans-
fection studies where mice implanted with the highly
metastatic K1735 cell line were treated with either a
functional iNOS gene or an inactive muted iNOS gene. The
control group and the group transfected with the muted
iNOS gene developed into highly metastatic aggressive
tumours, whereas the tumours transfected with the func-
tional iNOS gene produced slow growing tumours, which
were not metastatic.

Le et al. [90] reported anti-tumour effects resulting from
the over expression of NO, whilst at the same time noting
that the pro-tumour and pro-angiogenic factors, VEGF and
IL-8 were up-regulated in human pancreatic cells transfec-
ted with the iNOS gene. This suggests that the anti-tumour

effects generated by over production of NO outweigh the
pro-tumour effects of up-regulation of VEGF and IL-8,
resulting in an overall net anti-tumour effect. If this is the
case, specialised sub-colonies of NO-resistant cells may
survive, which will have a stronger tumourigenic and met-
astatic potential. Systemic delivery of NO donor drugs at
high concentration results in hypotension, but one class of
agent, the glutathione S-transferase activated NO pro-drugs
has shown some promise for NO therapy of cancer.
Intravenous injection of one such agent, JS-K [02-(2,4—
dinitrophenyl) 1-[(4-ethoxycarbonyl) piperazin-1-yl]dia-
zen-1-ium-1,2-diolate], into mice bearing subcutaneously
implanted multiple myeloma tumours, resulted in tumour
growth delay and induction of extensive apoptosis
throughout the tumour [91].

NO-mediated chemosensitisation of tumours

NO has been found to be a pivotal factor in the chemosen-
sitisation of tumour cells to various chemotherapeutic drugs.
In human breast carcinoma MDA231 and mouse melanoma
B16F10 cells, inhibition of NO enhanced hypoxia-induced
chemoresistance, suggesting that hypoxia-mediated drug
resistance is likely a result of suppression of endogenous NO
production and that NO functions as a chemosensitiser in
tumour cells [92]. Konovalova et al. [93] showed that in
leukaemic mice, co-injection of cyclophosphamide and NO
donor significantly increased cyclophosphamide activity
and inhibited metastasis. A separate study showed an anal-
ogous role for NO in chemosensitisation through the use of a
doxorubicin resistant epithelial colon cell line (HT29-dx).
Administration of NO donor SNAP reversed the resistance
of HT29-dx cells to doxorubicin by triggering tyrosine
nitration of multidrug resistant-associated proteins, thus
reducing the number of P-glycoprotein transporters and
inhibiting the efflux of doxorubicin [94].

NO donors DETA/NO and GTN decreased the resistance
of doxorubicin by 33—-50% in human breast carcinoma cells
cultured as spheroids [95]. Supporting this, DEA/NO and
DETA/NO increased the cytotoxicity of melphalan and
fludarabine in human breast carcinoma cells and B-cell
lymphocytic leukaemia cells, respectively [96, 97]. In a
phase II trial, Yasuda et al. [98] investigated the efficacy and
safety of GTN plus vinorelbine and cisplatin in 120 patients
with previously untreated stage IIIB/I'V non-small-cell lung
cancer. The study showed that treatment with GTN
improved the response rate, time to disease progression and
survival in patients with advanced cancer, without major
adverse effects. These data suggest that NO can be used as a
chemosensitising agent, and combination treatment of NO
donors and chemotherapy may result in synergistic activity
in the treatment for cancer.
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Effect of NO on the expression and activity of HIF-1a

The mechanisms involved in cancer and cancer treatment
are diverse and tumour hypoxia is a primary reason for
treatment failure. Hypoxia not only limits the effects of
radiation but due to greater diffusion distances also reduce
the effectiveness of most anti-cancer drugs [99]. HIF-1
contributes to drug resistance by increasing genetic insta-
bility, altering cellular metabolism and down-regulating
pro-apoptotic proteins [100]. HIF-1 also increases the
expression of iNOS and in a positive-feedback circuit, NO
activate HIF-1. Several studies reported the accumulation
of HIF-1« and increased HIF-1 activity under the influence
of NO in aerobic conditions (21% oxygen) [101]. The
inhibition of prolyl hydroxylase (PHD) activity by NO and
activation of the PI3 K-Akt pathway were suggested to be
involved in the regulation of HIF-1o stabilization by NO
under these conditions [102]. Using a cell line engineered
to generate NO (driven by a tetracycline promoter), it has
been shown that low (physiologic) levels of NO (concen-
trations up to 400 nM) under hypoxic conditions inhibit
mitochondrial respiration, diverting the available oxygen to
PHDs. As a result, cells fail to detect hypoxia and subse-
quently result in degradation of HIF-1a. In contrast, high
(pathologic) concentration of NO (>1 puM) stabilized HIF-
la expression in a mitochondria-independent manner under

similar hypoxic conditions, as well as under non-hypoxic
conditions [103]. It has been postulated that high levels of
NO within the tumour microenvironment might have the
same effect as hypoxia in inducing angiogenesis. Despite
all the problems associated with hypoxia, these regions are
a unique feature of solid tumours that do not occur in
normal tissues so can potentially be exploited in cancer
therapy.

iNOS-dependent activation of bioreductive drugs

To circumvent hypoxia-related resistance to therapy, class
of drugs known as bioreductive pro-drugs have been
developed [104]. These non-toxic pro-drugs are substrate
for intracellular reductase enzymes (e.g. cytochrome P-450
reductase, cytochrome-b;s reductase, DT-diaphorase, iNOS
reductase), which add an electron to the pro-drug, con-
verting it to a toxic radical species in hypoxic conditions
[105]. Tirapazamine (TPZ, 3-amino-1,2,4-benzotriazine-
1,4-dioxide; Fig. 3) was one of the first compounds to show
selective hypoxic cytotoxicity [105]. TPZ is activated in
hypoxia by one-electron reductases to form the free radical
TPZ' that undergoes spontaneous decay to an oxidising
hydroxyl radical (OH) and an oxidising benzotriazinyl
radical (BTZ") [104, 106]. Stratford and co-workers [107]

iNOS Delivery
(Adenovirus/Retrovirus)

OH O NH{CH;):N(CH3)
I i

.

Reductase Domain
HaN
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T
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Fig. 3 iNOS-based therapeutic strategy against cancer. Reductase
domain of iNOS can activate bioreductive drugs in the absence of
oxygen and oxygenase domain generate high concentrations of NO,
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investigated the role of iNOS in the bioactivation of TPZ
by constitutively overexpressing the iNOS gene in human
breast adenocarcinoma cells. They showed that an increase
in iNOS activity in a series of transfected clones corre-
sponded with an increase in TPZ metabolism and toxicity
under hypoxic conditions. iNOS-mediated reduction of
TPZ resulted in a significant increase in DNA damage in
hypoxia without any increase in aerobic toxicity.

Another bioreductive agent suggested to be activated
by iNOS is the di-N-oxide analogue of mitoxantrone [1,4-
bis{2-(dimethylamino-N-oxide) ethylamino}5,8-dihydroxy-
anthracene-9,10-dione; Banoxantrone; AQ4 N; Fig. 3] [108].
AQ4 N undergoes an oxygen-dependent 2e™ reduction to the
mono-N-oxide intermediate AQM before a further oxygen-
dependent 2e” reduction to form the toxic product AQ4
[104]. Bioactivation of AQ4 N may sensitise tumours to
radiotherapy and chemotherapeutic agents by inhibiting
topoisomerase [108]. Preliminary studies demonstrate that
adenoviral delivery of iNOS can enhance hypoxic tumour
response to AQ4 N and radiation [109]. The ability of iNOS
to activate bioreductive drugs and its capacity to generate the
radiosensitiser NO will, therefore, make it a suitable enzyme
pro-drug therapy in combination with radiation (Fig. 3).

Tumour radiosensitisation through NO

Ionising radiations are used as first-line therapy in malig-
nancies, including breast, head and neck, colorectal, lung
and oesophageal cancers [110]. The role of NO as a radio-
sensitiser was first reported in hypoxic bacteria and human
cells 5 decades ago, however, its tumour radiosensitising
potential has recently been realised [111, 112]. Studies
showed that NO released by donor drugs increased the
radiosensitivity of human tumour cells grown in hypoxic
conditions in vitro [113]. Recently, Wardman et al. [114]
showed that NO at 40 ppm caused significant radiosensiti-
sation of anoxic V79 cells, whereas similar concentrations of
oxygen had barely detectable radiosensitisation, suggesting
that NO is an even more potent radiosensitiser than oxygen.
Moreover, chemical features of NO include its rapid diffu-
sion from the point of synthesis (the diffusion coefficient is
1.4 times that of oxygen at 37°C).

Intratumoural oxygen concentration is highly variable
(0.01-3% oxygen) and thus can influence the outcome of
radiotherapy. Much of the work involving endogenous NO
that is generated in tumour cells by iNOS or NO donor
drugs has been done without taking account of the contri-
bution of intermediate oxygen concentrations. To evaluate
this, Singh et al. [115] demonstrated that under low-oxygen
conditions (<0.01% oxygen), activation of iNOS by cyto-
kines was not accompanied by release of NO (since oxygen
is required for the generation of NO). As a consequence,

when these cells were irradiated, no radiosensitisation was
observed. However, as the oxygen levels were increased,
the amount of NO generated also increased, and this NO
then contributed to an overall increase in the radiosensi-
tivity of cells. NO did not further enhance the radiosensi-
tivity of cells in normoxia (5% oxygen) and aerobic
conditions (21% oxygen), indicating that NO acts as a
radiosensitiser at low to intermediate oxygen levels and
would not affect the sensitivity of normal aerobic cells to
radiation. Li et al. [116] demonstrated that radiation itself
can directly stimulate iNOS expression and subsequent NO
production by tumour-associated macrophages activate
HIF-1o in the surrounding tumour cells. It is possible that
radiation-induced reoxygenation of the hypoxic regions of
the tumours leads to increased oxygen availability in these
regions and subsequent NO generation in cells that already
overexpress iNOS. Targeting tumours exhibiting high
levels of endogenous NO production with radiation and
HIF-1 inhibition are a potential strategy to counteract the
radioprotective effects of HIF-1 by shifting the balance
towards apoptosis.

iNOS-based suicide gene therapy

Despite the fact that NO is a promising radiosensitiser,
non-specific generation of NO in vivo through the systemic
use of NO donors is faced with complications. The appli-
cation of NO donors at sufficient doses to cause significant
tumour radiosensitisation may result in intolerable sys-
temic effects such as hypotension, limiting their applica-
tion in the clinic [117]. Several strategies have been
suggested in an attempt to achieve a more specific and
localised expression of the iNOS gene. The potential for
iNOS in a suicide gene therapy approach was first dem-
onstrated by Soler et al. [118], who showed a strong anti-
tumour effect in a rat model of human medullary thyroid
carcinoma using a naked iNOS plasmid driven by the
cytomegalovirus (CMV) promoter. Xie and co-workers
[90] used adenoviral vectors containing the mutated iNOS
gene to examine the effects of iNOS gene therapy on
tumour growth and metastasis. Depending upon the levels
of enzymatic activity, NO was generated at different levels
in tumour cells, which directly correlated with the in vitro
and in vivo anti-tumour activity. Furthermore, intratumo-
ural injections of an adenoviral vector carrying iNOS gene
in HCT116 and SNU1040 human colon cancer xenografts
in mice resulted in impressive inhibition of tumour growth
compared to radiation alone [119].

Hirst and colleagues [120] used cationic lipid vectors to
deliver the iNOS gene driven by radiation inducible pro-
moter, wild-type activating fragment-1 (WAF1) in HT29
colorectal adenocarcinoma xenografts in SCID mice.
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Under hypoxic conditions, the WAF1/iNOS gene therapy
achieved a higher sensitiser enhancement ratio when
combined with a 20 Gy dose of X-rays, highlighting the
potential therapeutic benefit of iNOS gene therapy in
tumours generally regarded as radioresistant. To further
evaluate the potential of iNOS gene therapy in a clinical
setting, RIF1 and HT29 tumour-bearing mice were given a
course of iNOS gene therapy and fractionated radiation
doses. Highly significant growth delays were observed in
both the RIFI and HT29 tumours, indicating significant
targeted radiosensitisation by WAFI1/iNOS gene therapy.
Together, these studies confirm that systemically delivery
of iNOS gene have potential for achieving substantial anti-
tumour effects.

In the search for new oncotherapies, many groups have
harnessed the potent anticancer nature of NO. The low NO
flux in tumours mainly, though not exclusively plays a key
role in maintaining the malignant phenotype. Studies
indicate that inhibition of NO production consistently
reduced the rate of tumour growth, but was unable to
prevent growth entirely. In addition, iNOS inhibition cre-
ated a poorly perfused, hypoxic environment, which could
be exploited to enhance the cytotoxicity of bioreductive
drugs, but would be detrimental to the effectiveness of
conventional chemotherapy and radiotherapy. The oppos-
ing strategy of targeting very high NO levels to tumours
looks more promising in that it can be used to enhance
conventional therapies as well as directly causing cell
death. The available data provide convincing evidence that
manipulation of endogenous NO using iNOS gene therapy
can provide the basis for future clinical trials. The primary
concern is that if iNOS expression is not tightly regulated
at the target site, systemic hypotension can occur [121].
Improvement of vectors and delivery systems coupled with
the study of appropriate NOS isoforms in large animal
models are needed prior to translation to clinical use.
Furthermore, NOS enzyme activity requires a panel of
substrates and co-factors for full activity, and these may be
missing from the target cell type. Therefore, another
potential strategy is to use a cell-based approach, which
will eliminate many of the toxicity concerns with the
potential for considerable patient benefit. Cell-based
approaches utilise the delivery of recombinant cells (rather
than genes) to the target site, with the advantage that the
expression of the gene of interest can be optimised prior to
delivery. In order to make the NO-generating cells suitable
for therapeutic delivery, Xu and colleagues [122] encap-
sulated these cells within a semipermeable alginate-poly-L-
lysine membrane. This approach has been successful in
animal models but to develop it for clinical use further
work needs to be undertaken to improve delivery systems
to minimise detrimental side effects and enhance positive
treatment outcomes.
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Fig. 4 Mechanisms of action of NO on tumour cells. NO can induce
tumour development or progression depending upon its local
concentration and spatial and temporal distribution. Cellular respon-
siveness to NO might be an important determinant in the overall
tumour response to NO, and its fundamental biology must be taken
into account while interpreting experimental findings and for tailoring
NO-based anti-cancer therapy

Conclusion

The precise role of NO in tumour pathophysiology has
been the focus of numerous studies with involvement in a
multitude of inter- and intra-cellular signalling pathways
that are crucial to the malignant character of cancer. It is
not surprising then that in heterogeneous tumours, a
variety of responses have been observed following mod-
ification of NO levels. Thus, as has been referred before,
the biological activity of NO depends on the source of NO
generation, local concentration, tumour microenviron-
ment, spatial and temporal constraints that can direct the
function of NO. As shown in Fig. 4, the effects of NO at
modest concentrations could be characterised as pro-
malignant. At very high concentrations, however, NO acts
as a potent anti-cancer agent, promoting apoptosis and
inhibiting angiogenesis.
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