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Abstract
Nitric oxide (NO) is a simple molecule with a complex and pleitropic biological activity. NO or
related species have been implicated in the regulation of many genes that participate in many diverse
biological functions including programmed cell death or apoptosis. Apoptosis is a process that may
potentially be disrupted in cancer cells conferring a survival advantage. In addition, malignant tumor
cells can develop an intricate system of resistance to apoptotic stimuli. NO or related species have
been shown to play a dual role in the regulation of apoptosis in malignant cells either promoting cell
death or protecting cells from pro-apoptotic induction. However, the specific role of NO in the
regulation of apoptosis/survival-related genes expression seems to tilt the balance toward the
promotion of pro-apoptotic and the suppression of anti-apoptotic genes. Herein we have reviewed
the most relevant aspects involving NO and/or reactive intermediates in the regulation of apoptosis-
related genes –mainly– at the transcriptional level. We described the basic apoptotic molecules that
potentially are affected by NO and how NO-mediated signaling gets transmitted to the transcriptional
machinery that governs the expression of these genes. In addition, we discussed some of the
fundamental functional consequences of the regulation of apoptosis-related genes by NO in cancer
biology and its potential therapeutic implications.
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Introduction
Nitric oxide (NO) is a diatomic molecule that plays important roles as the smallest pleiotropic
signaling messenger in mammalian cells [1]. NO has an unpaired electron, it rapidly reacts
with other molecules and easily diffuses through the plasma membranes to reach target proteins
within the cell due to its lipophilic nature. NO is biologically synthesized by nitric oxide
synthases (NOS). NOS catalyze the oxidation of L-arginine resulting in the formation of NO
and L-citruline. NO is produced by three different NOS, two of which are generally
constitutively expressed, primarily in neurons (nNOS or Type I) and endothelial cells (eNOS
or Type III), respectively [2-4]. An inducible isoform (iNOS or Type II) can be upregulated
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considerably in immune cells and many other tissues [5,6]. It has been shown that IFN-γ alone
or in combination with TNF-α, interleukin 1β (IL-1β) and bacterial lipopolysaccharide (LPS)
can induce the expression of iNOS in a wide variety of tissue organs and in some tumor cell
lines [7,8]. 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 [9,10].

The specific role of nitric oxide in tumor biology and cancer has remained elusive. A broad
spectrum of activities has been assigned to either the physiology or the patho-physiology of
nitric oxide in tumor cells (for a review, see ref. [11]). The first distinction we can make is
related to the amount and sources of nitric oxide being generated. Low-output of nitric oxide
has been correlated with increased blood flow and new blood vessels (angiogenesis) feeding
the tumor area [12]. In addition, the generation of nitric oxide 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 nitric oxide could inhibit the activation of caspases and therefore
antagonizes the pro-apoptotic signals [13,14]. However, the opposite effect also has been
observed in many other systems whereby the generation of high-output of nitric oxide, either
by iNOS induction or by the use of NO donors, inhibits tumor growth and metastasis [15].
Therefore, the final outcome of NO mediated effects will be determined by many factors
including the local concentration and sources of nitric oxide in the tissue, and the presence of
reactive molecules that might redirect the redox status in the cell.

Several lines of evidence support the hypothesis that NO regulates the expression of some
genes that are implicated in the signal pathway involving regulatory cytokines that modify the
cellular response to apoptotic stimuli [16-22]. However, the regulation of apoptosis-related
genes by NO is not completely understood.

NO is known to interfere in the DNA binding activity of many zinc finger transcription factors
via S-nitrosation (S-nitrosylation) of cysteine thiols groups and subsequent S-nitrosothiol
formation [23,24]. The formation of S-nitrosothiols, and subsequent oxidation of thiol proteins,
might act as switches in signaling pathways [25-27]. Furthermore, S-nitrosylation may regulate
many thiol-containing enzymes and regulatory proteins, such as the transcription factors
nuclear factor kappa B (NF-κB) [28], AP-1 [29,30] and CREB [31].

Herein we have reviewed the most relevant aspects involving NO and/or related species in the
regulation of apoptosis-related genes –mainly– at the transcriptional level. We described the
basic apoptotic molecules that potentially are affected by NO and how NO-mediated signaling
gets transmitted to the transcriptional machinery that governs the expression of these genes.
In addition, we discussed some of the fundamental functional consequences of the regulation
of apoptosis-related genes by NO in cancer biology and its potential therapeutic implications.

Apoptosis/Survival-Related Genes: Main Players
Apoptosis is widely known as programmed cell death that is part of normal development,
senescence, and other diverse biologic processes. Apoptosis is an evolutionary conserved
process that contributes to development and maintenance of virtually all cell types.
Accumulation of normal and abnormal tissue depends on the delicate balance between cell
proliferation and apoptosis; as such, it is difficult to assess the importance of apoptosis without
careful measurements of both proliferative and apoptotic components.

The intracellular signaling pathways that regulate apoptosis have been elucidated in many cell
types. Signal transduction to transmit the apoptotic death signal is carefully regulated. There
are basically two types of signaling pathways that regulate cellular apoptosis. First (Extrinsic),
the binding of specific death ligands to their respective cell surface receptors, such as Fas,
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tumor necrosis factor (TNF) receptor (TNFR), and the DR3/4/5, activate downstream pathways
through the recruitment of adapter molecules. These adapter molecules recruit an “initiator”
cysteine protease (e.g. caspase 8), which, in turn, cleaves further caspases. The downstream
“effector” caspases are responsible for the cleavage of various intracellular substrates and the
activation of targets involved in DNA degradation. A parallel pathway that does not require
the activation of cell surface death receptors is also present (Intrinsic). This second pathway
is dependent on the release of mitochondrial cytochrome c and other pro-apoptotic molecules
(e.g. Smac/DIABLO) into the cytoplasm. The association of cytochrome c with an adapter
molecule, Apaf1, and caspase 9 in the cytoplasm activates the latter, which, in turn, activates
downstream caspases. Whereas the intracellular triggers causing the loss of mitochondrial
membrane integrity are varied and often difficult to identify, it is clear that the release of
cytochrome c (and presumably other pro-apoptotic molecules) in response to these triggers is
ultimately mediated by the relative expression or activity of members of the Bcl-2 family.
Although the “death receptor” and “mitochondrial” pathways are distinct there is considerable
crosstalk between them. For example, activated caspase 8 in response to TNF-α can cleave Bid
(a Bcl-2 family member), thereby converting it into a pro-apoptotic molecule that can promote
cytochrome c release. Nonetheless, this “mitochondrial amplification loop” is not always
necessary because cytochrome c release is not always observed [32]. Moreover, it has been
shown that nuclear factor kappa B (NF-κB) can prevent apoptosis induced by TNF-α through
transcriptional regulation of antiapoptotic factors, such as TNFR-associated factor (TRAF) and
inhibitor of apoptosis protein (IAP) (Figure 1).

Apoptosis and Cancer
Apoptosis is a pathway that may potentially be disrupted in tumor cells conferring a survival
advantage [33,34]. Mutation affecting genes that are either inducers (i.e. c-myc, p53, bad, ICE
and others) or repressors (i.e. bcl-2, bcl-xl, c-abl, ras and others) of apoptosis, may be a common
genetic event during the development of malignancies (for review see [35] and references
therein).

Resistance to apoptosis induction has been recently recognized as a common pathway to
multiple drug resistance. Further, the development of resistance to either the immune system
or chemo-immunotherapeutic strategies remains a disadvantage in the therapy of cancer,
particularly in cases where recurrence and/or relapses occurred. Apoptosis has been recognized
as a distinct pathological mechanism in tumors responding to anticancer therapies [36,37].
Tumor cells, which are resistant to killing by the immune system or medical therapeutic
treatment, can be sensitized to apoptosis-related cytotoxicity by combination treatments of
subtoxic concentrations of chemotherapeutic drugs, toxins, cytokines, and antibodies (for
review see [38] and references therein).

The survival of a tumor cell is dependent on the acquisition of resistance to cell death and
escape from immune-surveillance [39]. In most cases, the machinery of death is intact within
the cells and ready to be activated by signals that trigger the death process. It has been
hypothesized that the resistance to cell death could arise from the deregulation in the expression
of some genes that participate in the protective mechanism against cell death. Therefore, a
logical approach to sensitize resistant tumor cells to be eliminated by the immune system or
by therapeutic agents would be to increase the threshold of responsiveness by upregulating the
expression of pro-apoptotic genes or by decreasing the expression of anti-apoptotic (survival)
genes.

Nitric oxide/cGMP and Apoptosis
In general, the role of NO in apoptosis is controversial. Indeed, it has been shown that NO can
have both pro- and anti-apoptotic properties. NO can prevent apoptosis in some cell lines, such
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as endothelial cells, lymphoma cells, ovarian follicles, cardiac myocytes, vascular smooth cells
and hepatocytes. Inhibition of apoptosis by NO may be associated with the induction of heat
shock protein 70 (Hsp 70) response, suppression of Bax expression, or guanylyl cyclase (GC)
activation, induction of protective pathways through the induction of heme oxygenase and
cyclo-oxygenase; may involve up-regulation of intracellular antioxidant systems, especially
glutathione; may inhibit caspase 3-like enzymes via S-nitrosylation or through a cGMP-
dependent mechanism, both leading to inactivation of caspases [40].

NO exerts most of its physiological effects by binding to its GC-coupled receptors. NO
regulates a wide range of biological functions via post-translational modification of proteins
[41]. The biological activities of NO can be divided into cyclic guanylate cyclase (cGMP)-
dependent and cGMP-independent pathways. cGMP formation is considered to be the main
physiological NO signaling pathway [42]. cGMP production leads to the activation of cGMP-
dependent protein kinases and the suppression of caspase activity. High doses of NO may
inhibit apoptosis through both cGMP-dependent and -independent mechanisms [43].
Significant portion of the function of the NO/cGMP-mediated signaling pathways involve
cGMP-induced changes in gene expression. cGMP’s effects on apoptosis appear to be
mediated, at least in part, through regulation of Bcl-2-related genes. Some effects of cGMP on
gene expression involve cross-talk with other signaling pathways, such as MAP kinase,
calcineurin, and RhoA pathways; other effects of cGMP may be directly attributed to PKG
phosphorylation of specific transcription factors, such as the cAMP response element (CRE)-
binding protein (CREB) and TFII-I (Reviewed in [44]).

NO regulates the expression of Apoptosis-related receptors: Role of the
transcription repressor YY1

The best-characterized death receptors are Fas (also called CD95 or APO-1), death receptor 5
(DR5 or tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor 5) and
TNFR1 (also called p55 or CD120a) [45-49]. The signal from Fas seems to be restricted to
apoptosis, whereas the TNFR1 activates both apoptosis and the anti-apoptosis-related
transcription factor NF-κB [50].

Initial evidences suggesting the potential role of NO in the regulation of Fas expression in
cancer came from the observation of NO-mediated sensitization of ovarian tumor cells to Fas-
induced apoptosis. It has been shown that the sensitization to Fas-mediated apoptosis observed
in ovarian carcinoma cell treated with IFN-γ is due in part to the generation of NO, or its
reaction products, by the induction of iNOS by the tumor cells. NOS inhibitors blocked this
sensitization and the use of NO donors mimicked the IFN-γ-mediated sensitization to a Fas-
agonist antibody. Furthermore, it was observed a concurrent upregulation of Fas receptor,
either upon induction of iNOS by IFN-γ or by the treatment of the ovarian cancer cells with
NO donors. Moreover, the observed upregulation of Fas receptor was abrogated by the use of
NOS inhibitors suggesting a strong correlation that might account for the sensitization to Fas-
induced apoptosis [51].

Previous work demonstrated the influence of IFN-γ in the regulation of Fas receptor expression
on the tumor cell surface [52]. Studies searching for the role of NO in the vascular smooth
muscle cell apoptosis showed that NO induces upregulation of Fas antigen expression via a
cGMP-independent mechanism [53], and also that NO primes pancreatic β cells for Fas-
induced apoptosis by increasing the surface CD95 receptor expression [54]. However, it was
not clear how NO could interact with the transcriptional machinery in order to regulate Fas
gene expression.
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Characterization of the human Fas gene promoter has revealed three major regions within the
approximately 2,000 bp 5’-flanking region. Functional analysis identified a silencer activity
residing between nucleotide position -1,781 and -1,007 and a strong enhancer region between
-1,007 and -425 in the human Fas gene. The region between -425 and -1 retained a basal
promoter activity [55]. A subsequent study, aiming to identify the specific mechanisms by
which NO could regulate the expression of Fas gene, demonstrated the direct effect of NO on
the inactivation of a negative regulatory trans-acting signals on the Fas promoter. It was
established that the mechanism by which NO upregulates the expression of the Fas receptor
on different tumor cells is due to the specific inactivation of the transcription repressor Yin-
Yang 1 (YY1) DNA-binding activity to the silencer region of the Fas promoter [56]. Similarly,
it has been suggested the specific role of NO in the regulation of TRAIL receptor (DR5) gene
expression via disruption of the repressor activity of YY1 [57].

Further, it was determined that the mechanism of NO-mediated inhibition of YY1 DNA-
binding activity was due to S-nitrosylation of critical cysteines residues coordinated by Zn2+

residing at its four zinc fingers. This resulted in inhibition of the transcriptional repressive
activity of YY1 and increasing the expression of Fas and DR5 and subsequent tumor cell
sensitization to Fas- and TRAIL-induced apoptosis [58]. YY1 is a ubiquitous and
multifunctional zinc-finger transcription factor (also known as delta factor, NF-E1, UCRBP
and CF1) member of the Polycomb Group protein family, a group of homeobox gene receptors
that can act as an activator or a repressor of transcriptional activity. YY1 interacts with many
elements involved in cell cycle with an overall outcome of regulation of positive signals
promoting cell proliferation (i.e., p53, MDM2, Cyclin D, etc.). In addition, YY1 has been
implicated in the regulation of the activity and expression of apoptosis related molecules (i.e.,
NF-κB, Fas, DR5 (TRAIL receptor, etc.). It would not be surprising that deregulated YY1
activity might serve as central molecule causing dysfunctional cell proliferation and increased
resistance to cell death, therefore promoting tumorigenesis (Reviewed in [59,60]).

Although its diverse functions allow for the context-specific paradoxical effects of
transcriptional initiation, activation, and repression, the overwhelming evidence of the role of
YY1 in tumor biology would support the theory that YY1 functions to promote carcinogenesis
and perhaps even confer cells with a mechanism for evading cell death in the face of cytotoxic
stimuli including chemotherapy and/or immunotherapy. Primary mechanisms appear to
include perturbations in cellular surveillance systems as well as modulation of key genes
involved in cell cycle regulation and programmed cell death. Therefore, this NO sensitive
transcriptional regulator might provide the molecular basis to target the expression of specific
genes involved in the sensitivity of tumor cell to apoptosis.

NO regulates the expression of Apoptosis/Survival-related signaling
molecules: Role of NF-κB, p53 and other transcription factors
NF-κB

The most relevant transcription factor participating in the regulation of genes involved in
apoptosis is the nuclear factor kappa B (NF-κB) promoting the expression of anti-apoptotic
genes, therefore conferring resistance to cell death stimuli [61-64].

NF-κB transcription factors are assembled through the dimerization of five subunits: RelA
(p65), c-Rel, RelB, p50/NF-κB1 and p52/NF-κB2 [65]. In resting –unstimulated– state, most
NF-κB dimmers are sequestered in the cytoplasm by binding to specific inhibitors IκBs. Cell
stimulation activates the IκB kinase (IKK) complex. Activated IKK phosphorylates NF-κB-
bound IκB proteins and targets them for polyubiquitination and rapid proteasome-mediated
degradation [66]. Freed NF-κB dimers translocate to the nucleus where they control the
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transcriptional activation of several target genes in concert with other transcription factors
[67-69].

NF-κB target genes include several antiapoptotic proteins including cIAP1, cIAP2, TRAF1,
TRAF2, Bfl-1A1, Bcl-XL and FLIP [64,70,71]. These findings were initially made in the
context of TNF-α signaling. Despite the presence of death domains (DD) in the cytoplasmic
portion of TNF receptor (TNFR1), TNF-α does not trigger apoptosis unless is simultaneously
used with inhibitors of RNA or protein synthesis. Moreover, the requirement for these
inhibitors can be bypassed through specific inactivation of NF-κB by either deletion of its RelA
subunit or expression of a degradation-resistant form of IκB [72]

NF-κB is an oxidative stress-responsive transcription factor that has been reported to be
activated by reactive oxygen species (i.e. H2O2, , etc.) generated as part of the signaling
cascade triggered by many molecules such as TNF-α [73,74]. Reactive oxygen species (ROS)
have been implicated in the signaling pathways initiated by TNF-α. Stimulation of mammalian
cells with TNF-α triggers the generation of various ROS [75,76]. Moreover, the use of
antioxidants resulted in the inhibition of various TNF-α-related effects, such as the activation
of transcription factors, gene expression, and cytotoxicity, and exogenous ROS mimic TNF-
α biological activity [77]. In biological systems the most important ROS generated upon TNF-
α stimulation are the result of enzymatic partial reduction of oxygen yielding superoxide
( ), which is immediately disproportionated by SOD to H2O2 and O2 or rapidly reacts with
nitric oxide (NO) generating ONOO- [78-80].

It has been shown that nitric oxide (NO) sensitizes human ovarian carcinoma cells to TNF-α-
mediated apoptosis through the specific disruption of the TNF-α-induced generation of
hydrogen peroxide (H2O2) and the subsequent inhibition of the NF-κB-dependent expression
of anti-apoptotic genes. In addition, these observations were also extended to other solid tumor
cells such as human prostatic adenocarcinoma cells. The survival autocrine-paracrine loop
involving the NF-κB-dependent expression of TNF-α could be interrupted by the inhibitory
activity that nitric oxide exerts on the TNF-α-induced activation of NF-κB. Furthermore, in an
in vivo situation, the exposure of tumor cells to pro-inflammatory cytokines such as IFN-γ will
promote the generation of nitric oxide. Thus, either the endogenously or exogenously generated
NO would scavenge the TNF-α-generated superoxide ( ) and decrease the H2O2-dependent
activation of NF-κB [56]. Furthermore, treatment of cultured prostate cancer cells in the
presence of NO resulted in sensitization of these tumor cells to TRAIL-mediated apoptosis by
inhibiting the activity of the NF-κB and consequently the impaired expression of the anti-
apoptotic gene product Bcl-XL facilitating the TRAIL-dependent activation of the apoptotic-
signaling cascade [81].

In addition, NF-κB can be regulated by NO or related molecules via inhibition of its activation.
It was originally suggested that NO stabilized the NF-κB inhibitor, IκBα, by preventing its
degradation from NF-κB. NO also increased the mRNA expression of IκBα, but not NF-κB
subunits, p65 or p50, suggesting specific transcriptional induction of IκBα by NO [82]. Also,
NF-κB can be inhibited directly by NO through S-nitrosylation of the p50 subunit. This SNO
modification of NF-kappa B has been shown to prevent binding to its target DNA site [83,
84].

p53
The tumor suppressor p53 is a transcription factor functioning as a critical regulator of
downstream genes important in cell cycle progression, DNA repair and apoptosis. The
important role that p53 plays in keeping a fine-tuned balance in mammalian cells is evident by
the large number of tumors that bear mutations in this gene. Loss of p53 in many malignancies
leads to genomic instability, impaired cell cycle regulation, and inhibition of apoptosis. Upon
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DNA damage, P53 restrains the cell at a checkpoint until DNA integrity is restored. If the
damage persists and can’t be repaired by cellular mechanisms, apoptosis is triggered. However,
the mechanisms by which p53 promotes apoptosis are still not fully understood [85,86]. In
unstressed cells, p53 exhibits an extreme short half-life and the protein amount is maintained
at a low, often undetectable level. A group of cellular stressors such as DNA damage, oncogene
activation of hypoxia stabilizes p53, predominantly by post-translational modification with a
final consequence of nucleolar disruption [87].

As a transcription factor, p53 may stimulate transcription of cell cycle regulating genes such
as p21WAF1/CIP1 or mdm2 but also apoptotic ones such as Bax or Fas [88-90]. NO or related
molecules have been shown to promote the stabilization of p53 due to the necessity imposed
by these reactive nitrogen species (RNS) to upregulate cell cycle modulators, proapoptotic
proteins such as p21WAF1/CIP1 or Bax [91,92]. Mechanisms by which NO or related molecules
promote the stabilization of p53 remain largely unknown. Recent studies reported that NO or
RNS neither use ataxia telangiectasia-mutated (ATM) nor the alternate reading frame (ARF)
tumor suppressor protein to accumulate p53 [93].

Activation of various signaling pathways by NO to regulate gene expression has been shown
by the screening of DNA microarrays [94]. Among different group of genes modulated by NO
was a significant population of genes that specifically utilized p53, suggesting the notion that
NO or related species stabilize and activate p53 and consequently modulate apoptotic/survival
genes.

FOXP3
More recently, we have identified a potential transcription factor indirectly targeted by NO
with implications on the resistance of tumor cells to apoptosis, FOXP3. FOXP3 is a member
of the forkhead/winged-helix family of transcriptional regulators exhibiting both, activation
and repression of transcription [95,96]. FOXP3 is critically important for the development and
function of T regulatory (Treg) cells and the consequent definition of immune tolerance
[97-99]. It has been shown that expression of FOXP3 in tolerogenic environments correlates
with increased resistance to apoptosis by the regulation of apoptosis-related genes such as Bcl-2
[100].

Although obviously important to the understanding of immunoregulation, the molecular events
that govern the regulation of FOXP3 remain elusive. We have shown the role of the
glucocorticoid (GR) and estrogen (ER) receptors in the expression of tumor-derived FOXP3.
Previously, we have shown that nitric oxide (NO) is capable of modifying the structure of
steroid receptors such as ER by S-nitrosylation at cysteine residues that coordinate Zn2+ within
the two major DNA-binding Zn-finger domains of most steroid receptors (including the
glucocorticoid receptor (GR)), resulting in selective inhibition of DNA-binding at specific
steroid receptor responsive elements and subsequent blockade of steroid-dependent gene
transcription [101]. We hypothesized that NO might suppress the expression of FOXP3 by
interfering with the GR/ER-dependent transcriptional activation of FOXP3 promoter. We have
examined the effect of NO in the regulation of FOXP3 in human melanoma and breast cancer
cells, resulting in a suppression of FOXP3 mRNA expression. We also have determined the
suppressive activity of NO in FOXP3 expression in dexamethasone- and estradiol-induced
cells, resulting in complete abolition of the GR/ER-mediated expression of tumor-derived
FOXP3. Collectively, these findings suggest the suppressive activity of NO on the
transcriptional regulation of tumor-derived FOXP3 via inhibition of the GR/ER-dependent
transcriptional activation of FOXP3. Therefore, NO-mediated disruption of FOXP3 expression
resulted in increased sensitivity of tumor cells to apoptotic stimuli.
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Final Remarks and Conclusions
The specific role of NO or related species in apoptosis remains controversial considering the
dual action of NO in either promoting or impairing programmed cell death as reported by
different research groups. This is not different when we analyzed the particular role of NO in
the regulation of apoptosis/survival-related genes. However, analyzing the existing data
focusing on the action of NO in the regulation of apoptosis/survival genes in cancer cells, the
balance tilted predominantly towards promoting the expression of pro-apoptotic genes and the
inhibition of expression of survival factors (Figure 1). Thus, as has been referred before, the
biological activity of NO or related molecules depend on the source of nitric oxide generation,
local concentration and the presence of other reactive molecules that can direct the function of
NO.

NO can act directly or indirectly on the transcriptional machinery, orchestrating the expression
of apoptosis/survival genes, 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 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 under physiological or pathophysiological conditions. Uncontrolled
activation of several transcription 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-κB as one of the most important regulators of
anti-apoptotic gene expression, YY1 as a novel regulator (transcriptional repressor) of pro-
apoptotic receptors, 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. Thus, specific
targeting of these genetic elements by NO or related species regulating the tumor cell sensitivity
to apoptosis represents a plausible therapeutic alternative that can be used alone or in
combination with already established anti-cancer therapies.

There is a define trend in the development and acquisition of knowledge pertinent to the role
of NO and related species in the modulation of the sensitivity of cancerous cells to apoptotic
stimuli. Specific identification of potential NO-sensitive targets involved in the regulation of
apoptosis/survival gene expression in cancer cells will contribute to the development of more
effective therapeutic alternatives.
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Figure 1.
Schematic representation of the most relevant Apoptosis/Survival-related gene products and
the effect of NO or related species (NOx) in the regulation of gene expression in cancer cells.
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