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Nitric Oxide: The Forgotten
Child of Tumor Metabolism
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Nitric oxide (NO) is a signaling molecule with pleiotropic physiological roles in
normal cells and pathophysiological roles in cancer. NO synthetase expression
and NO synthesis are linked to altered metabolism, neoplasticity, invasiveness,
chemoresistance, immune evasion, and ultimately to poor prognosis of cancer
patients. Exogenous NO in the microenvironment facilitates paracrine signaling, mediates immune responses, and triggers angiogenesis. NO regulates
posttranslational protein modiﬁcations, S-nitrosation, and genome-wide epigenetic modiﬁcations that can have both tumor-promoting and tumor-suppressing effects. We review mechanisms that link NO to cancer hallmarks, with
a perspective of co-targeting NO metabolism with ﬁrst-line therapies for
improved outcome. We highlight the need for quantitative ﬂux analysis to study
NO in tumors.

Trends
NO is a key messenger in the TME with
pro- and antitumorigenic roles.
NO is emerging as a key regulator of
cancer metabolism via S-nitrosation of
enzymes.
NO has a wide range of control over
gene expression in tumors via NOmediated epigenetic modiﬁcations
Quantiﬁed approach to studying
effects of NO synthesis in cancers
should guide the design of therapies
targeting NO – from in vitro experiments to clinical trials.

Dissecting the Links between Cancer Hallmarks and Nitric Oxide
The uncontrolled proliferation of cancer cells requires a signiﬁcant shift in metabolism. To
support a higher growth rate, cancer cells redirect nutrients into anabolic pathways to maintain
biomass production [90]. However, to survive in a harsh tumor microenvironment (TME)
(see Glossary), tumors need to strike a balance between anabolic demands and catabolic
energy production. Rewired energy metabolism is, therefore, a ubiquitous hallmark of cancer
[91]. Rapid formation of solid tumors is accompanied by poor vasculature leading to limited
supply of nutrients and oxygen, which further contributes to the altered metabolism in tumors
[1]. Therefore, there is a complex interplay between (i) cell-autonomous metabolic alterations, (ii)
intercellular metabolic crosstalk, and (iii) extracellular stimuli. Nitric oxide (NO) is a metabolic
product of the nitric oxide synthase (NOS) reaction that catalyzes the conversion of arginine into
citrulline. NOS enzyme exists in three isoforms: neuronal NOS (nNOS or NOS1), inducible NOS
(iNOS or NOS2), and endothelial NOS (eNOS or NOS3) , all of which are functional in different
contexts (Box 1). Historically, researchers have focused on the functions of NO as a signaling
molecule, but have overlooked the ubiquitous interplay between NO synthesis and tumor
metabolism, and the role NO plays in the TME.
Metabolic traits that make cancer cells distinct from healthy tissues present opportunities for
therapy [2,92]. However, cancer cells share many metabolic features with healthy proliferating
cells, making the search for metabolic targets that selectively attack cancer cells challenging.
Moreover, due to redundancies in metabolic pathways, cancer cells can activate compensatory pathways that perform similar functions as the metabolic pathways being targeted by
drugs. This enables cancer cells to acquire resistance to metabolic drugs. Despite advancements in developing small-molecule metabolic drugs, their efﬁcacy as anticancer drugs has
been underwhelming in the clinic. NO plays strategic roles in signaling and metabolic pathways,
making NO metabolism a hub that control pathways responsible for supporting tumorigenesis
or suppress tumor growth altogether (Figure 1, Key Figure). NO metabolism, thus, presents a
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Box 1. Biochemistry of Nitric Oxide and Nitric Oxide Synthetase
Nitric oxide (NO) is a lipophilic, highly diffusible, and short-lived molecule. These characteristics make it an ideal
physiological messenger capable of regulating intercellular and extracellular signaling pathways in local niches. NO can
be endogenously synthesized by the enzyme nitric oxide synthase (NOS) from the guanido nitrogen of L-arginine. It is
known to regulate a variety of important cellular functions such as vasodilation, respiration, neurotransmission, cell
migration, immune response, apoptosis, and metabolism [77]. The wide range of biological actions implicates its
potential role in pathophysiological actions, especially in cancer.
The enzyme responsible for its synthesis exists in three isoforms enzymes that are different in structure and function:
neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or NOS3) [78]. NOS1 and
NOS3 are constitutive isoforms that are modulated by calcium-calmodium concentrations. These isoforms have a lower
capacity of producing NO than the inducible isoform, NOS2 [79]. NOS2 activity is independent of calcium concentrations but can be stimulated by cytokines in all cell types (Figure 1). NOS2 induction requires two signals, one from
interferon gamma (IFNɣ) and another trigger such as the endotoxin, tumor necrosis factor alpha (TNFa). The activation of
NOS2 by TNFa occurs via stimulation of the transcription factor NF-kB (nuclear factor kappa-light-chain-enhancer of
activated B cells) which binds to a kB element in the NOS promoter [80]. In tumors with chronic hypoxia due to the lack
of proper vasculature, hypoxia inducible factor-1a (HIF-1a) interacts with IFNɣ and induces NOS2 expression. All
isoforms convert L-arginine to citrulline and NO. This two-step reaction catalyzed by NOS is dependent on oxygen and
nicotinamide-adenine-dinucleotide phosphate (NADPH). Therefore, this reaction directly affects arginine utilization and
redox homeostasis in cells. In the context of tumor formation, major advances in the investigation of NO biology have
been witnessed. NO acts like a double-edged sword, where its level of expression and duration of NO exposure
determine the often-contradictory cellular outcomes. Higher concentrations (more than 200 nM) induce apoptosis,
while low levels (less than 200 nM) have been associated with tumor progression [76] (Figure 1).

viable therapeutic target as it has a wide range of control over tumorigenic functions. Treatments targeting key regulators, such as NO, can be more effective when combined with
conventional therapeutic strategies to achieve synergistic effects. Combination therapies target
multiple pathways that contribute to complementary aspects of tumor pathology. Such an
approach reduces the probability of tumors acquiring drug resistance by activating compensatory pathways [3]. This review enumerates the mechanisms of tumor progression that are
initiated and supported by NO metabolism, which may be targetable using small-molecule
drugs. More importantly, we present a novel perspective of co-targeting NO metabolism with
conventional targets to achieve a synthetic lethal effect. Additionally, we highlight the importance of metabolic ﬂux analysis (Box 2) of endogenous NO synthesis in providing a quantitative approach to help design therapies that effectively target NO metabolism and maximize the
therapeutic window.

NO: Modulator of the TME
Cancers develop within a complex TME that provides support for sustained growth, invasion,
and metastasis. Nonmalignant cells in TME often have tumor-promoting functions. NO
secreted by cancer cells (Figure 2) reprograms stromal cells to support tumor progression.
For example, cancer cell-derived NO induces chronic inﬂammation in the TME of melanoma to
promote drug resistance [4]; and elevated levels of NO in the microenvironment contribute to
increased migration of breast cancer via upregulation of caveolin-1 (Cav-1) expression [5].
Similarly, cell-autonomous induction of NOS in stromal cells also contributes to tumor progression. For example, in cancer-associated ﬁbroblasts (CAFs) expressing chemokine
ligand (CXCL14), NOS1 expression is essential for CAF-supported growth of breast and
prostate cancer cells. Furthermore, suppressing NOS1 expression disrupts pro-tumorigenic
functions of CXCL14-expressing CAFs and reduces tumor growth in mice. Since NOS1
expression did not increase extracellular NO, NOS1-derived NO supported CXCL14 activity
within CAFs [6] (Figure 2). Increase in exogenous NO in the TME is also associated with
tumorigenic functions in colon cancer patients. Colon cancer patients with high NOS2 expression have increased incidences of lymph node metastasis; and elevated NOS2 expression
observed in the upper colon in colitis patients indicates higher risk of developing colon cancer
[7,8]. In addition to regulating metastasis and tumor initiation, NO is also a key regulator of
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Glossary
Angiogenesis: the process of
formation of new blood vessels that
branch out of existing blood vessels.
This process is essential for wound
healing in normal tissue, however, it
is also essential for malignant tumor
growth.
Cancer-associated ﬁbroblasts
(CAFs): a subpopulation of cells
within the tumor that are transformed
ﬁbroblasts, but share properties of
myoﬁbroblasts that are found during
the process of wound healing.
Co-targeting: a novel concept
where genes or metabolic enzymes
that are involved in a strong interplay
to promote disease progression are
both targeted to achieve a
synergistic therapeutic effect.
Energy metabolism: it is the subset
of cellular metabolic function
responsible for the generation of
energy currency molecule, ATP, by
breaking down nutrients.
Epigenetic modiﬁcations:
environmental factors can lead to
modiﬁcations in the DNA strands or
histones around which DNA strands
are wrapped, which can regulate
transcription. These are in the form
of reversible attachment of methyl
and/or acetyl groups on segments of
the DNA or on histone tails.
Flux analysis: a computational
technique that uses mass balance
principles to estimate intracellular
metabolic rates (or ﬂuxes) from
empirically measurable metabolic
parameters. Fluxes are the closest
representation of metabolic pathway
activity.
S-nitrosation: the process of
protein post-translational
modiﬁcation, where NO is attached
to the thiol group of a cysteine
residue. It can cause repression or
enhance protein activity depending
on the protein and location of the
active thiol group.
Therapeutic window: the range of
drug dose that targets cancer cells
effectively but avoids adversely
affecting healthy cells to minimize
side effects.
Toll-like receptors (TLRs): these
protein receptors are characterized
by their ability to respond to invading
pathogens by recognizing conserved
molecular structures. TLRs are
primarily expressed by immune cells
such as monocytes, macrophages,
mast cells, and dendritic cells.
Upregulated TLR expression has

angiogenesis. Increased NO in the TME has been observed to upregulate vascular endothelial
growth factor (VEGF) in glioblastoma and hepatoma cells [9]. Furthermore, inﬂuences of NO on
angiogenesis have been exploited to sensitize glioma tumors in mice to radiotherapy by inhibiting
NOS1 expression. Suppressing NO production in glioma tumors leads to normalization of tumor
vasculature, leading to oxygenation of tumors that supports radiation treatment [10].

been found in almost all types of
cancer cells and has been linked to
oncogenesis and cancer
progression. TLR agonists are
emerging as antitumor agents and
are exploited to enhance the
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Figure 1. Nitric oxide (NO) and nitric oxide synthase (NOS) activate anti-oncogenic pathways that can suppress tumor progression in certain types of cancers by
activating p53 or suppressing epigenetic modiﬁcations (green panel). NO donors diethylenetriamine NONOate (deta-NONOate), S-nitroso-N-acetyl-D,L-penicillamine
(SNAP), and S-nitrosoglutathiones (R-GSNO) provide exogenous NO to activate or amplify tumor-suppressing effects.
NO synthesis and NOS expression promote tumorigenic properties via induction of metabolic hypoxia, aberrant S-nitrosation, irregular epigenetic modiﬁcations,
increased inﬂammation, exploiting p53 mutations and reprogramming tumor microenvironment (TME) metabolism (red panel). NO synthesis or NOS is targeted for
anticancer treatment using NOS inhibitors L-NG-nitroarginine methyl ester (L-NAME), L-NG-nitroarginine (L-NNA), or arginine depletion drug, L-arginase. Key intermediate
pathways induced by NO or NOS are proposed as cotargets for combination therapy to improve therapeutic efﬁcacy.
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Box 2. Metabolic Flux Analysis: Measuring Endogenous NO Synthesis
NO production in cells has a wide spectrum of effects, depending on local NO concentration and duration of exposure.
Quantiﬁcation of cellular NO production is important, especially when NO metabolism is being targeted for therapeutic
purposes. Direct methods are techniques that rely on physical sensors to measure NO secreted by cells, as opposed to
indirect methods that measure NO-derived molecules such as nitrates or nitrites.
The most recent platform was designed based on a tunable diode laser absorption spectroscopy (TDLAS) sensor that
used a continuous wave quantum cascade laser. The setup was used to measure NO emissions from ovarian cancer
cells with detection limits as low as 124 ppt [81]. A previous technique relied on reconversion of nitrate enzymatically into
nitrite, and nitrite into NO in an acidic iodide solution. The NO is released stoichiometrically, which is detected using an
amperometric electrode. However, this setup does not allow recording of real-time measurements [82]. Another
method based on electrochemical principles using a microcoaxial electrode can, however, measure local NO concentrations with high spatial and temporal resolutions allowing real-time measurements in vitro [83]. Indirect approaches
to quantify NO produced via the NOS pathway in vivo measure nitrate and nitrite species formed by the unstable NO.
The most widely used spectrophotometric technique measures nitrite produced from diazotization of NO using Griess
reagents [84,85]. This assay has been applied to a variety of biological samples in liquid matrices and can detect nitrite
down to 2.5 mM. Like direct NO detection techniques, this method cannot distinguish between endogenously produced
and exogenously acquired NO.
To address this drawback, stable-isotope tracer-based techniques employed for quantifying carbon ﬂuxes in cellular
metabolism have been adapted to determine de novo NO synthesis [93]. NOS-derived NO requires nitrogen from arginine,
therefore, naturally occurring arginine is replaced with isotope-labeled l-[guanidino-15N2] arginine. Upon oxidation by NOS,
15
NO is produced and is subsequently converted into [15N] nitrite and [15N] nitrate species that are detectable using a gaschromatograph mass spectrometer. This method has been employed both in vitro and in vivo, since it relies on measuring
stable species. To measure NO synthesis in patients, stable-isotope tracers are infused intravenously. Blood and plasma
samples are obtained from tracer-infused patients to analyze for enrichment of 15N in nitrate and nitrite pools. The rate of
tracer infusion and enrichment of 15N within blood and plasma can help quantify the rate of NO synthesis [86–88]. A study on
NO-mediated hypertension in pregnant women designed a tracer experiment to resolve NO production by NOS enzyme
and production of its precursor arginine. They infused patients with a combination of [guanidino-15N2] arginine and [5,5-2H2]
citrulline or [15N] citrulline alone. This combination of labeling was used to estimate NO synthesis from arginine, arginine
production from citrulline in the urea cycle, and arginine from dietary sources [89]. These techniques provide researchers
with a powerful arsenal to understand NO metabolism quantitatively and performing dose-response analysis of NOS
inhibitors or NO-donors to design effective therapeutic treatments.

The dependence of several tumors on NO and successful use of NOS inhibitors as described in
these studies, presents a novel therapeutic strategy. NO synthesis can be targeted in combination with ﬁrst line therapies that target cancer cells to improve the therapeutic outcome
(Figure 2). The synergistic effect of NOS inhibitor, L-NG-nitroarginine methyl ester (L-NAME), and
carboplatin has been demonstrated in preclinical studies [11]. Combination therapy improved
the survival of mice with mutant p53 and KRAS non-small cell lung cancers, as compared to the
mono carboplatin arm. Incidentally, the antitumor effect of L-NAME was due to inhibition of NOS
in the stromal cells, since cancer cells did not express NOS [11]. In concordance with these
results, our lab has observed that combining L-NAME with L-arginase (which depletes extracellular arginine) signiﬁcantly reduces cell viability of ovarian cancer cells, as compared to
individual treatments (Figure 2) [12]. Next-generation drugs that deplete arginine have shown
signiﬁcant antitumor activity in melanoma and hepatocellular carcinoma during Phase I and II
clinical trials [13]. These studies suggest that both NOS inhibition and arginine depletion are
viable strategies to eliminate tumor-promoting NO in patients.
In contrast to supporting tumorigenic functions in cancer cells, stroma-derived NO has also been
observed to have tumor-suppressive effects. This has been demonstrated in NOS2-deﬁcient
mouse embryonic ﬁbroblasts (MEFs). Loss of NOS2 leads to higher COX2 expression in these
MEFs, as compared to wild-type MEFs. Treating these cells with the NO-donor, S-nitrosoglutathione, reverses pro-tumorigenic effects of COX2 and causes growth arrest in tumors (Figure 2)
[14]. These studies are preamble to the divergent properties of NO in the TME on tumors. The
context-dependent role of NO has also been demonstrated in the immune response, disease
progression, and metabolic interactions in tumors.
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immunogenicity of current
chemotherapeutic regimens.
Tumor microenvironment (TME):
tumors are populations of cancer
cells and non-neoplastic stroma cells
including ﬁbroblasts, vascular cells,
immune cells, bone marrow-derived
inﬂammatory cells, lymphocytes, and
the extracellular matrix (ECM). The
vicinity in which malignant cells thrive
by dynamically interacting with the
nonmalignant components is known
as the TME.
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Figure 2. Targeting NOS and NO-Mediated Pathways in the TME. Top left panel: increased NOS expression or NO production in nonmalignant stromal
compartments are induced by upregulation of chemokine ligands. NO produced by stromal cells contributes to tumor growth and increases migration potential of
tumors. Targeting stromal NOS diminishes tumorigenic properties. Top right panel: cancer cells expressing NOS2 produce NO to induce angiogenesis in tumors by
upregulating VEGF. Targeting NOS in cancer cells prevents formation of tumor-supporting blood vessels. Bottom right panel: O-ASCs in the TME secrete arginine that is
utilized by ovarian cancer cells to produce NO via NOS. Citrulline regenerated by cancer cells is utilized by O-ASCs to supplement arginine production. Cotargeting NOS
in cancer cells and depleting arginine effectively eliminates metabolic crosstalk in the TME and reduce cancer cell viability. Bottom left panel: exogenous NO in the TME
produced by stromal cells induces inﬂammation, hyperplasia and initiates tumorigenesis in colorectal cancers. Inhibiting stromal NOS in early-stage patients can curb
tumor progression. Abbreviations: COX2, cytochrome oxidase-2; ECM, extracellular matrix; NOS, nitric oxide synthase; O-ASCs, omental adipose stellate cells; TME,
tumor microenvironment; VEGF, vascular endothelial growth factor.

NO and Immune Response
The effects of NO in cancer gained attention after the observation of activated macrophages
metabolizing arginine to generate NO, an effector molecule that induced cytotoxicity in
hepatoma cells [15]. NO has since been observed to have a diverse and multifaceted role
in antitumor immune response. For instance, an anticancer drug, OM-174 a Toll-like receptor
(TLR) 4 agonist, has been found to induce NOS2 expression in mouse breast cancer models.
Inhibiting NOS2 expression diminishes the antitumor effect of OM-174 indicating that NO
synthesis is essential to the tumor-suppressive properties of the TLR agonist [16]. Similarly, a
study on T-cell immunotherapy in lymphoma tumor-bearing mice also discovered that NO
production in the TME was essential for antitumor activity of CD8+ T-cells [17]. The NO required
to activate CD8+ T cells was synthesized by NOS2-positive tumor inﬁltrating myeloid cells.
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However, recent studies show that the function of NO is not limited to activating innate and
adaptive responses of the immune system against tumors; it can also facilitate pathways that
aid cancer cells in evading antitumor immune responses [18]. Several studies have demonstrated that suppressing NO production in tumors using NOS inhibitors can enhance antitumor
immune response in animal models [19–21]. For example, a TLR7 agonist, imiquimod, has
been shown to be more effective in reducing tumor growth in lymphoma-bearing mice that do
not express NOS2, as compared to wild-type mice [20,22]. This suggests that NOS2 expression is crucial to tumor growth and resistance to imiquimod. The signiﬁcant difference between
these two studies was the localization of NO production. NO generated by NOS2-expressing
tumor cells impairs the antitumor immunity induced by TLR agonists; whereas, NO produced
by NOS2-expressing myeloid cells acts in conjunction with CD8+ T-cells to eradicate tumor
cells. Therefore, identifying the duality of NO’s role in tumor immune response is essential for
developing immunotherapies that cotarget NO metabolism.
NO in Cancer Cells
The contextual role of NO in the tumor stroma extends to cancer cells, where it can have proand anti-tumorigenic effects. The effect of NO has been found to be linked to disease
progression and hypoxic status in tumors. The inﬂuence of disease stage on the action of
NO is exempliﬁed by the high NOS2 expression observed in colonic mucosa of patients with
inﬂammatory bowel disease [23]. NOS2 expression in these patients greatly increases their risk
of developing colon cancer [24]. Additionally, colorectal cancer stem cells are dependent on
NO synthesis and NOS expression for tumor initiation [25]. However, early stage colon cancer
patients have been shown to have low NOS2 in their colonic epithelium. This suggests that NO
is essential for tumor initiation but not essential during the early stages of tumor progression.
Furthermore, hypoxic status in solid tumors also plays a role in determining the effect of NO on
apoptosis in cancer cells. The accumulation of NO caused by anticancer NO-donor, poly-SNOHSA, induces cyclic GMP-dependent apoptosis in colon cancer cells under oxygen-replete
conditions. However, the same cells under hypoxia upregulate PDE5 to inhibit cyclic GMP and
subsequently limit NO-induced apoptosis [26]. Combination therapy of Poly-SNO-HSA and
PDE5 inhibitor proves to be an effective strategy to induce growth arrest in normoxic and
hypoxic regions of tumors in colon cancer-bearing mice [26]. In contrast, increased NO
production can also enable apoptotic evasion in colorectal carcinomas that harbor p53
mutations. NO induces apoptosis in healthy colonic epithelial cells by stimulating proapoptotic
miRNA in a p53-dependent manner. However, cells with p53 mutations can evade this
apoptotic mechanism. Therefore, elevated NO concentration in tumors selectively kills healthy
cells and allows cancer cells to survive, thereby contributing to tumor progression [27]. A
correlative study in oral squamous cell carcinoma patients made a similar observation, where
tumors in advanced stages of the disease showed higher NOS expression and lower p53
expression [28].
NO and Metabolism
Metabolic crosstalk between cancer cells and stromal cells within the TME is well documented
and considered an indispensable interaction [12,29–31,91,94]. NO is a byproduct of cellular
metabolism and plays a vital role in this metabolic interaction. NO inhibits enzyme activity by
reacting with the metal centers of these proteins to form a complex. For example, NO inhibits
prolyl hydroxylase (PHD), which is responsible for degradation of hypoxia-inducible factor 1
(HIF-1a), to actively elicit a hypoxic response, even in the presence of oxygen [32]. NO also
reacts with Complex IV of the electron transport chain to compete with oxygen for electrons,
thereby inhibiting oxidative phosphorylation and mitochondrial respiration [33]. This results in
reduced consumption of cellular oxygen leading to a condition known as metabolic hypoxia.
Conversely, the activation of nuclear factor, NF-kB and hypoxia-inducible factor, HIF-1a leads
to the induction of NOS2 in several cell types establishing a positive feedback mechanism
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between NO synthesis and HIF-1a stabilization [34]. Furthermore, NO-mediated induction of
hypoxia contributes to several tumor-promoting functions such as the Warburg effect. Cellular
hypoxic response typically involves upregulation of glycolytic enzymes and inhibition of mitochondrial function [33,35]. Caneba et al. have shown that NO generation increases with disease
progression and invasive capacity of ovarian tumors [36]. The authors have observed that NO
positively regulates glycolysis in highly invasive ovarian cancers. Furthermore, NO also inhibits
mitochondrial respiration, increases glutamine consumption in the tricarboxylic acid (TCA) cycle
and ultimately increases tumor growth and confers chemoresistance. However, this link
between NO and the Warburg effect is not observed in less invasive ovarian cancers, indicating
that the effect of NO varies as the disease progresses [36]. In highly invasive ovarian cancers,
the tumor-promoting effects of NO can be reversed and mitochondrial oxidation can be
restored by inhibiting NO synthesis using NOS inhibitors or depleting arginine. In addition
to the cell-autonomous regulation of metabolism by NO, it also facilitates metabolic interactions
between ovarian cancers and stromal cells. Salimian et al. have revealed a bidirectional
metabolic link between omental adipose stromal cells (O-ASCs) and ovarian or endometrial
cancer cells [12]. They have shown that O-ASC-secreted arginine when taken up and metabolized by cancer cells generates NO, which subsequently modulates their metabolism and
proliferation [12]. Furthermore, the citrulline secreted by cancer cells during NO synthesis is
utilized by O-ASCs to complete the cross-talk between cancer cells and O-ASCs (Figure 2,
bottom right panel). Moreover, via controlled differentiation of O-ASCs it has been shown that Lcitrulline signiﬁcantly increases the lipid storage. This indicates the presence of another
metabolic interaction, wherein fat deposits released by stromal cells are utilized by tumor cells
for energy production [37,38].
As such, there is sufﬁcient evidence to suggest that considerable advantage could be gained by
targeting the enhanced NOS expression in cancer cells. It could help distinguish between
healthy and malignant tissues. Importantly, the mechanisms of action that lead to the proneoplastic activity of NO could provide unexplored avenues for developing novel cancer
therapies [39]. The study by Salimian et al. established a cotargeting strategy, where NOS
in the cancer cells and arginine-producing enzymes ASS or ASL in the stromal compartments
can be inhibited [12]. Such novel strategies that cotarget cancer and stromal components have
shown promise in disrupting glutamine-mediated crosstalk in orthotopic ovarian cancer mouse
models [31].

S-Nitrosation – An Unexplored Achilles Heel of Cancer Metabolism

S-Nitrosation has emerged as a ubiquitous mechanism of posttranslational protein modiﬁcation mediated by NO. Proteins are S-nitrosated when the thiol moiety of cysteine residues on
peptides or proteins reversibly binds with NO to generate an S-nitrosothiols. This form of posttranslational modiﬁcation (PTM) is highly conserved and occurs in proteins in all biological
systems [40]. S-nitrosation can control a diverse set of biological functions by regulating protein
activity, altering protein localization, and mediating protein-protein interactions [41–43]. Particularly, S-nitrosation is involved in critical biological processes such as immune response,
transcriptional regulation, DNA repair, and apoptosis. Not surprisingly, several pathophysiological traits in cancers have been associated with deregulated S-nitrosation [44]. Accumulating evidence suggests that deregulated S-nitrosation is a key event in tumor initiation that may
considerably increase cancer risk [45,46]. In normal cells, S-nitrosation predominantly occurs
at sites where NOS isoforms are expressed. However, NOS isoforms are ubiquitously
expressed in several types of cancers and macrophages, predisposing them to effects of
S-nitrosation [47,48]. Surprisingly, S-nitrosation in some cancers has been observed to be
independent of NOS expression. For example, cellular nitrite reserves can supply NO to induce
S-nitrosation. This is observed in the case of S-nitrosation of caspase-3 in endothelial cells
under hypoxia [49]. Further, hypoxic conditions in the TME of solid tumors can induce
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interleukin-6 (IL-6), interferon gamma (IFNg), and prostaglandin E2 (PGE2) to promote NOS2
expression [50–52]. Incidentally, Sonveaux et al. observed in erythrocytes, exposure to NO can
cause S-nitrosation of oxygenated hemoglobin to form S-nitrosohemoglobin. S-nitrosohemoglobin was found to mediate reoxygenation of hypoxic tumor tissues via controlled release of
NO and oxygen in low oxygen regions. This property of S-nitrosohemoglobin can be exploited
to improve tumor blood ﬂow and drug delivery [53]. This suggests that S-nitrosation has
opposing effects on redox status of tumors that depends on which cells within the TME are
affected by NO.
Typically, higher NOS expression and NO production increase the likelihood of S-nitrosation of
cellular proteins that can promote tumorigenesis. NO-induced S-nitrosation activates oncogenic signaling cascades such as the EGFR-Src-c-Myc/Akt and Ras-EGFR-ERK1/2-MAP
kinases in breast cancers [54–56]. Further, S-nitrosation can modulate cancer metabolism via
these signaling pathways or directly alter enzyme activity (Figure 3). As such, NO-mediated Snitrosation can regulate cellular bioenergetics [57–60]. The strongest evidence of systematic
control of energy metabolism mediated by S-nitrosation has been provided by a novel mass
spectrometry-based proteomics approach. A study revealed that S-nitrosation can alter activity
of enzymes involved in glycolysis, gluconeogenesis, TCA cycle, and oxidative phosphorylation
in distinct types of tissue in mice (Figure 3) [57]. Thus, elevated levels of NO found in the TME of
many cancers can signiﬁcantly alter tumor metabolism. For example, S-nitrosation of the rate
limiting lipid synthesis enzyme fatty acid synthase (FASN) triggers differentiation of adipocyte
stem cells into adipocytes (Figure 3) [58]. This process is known as adipogenesis and occurs
when adipocytes are required to store lipids and maintain energy homeostasis in tissues.
Aberrant S-nitrosation due to high NO levels in tumors may enhance adipogenesis, leading to
increase in adipocytes that support tumor growth by providing stored lipids [37,58].
In contrast to tumor-promoting metabolic adaptations induced by S-nitrosation, S-nitrosation
can have tumor-suppressing properties in highly glycolytic or hypoxic cancer cells. Dysfunctional mitochondrial oxidation is common in hypoxic and highly glycolytic cells, which leads to
production of reactive oxygen species (ROS). Elevation in ROS level affects the redox homeostasis and can initiate apoptosis. Under these conditions, the cells divert glucose to the pentose
phosphate pathway (PPP) to produce NADPH required for the regeneration of the antioxidant,
glutathione (GSH) (Figure 3) [59]. GSH is the key antioxidant that prevents ROS accumulation.
However, GSH can be S-nitrosated to a biologically inactive complex, S-nitrosoglutathione.
This leads to diminished GSH levels that can hinder the ability of cancer cells to prevent
oxidative stress caused by ROS accumulation, ultimately leading to apoptosis [60].
Clearly, S-nitrosation is one of the most important functions of NO, as it can comprehensively
affect metabolism of healthy and cancer cells alike. Therefore, a focused approach is required
to understand which S-nitrosation events in tumors lead to pro- or anti-tumorigenic traits.
Further, novel proteomic techniques [57,61] and NO ﬂux analysis (Box 2) are essential to
understand how NO controls S-nitrosation events.

The Role of NO in Epigenetics
NO has been long known to be a driver of epigenetic changes and is responsible for genomewide epigenetic regulation via several mechanisms, including: (i) interaction with heme proteins
to alter their catalytic activity, (ii) generation of higher oxides of nitrogen under sufﬁcient oxygen
availability that form protein adducts (see S-nitrosation) to post translationally modify proteins,
and (iii) inducing histone posttranslational modiﬁcations. Targeting NO metabolism to reverse
these epigenetic changes presents a viable therapeutic approach. However, the strategy of
targeting NO metabolism is highly dependent on the epigenetic mechanism responsible for
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tumor progression. Much like the double-edged effects of NO on tumor progression, its
epigenetic effects are contradictory and context-dependent.
One of the earliest studies investigating the carcinogenic properties of NO done using yeast p53
functional assays showed that NO treatment could preferentially enhance C:G!T:A transversions, leading to higher mutation rates in the p53 genes. Although this is not a canonical
epigenetic modiﬁcation, it is initiated by enhanced methylation of cytosine that leads to its
deamination into thymine [62] (Figure 4). Since then, several studies have described NO-driven
epigenetic modiﬁcations in a wide range of organisms, which control normal biological
development and mediate tumorigenesis [63]. In oral squamous cell carcinoma patients, it is
common to ﬁnd histone hyperacetylation that promotes tumor progression. A study found that
NO-mediated overexpression of NPMI1 and GAPDH was responsible for acetylation of p300
and subsequently, histone hyperacetylation. p300 histone acetylase (HAT) activity was dependent on endogenously generated NO and inhibiting p300 HAT restricted tumor growth [64]. The
dependence of p300 HAT activity on NOS2-derived NO suggests that a NOS inhibitor could
prove equally effective in treating these tumors (Figure 4). NO has also been found to be a
mediator of gastric cancer initiation induced by Helicobacter pylori infection. Elevated NO
production via NOS2 causes aberrant DNA methylation of the E-cad gene, leading to E-cad
repression, an early event in gastric cancer development [65,66]. Patients infected with H. pylori
may be treated with NOS inhibitors to reduce risk of disease development [67]. A recent study
showed that NO could, in fact, directly affect the histone posttranslational modiﬁcations (PTMs)
in breast cancer cells. Treating breast cancer cells with NO-donors caused differential expression of over 6500 genes, and the pattern of PTMs correlated with an oncogenic signature [68]
(Figure 4). In contradiction to these cases, NO has also been found to inhibit KDM3A, a histone
demethylase, in a HIF1-a-independent manner [69]. KDM3A is known to positively regulate
cancer cell invasion, chemoresistance, and metastasis in breast and ovarian cancer cells
[70,71]. In such cases, increasing NO levels instead of inhibiting NO production could potentially reverse tumorigenic properties that were induced by KDM3A expression (Figure 4).
Since the tumor-promoting epigenetic effects of NO are localized within the tumor, inhibiting
NOS or depleting arginine will have potentially fewer off-target effects and thus, a reduced risk
of side effects. Furthermore, the reversible nature of most epigenetic modiﬁcations means that
targeting NO could systematically reverse tumor-supporting epigenetic modiﬁcations, thereby
proving to be an effective therapeutic strategy. Remarkably, the mechanistic effects of NO on
tumorigenesis are not restricted to direct modulation of epigenetic modiﬁcations, but may also
be prompted indirectly via NO-induced metabolic alterations. Caneba et al. have shown that
NO is responsible for inducing the Warburg effect, enhancing glutamine consumption and
reductive carboxylation of glutamine, and regulating TCA metabolite levels [36]. These effects
can have major inﬂuence on epigenetic modiﬁcations, because histone acetylation is dependent on acetyl-CoA availability, which can be regulated by reductive carboxylation of glutamine.
Furthermore, histone deacetylation via sirtuin 1 (SIRT1) is dependent on NAD+ levels, which are
dependent on TCA cycle activity. Even methylation of histones catalyzed by jumonji C-domaincontaining demethylases (JmjC) is dependent on glutamine-derived a-ketoglutarate [72]
Figure 3. NO-Mediated Effects on Cellular Metabolism via S-Nitrosation and Signaling Pathways. In the presence of oxygen, NO post-translationally
modiﬁes proteins via S-nitrosation. S-nitrosation can lead to either enhanced or repressed metabolic pathway activity. Excess NO inactivates antioxidant GSH, which
leads to build up of ROS and subsequently induces HIF-1a. HIF-1a initiates a signaling cascade that regulates glycolytic enzymes such as HK, LDH, and MCT. NO
inhibits the electron transport chain activity and subsequently mitochondrial respiration by interacting with complex IV. NO enhances lipid metabolism by inhibiting ACO
and upregulating FASN to redirect citrate into lipogenic acetyl-CoA. NO also affects TCA cycle ﬂuxes by increasing GLS activity, which enhances glutamine utilization by
the TCA cycle. Abbreviations: ACO: aconitase; ENO, enolase; GLS, glutaminase; GLUD, glutamate dehydrogenase; GLUT4, glucose transporter type 2; GSH,
glutathione; GSSG, reduced glutathione; HIF, hypoxia inducible factor; HK, hexokinase; LDH, lactate dehydrogenase; MCT, monocarboxylate transporters; MDH,
malate dehydrogenase; PKM, pyruvate kinase; ROS, reactive oxygen species; R-SH, protein that can be S-nitrosated; R-SNO, S-nitrosated protein; SDH, succinate
dehydrogenase.
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(Figure 4). Methylation of DNA and histones requires the cofactor S-adenosyl methionine (SAM)
and acetylation requires acetyl-CoA. Both cofactors are inextricably linked to the central carbon
metabolism of cells; therefore, any metabolic perturbations can affect their synthesis. SAM is
produced in the coupled SAM and folate cycles, which are driven by the conversion of serine to
glycine [95]. Changes in glycolysis pathway can hinder the supply of serine, thereby maintaining
control over SAM-availability for epigenetic modiﬁcations [73,96]. On the other hand, acetylCoA is required for several metabolic functions and can be synthesized from glucose-derived
citrate, glutamine-derived citrate, or fatty acid oxidation. All three pathways are known to be
altered in many cancers and studies have found aerobic glycolysis to support histone acetylation [74]. However, no studies have shown a mechanistic link between metabolism-induced
epigenetic changes and NO. Uncovering these links may present an opportunity to cotarget
NOS and complementary metabolic enzymes that control tumor-promoting epigenetic
modiﬁcations.
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Concluding Remarks

Outstanding Questions

It is generally observed that constitutive exposure of cancer cells to NO promotes tumor
growth; however, NO is associated with both tumor-promoting and tumor-suppressive functions. Although, the role NO plays in tumors is difﬁcult to predict, the evidence suggests that it
depends on the organ of primary tumor [6,14], stage of disease progression [7,8] and the types
of cancer-associated stromal or immune cells within the TME [16,20]. Sufﬁcient interest has
been generated in developing anticancer drugs that target NO metabolism, but progress
towards clinical applications of NOS inhibitors or NO-donors has been limited. Several studies
have exempliﬁed the compatibility of NO inhibitors with drugs that target complementary
pathways to achieve improved therapeutic outcomes [3,11,12]. However, the limitations of
effective treatment are attributed to unresolved questions surrounding the effect of NOS
inhibitors and NO-donors in vivo. In parallel to clinical trials for novel drugs that selectively
inhibit NOS, researchers have looked towards FDA-approved off-target drugs, such as
L-arginase and pegylated arginine deiminase (ADI-PEG20), which can reduce NOS activity
by depleting arginine. However, there is a lack of evidence of their efﬁcacy in selectively
inhibiting NO synthesis using arginine-depletion drugs (see Outstanding Questions). Similarly,
the feasibility of using anticancer NO-donors has been demonstrated in scientiﬁc publications
and patents, but none have progressed to clinical trials. It is also difﬁcult to predict the
pharmacological outcome of NO-donors due to the distinct biochemical properties of different
NO-donors. For instance, NO release kinetics or TME conditions can greatly inﬂuence the
concentration of NO in tumors induced by NO-donors [75]; and biological functions of NO can
switch between tumor-promoting and tumor suppressing based on NO concentrations [76].
The systematic consequences of drug-induced off-target effects on NO-induced S-nitrosation,
epigenetic modiﬁcations and metabolic alterations have also not been investigated (see
Outstanding Questions). Therefore, characterization of therapeutic effects of modulating NO
metabolism requires well-designed studies with quantiﬁable parameters. Metabolic ﬂux analysis techniques designed speciﬁcally to quantify dynamic changes in NO synthesis in distinct
conditions will provide further insight into the effects of NO on tumors (Box 2). A formalized
approach that involves ﬂux analysis techniques will help design a rubric for the use of NOS
inhibitors, arginine depletion drugs, NO donors, or combination drugs to treat cancer of distinct
types and at various stages of the disease.

Is arginine metabolism always perturbed in tumors with dysregulated
NO metabolism?
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