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a b s t r a c t

Nitric oxide (NO) has been widely recognized as a positive regulator of tumorigenesis and cancer progres-
sion through its ability to regulate important proteins in various signal transduction pathways. S-Nitro-
sylation, or covalent attachment of NO to protein sulphydryl groups, has gained prominence as an
important mechanism by which NO modulates physiologic and pathologic cellular responses. In this arti-
cle, we discuss S-nitrosylation of two key apoptosis-regulatory proteins of the intrinsic and extrinsic
death pathways, namely B-cell lymphoma-2 (Bcl-2) and FLICE-inhibitory protein (FLIP). These proteins
have been shown to be upregulated in a variety of tumors and have been implicated with cancer chemo-
resistance through dysregulation of apoptosis. S-Nitrosylation of these proteins precludes their ubiquiti-
nation and subsequent degradation by the proteasome, thus accentuating their anti-apoptotic effect
which is critical in the context of tumorigenic potential and cancer progression. We propose that such
post-translational modifications of proteins by NO may be a general mechanism that tumor cells exploit
to tilt the scales towards survival and proliferation by evading cell death.

� 2008 Elsevier Inc. All rights reserved.

Nitric oxide (NO)1 is a short-lived gaseous free radical which
predominantly functions as a messenger and effector molecule.
NO is produced by many mammalian cells and is critical for
numerous biological processes, including apoptosis [1–3]. Conse-
quently, NO becomes an important factor in cancer development
as apoptosis is impaired during carcinogenesis [2,3]. In mammals,
NO is synthesized by a family of NO synthases (NOS) which exist
in several isoforms, including neuronal (type I or nNOS), inducible
(type II or iNOS), and endothelial (type III or eNOS) [4,5]. Of these,
types I and III are found to constitutively express NO at low levels
in a calcium-dependent manner [6], whereas type II, which is in-
duced primarily by inflammatory cytokines and gram-negative
endotoxins, produces relatively high amounts of NO and is inde-
pendent of intracellular calcium levels [4]. Interestingly, various
studies have shown that all three isoforms of NOS are involved
in promoting or inhibiting the etiology of cancer.

NOS activity has been associated with tumor grade, prolifera-
tion rate and expression of important signaling components

associated with cancer development [7]. The presence of NOS
has been detected in various human malignant tumors including
brain, breast, lung, prostate, bladder and pancreatic carcinomas,
mesotheliomas, Kaposi’s sarcoma, salivary tumors and oral squa-
mous cell carcinomas [7–10]. Various studies have shown NO to
be an important component of the tumor microenvironment,
where it is produced either by tumor cells, endothelial cells in
the tumor microvasculature, or stromal cells within the tumors
[11]. Due to its lipophilic nature, NO can rapidly cross cell mem-
branes and enter intracellular compartments, where it can exert
its action even when produced by a neighboring cell, thus medi-
ating interactions between tumor and host cells. However, the
functional role of NO in tumor biology is complex and remains
to be fully defined.

Research over the past couple of decades suggests that NO can
have opposite effects, depending upon the level of NO induction,
the temporo–spatial mode of NO action, intracellular targets of
NO, and other environmental and pathophysiological conditions.
While a number of reports indicate that the presence of NO in tu-
mor cells or in their microenvironment is detrimental to tumor cell
survival and metastatic ability, numerous clinical and experimen-
tal studies suggest a promoting role of NO in tumor progression
and metastasis [1]. Thus, a dichotomy in effects of NO is observed,
leading researchers to suggest that NO may exert a biphasic re-
sponse such that when NO levels go beyond a critical concentra-
tion that would be suitable for tumor growth and survival,
growth arrest and/or apoptotic/necrotic pathways are initiated
[12].
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Although NO has been shown to have a direct effect on sec-
ondary metastasis, it can also promote carcinogenesis, leading to
formation of tumors due to transformation of normal cells [13].
This is because NO has been shown to exert pleiotropic effects
including cell proliferation, smooth-muscle relaxation, neuro-
transmission, toxicity, differentiation and apoptosis, all critical
factors which when dysregulated may lead to tumorigenesis
[14]. The redox state and chemistry of NO facilitate its interac-
tion with various proteins thus regulating various intracellular
and intercellular signaling events [15]. Recent evidence indicates
that NO activates a complex network of responses leading to
apoptosis via mitochondrial, death receptor, p38/mitogen-acti-
vated protein kinase (p38 MAPK), and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH)-Siah1 cascades [16–19]. The
anti-apoptotic effect of NO can be mediated through a number
of mechanisms, such as caspase inactivation, induction of cellu-
lar tumor antigen p53 (p53) gene expression, upregulation of
cellular FLIP, and overexpression of Bcl-2 and Bcl-XL with subse-
quent inhibition of cytochrome c release from the mitochondria
[20–25]. One of the key mechanisms by which NO regulates the
function of various target proteins is through S-nitrosylation
[15].

Protein S-nitrosylation

The reversible coupling of a nitroso moiety to a reactive cys-
teine thiol leads to the formation of S-nitrosothiol (SNO), the
process commonly known as S-nitrosylation [26,27]. Although
protein modifications induced by NO were initially detected only
on protein-bound transition metals (such as that observed for
the haem Fe+2 of guanylate cyclase), research over the past dec-
ade has shown that the principal target of cellular NO is the
thiol group of cysteine residues contained in signature motifs
of substrate proteins and peptides, and that NO substantially
regulates numerous signal transduction pathways via S-nitrosy-
lation of proteins [28,29]. For instance, NO inhibits the function
of nuclear factor-kappa B (NF-jB), c-Jun N-terminal kinase (JNK)
and protein kinase C and activates Ras and ryanodine receptor
via S-nitrosylation [30–34]. However, substrate specificity that
dictates the propensity of certain cysteine residues to get nitro-
sylated (or de-nitrosylated) over others depends upon a number
of factors including the electrostatic environment, orientation of
aromatic residues, hydrophobicity, proximity of target thiols to
redox centers and protein–protein interactions [29,35]. Also,
the source of the coupled NO moiety could be provided by NO
itself, other NO oxides, metal-NO complexes or various SNOs.
Although specific enzymes that exclusively mediate S-nitrosyla-
tion have not been characterized, several agents have been iden-
tified that play an important role in catalysis of this process [36].
Such post-translational modification of proteins can positively or
negatively regulate various signaling pathways, proteins, and
metabolic processes [29,35]. One of the most important pro-
cesses regulated by S-nitrosylation is apoptosis [37].

S-Nitrosylation and apoptosis

Apoptosis is a highly regulated process leading to cell death
characterized by cell shrinkage, membrane blebbing and DNA frag-
mentation [38]. Caspases, a family of cysteine proteases, are cen-
tral regulators of apoptosis. Caspase-8 and -9 are key pro-
apoptotic proteins of the twomajor pathways regulating apoptosis,
viz., the extrinsic (death receptor) pathway and the intrinsic (mito-
chondria) pathway. The extrinsic pathway of apoptosis is induced
via signaling through a family of death receptors including Fas
(CD95/APO-1) and tumor necrosis factor receptor-1 (TNFR-1).

Death receptor ligands characteristically initiate signaling by
recruiting specialized adaptor proteins such as Fas-associated
death domain (FADD) to their cytosolic death domains, resulting
in the recruitment of procaspase-8 to the death-inducing signaling
complex (DISC) causing activation of caspase-8 [39–41]. Activated
caspase-8 stimulates apoptosis through the activation of effector
caspase-3 either directly or indirectly through the intrinsic death
pathway. The intrinsic pathway is induced by pro-apoptotic Bcl-2
family of proteins such as Bid, Bax and Bad that reside in the cyto-
sol but translocate to the mitochondria following death signaling.
In the mitochondria, these proteins promote the release of cyto-
chrome c, which then binds to apoptotic protease activating factor
1 (Apaf 1) and forms an activation complex (apoptosome) with
procaspase-9 leading to its cleavage and activation in the form of
caspase-9 [42,43]. Caspase-9 activates effector caspases such as
caspase-3 leading to apoptosis.

The apoptotic pathways are regulated at different levels by var-
ious anti-apoptotic proteins including FLIP and Bcl-2. FLIP is the
key regulator of the extrinsic death receptor pathway. This anti-
apoptotic protein is recruited to the DISC upon stimulation where
it prevents procaspase-8 recruitment/processing and subsequent
induction of apoptosis through the extrinsic pathway [44–46].
Bcl-2 is a key apoptosis-regulatory protein of the mitochondrial
death pathway [42]. Formation of heterodimers with pro-apoptotic
proteins and inhibition of mitochondrial membrane transition and
cytochrome c release are some of the mechanisms by which Bcl-2
exerts its anti-apoptotic effect [47,48]. Several studies have dem-
onstrated that the overexpression of Bcl-2 and FLIP increases resis-
tance to apoptotic cell death induced by various DNA-damaging
agents, which is an important feature of malignant cells [49–51].

The anti-apoptotic function of these proteins is closely associ-
ated with their expression levels which are regulated by various
mechanisms, including dimerization, transcription, post-transla-
tional modification, and degradation. Degradation of these anti-
apoptotic proteins is mainly mediated via the ubiquitin-proteaso-
mal pathway, which is a major system for selective protein re-
moval in eukaryotic cells [52,53]. Accumulating evidence also
suggests that this degradation pathway is a key pathway of apop-
tosis regulation by the anti-apoptotic proteins under various apop-
tosis and stress conditions [20–22,52]. The degradation process
involves selective modification of e-NH2 groups of lysine residues
in the proteins by ubiquitination which targets them for degrada-
tion by the proteasome complex [52,53]. Various factors such as
specific structural features, phosphorylation or a partially con-
served sequence motif are implicated in making proteins suscepti-
ble to degradation [54]. However, the physiological signals that
lead to protein recognition by ubiquitin and degradation by protea-
some are unclear.

Over the past few years, our group has focused on the role of NO
in apoptosis regulation. As mentioned earlier, NO is known to reg-
ulate apoptosis through S-nitrosylation of various pro- and anti-
apoptotic proteins. For instance, nitrosylation of caspases including
caspase-8, caspase-9 and caspase-3 at their active site has been
shown to inhibit their enzymatic activity [24,55]. Here, we present
two case studies dealing with S-nitrosylation of key anti-apoptotic
proteins of the death receptor and mitochondrial pathways,
namely FLIP and Bcl-2 respectively, and discuss their role and
mechanism of apoptosis regulation as well as their linkage to
carcinogenesis.

Case study I: NO and FLIP (death receptor pathway)

As mentioned earlier, FLIP is a key apoptosis-regulatory protein
of the death receptor pathway. FLIP is involved in rendering cells
resistant to death receptor-mediated apoptosis in various cell
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types [44,56–58] and elevated expression of this protein has been
associated with tumor cells that can escape from immune surveil-
lance in vivo [59]. Furthermore, downregulation of FLIP by cyto-
toxic agents has been shown to sensitize cells to death receptor-
mediated apoptosis [60]. Thus, FLIP represents a potential crucial
step in tumorigenesis and a promising target for drug development
against cancer.

Activation of Fas (CD95) death receptor by its ligand (FasL) in-
duces apoptotic cell death of susceptible cells. To study the role
of NO in the apoptotic process and its regulatory mechanism, we
analyzed the expression levels of key apoptosis proteins known
to be involved in Fas death signaling, including Fas death receptor,
FADD adaptor protein, and the antiapoptotic protein FLIP, in hu-
man lung epithelial cells following FasL stimulation [22]. Among
these, only the level of FLIP was affected by the FasL treatment.
FasL induced rapid downregulation of FLIP, and its overexpression
by ectopic gene transfection inhibited the apoptotic effect of FasL,
indicating the important role of FLIP in the apoptotic process. FasL
treatment also induced rapid generation of cellular NO and its inhi-
bition by the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetra-
methyl-imidazoline-1-oxy-3-oxide (PTIO) or iNOS inhibitor
aminoguanidine (AG) strongly inhibited the downregulation of
FLIP and apoptosis induced by FasL. In contrast, treatment of the
cells with NO donor, sodium nitroprusside (SNP) or dipropylenetri-
amine (DPTA) NONOate, showed opposite effects. NO was further
found to exert its effect on FLIP through inhibition of protein ubiq-
uitination and proteasomal degradation which was induced by the
FasL treatment. Therefore, our data suggested that NO exerted its
anti-apoptotic effect by interfering with the FLIP degradation
mechanism.

The mechanism by which NO inhibits FLIP degradation was
shown to involve protein S-nitrosylation. To demonstrate this, cells
expressing ectopic FLIP were treated with FasL in the presence or
absence of NO modulators, and cell lysates were immunoprecipi-
tated and analyzed by Western blot using anti-S-nitrosocysteine
antibody. The result showed that the NO donor DPTA NONOate
and SNP were able to induce S-nitrosylation of FLIP, whereas the
NO inhibitors AG and PTIO inhibited the nitrosylation (Fig. 1).
These results suggested that S-nitrosylation may be a key mecha-
nism utilized by NO to regulate FLIP ubiquitination and proteaso-
mal degradation. In order to delineate the mechanism of FLIP S-
nitrosylation, we determined the domain(s) of FLIP which is
responsible for its nitrosylation by constructing a series of FLIP
deletion mutants (D1–D4). These mutants were individually trans-
fected into cells and their S-nitrosylation by NO was determined in
FasL-treated cells (Fig. 2). Although partial deletion of the caspase-
like domain of FLIP (D1) showed no effect on S-nitrosylation in-
duced by the NO donor SNP, complete deletion of this domain
(D2) as well as the death effector domain 2 (D3) strongly inhibited
the S-nitrosylation. Immunoprecipitation and ubiquitination stud-
ies further showed that the NO donor SNP was able to inhibit FasL-
induced ubiquitination of FLIP and its D1 mutant, but not the D2
and D3 mutants (Fig. 3A), indicating the protective role of S-nitro-
sylation on FLIP ubiquitination.

The results of this study also suggested that the amino acid se-
quence difference between D1 and D2 (or the amino acid sequence
233–328 of the caspase-like domain) was essential for the S-nitro-
sylation of FLIP. Since S-nitrosylation involves the transfer of NO
group to cysteine residues, we mutated the two cysteines present
in this region (D4) to determine whether these mutations interfere
with the S-nitrosylation of FLIP. We found that mutations of these
cysteine residues (Cys-254 and Cys-259) resulted in a complete
inhibition of FLIP nitrosylation (Fig. 2B). Such mutations also inhib-
ited the protective effect of NO on FLIP ubiquitination (Fig. 3A),
supporting the role of S-nitrosylation in the ubiquitination process.
As expected, our result showed that NO was able to prevent FLIP
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Fig. 1. S-nitrosylation of FLIP by NO. Human lung epithelial BEAS-2B cells were
transiently transfected with myc-FLIP plasmid and treated 1 day later with FasL (0–
100 ng/ml) in the presence or absence of the NO donor SNP (300 lg/ml) or DPTA
NONOate (200 lM), or with the NO inhibitor AG (100 lg/ml) or PTIO (100 lM) for
2 h. Cell lysates (60 lg protein) were immunoprecipitated (IP) using myc antibody
and analyzed by Western blot (WB) using S-nitrosocysteine antibody. The immu-
noblot signals were quantified by densitometry and mean data from independent
experiments (one of which is shown here) were normalized to the result obtained
in non-treated control. Plots are mean ± SD (n = 3). *p < 0.05 versus FasL-treated
control. (Reproduced from Ref. [22] with permission from the ‘Journal of Biological
Chemistry’.)
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Fig. 2. The caspase-like domain of FLIP is required for S-nitrosylation. (A) Schematic
structures of FLIP and various constructs (D1–D4) used in this study. DED stands for
death effector domain. Amino acids present in each construct are labeled. Asterisks
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nitrosylation of FLIP and its mutants was analyzed by transient transfection and
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degradation by FasL, as indicated by its increased expression in the
presence of the NO donor SNP (Fig. 3B). In contrast, the NO donor
had no protective effect on the non-nitrosylable FLIP mutant (D4),
suggesting that S-nitrosylation of FLIP, in addition to preventing
ubiquitination, also protected this molecule from FasL-induced
degradation.

Together, our data provide evidence that FasL can induce down-
regulation of FLIP through ubiquitin-proteasomal degradation. NO
negatively regulates this process through its ability to nitrosylate
the protein at Cys-254 and Cys-259, which prevents its degrada-
tion through the ubiquitin pathway. Since increased FLIP expres-
sion has been associated with refractory tumors that escape
immune surveillance, and inhibition of FLIP is effective in render-
ing tumor cells responsive to chemotherapy, the knowledge gained
from this study could have important implications in the patho-
genesis of cancers and their treatment.

Case study II: NO and Bcl-2 (mitochondrial pathway)

Bcl-2 is a key apoptosis-regulatory protein of the mitochondrial
death pathway [42]. The oncogenic potential of Bcl-2 protein is

well characterized with its overexpression reported in 70% of
breast cancer, 30–60% of prostate cancer, and 90% of colorectal
cancer [61,62]. Recent evidence have shown elevated expression
levels of Bcl-2 and NO in various other cancer cells [48–50,62–
64]; however, the potential role of NO in the regulation of Bcl-2
and the underlying mechanism are largely unknown. In our study,
we investigated the role of NO in apoptotic cell death induced by
the carcinogenic metal chromium [Cr(VI)] which has been shown
to induce apoptosis through Bcl-2-dependent mitochondrial death
pathway [20,65]. Like FLIP, Bcl-2 was found to be downregulated
through ubiquitin-proteasomal degradation and NO inhibited this
degradation. To determine the role of S-nitrosylation in this pro-
cess, cells expressing ectopic Bcl-2 were treated with Cr(VI) in
the presence or absence of NO modulators, and cell lysates were
immunoprecipitated and analyzed for S-nitrosylation by Western
blotting. We found that Cr(VI) induced S-nitrosylation of Bcl-2
and this effect was inhibited by the NO inhibitor PTIO and AG,
and enhanced by the NO donor SNP and DPTA NONOate
(Fig. 4A). These results suggest that NO, through its ability to S-nit-
rosylate Bcl-2, may interfere with the ubiquitination process and
inhibit proteasomal degradation of the protein. To test this possi-
bility, cells were treated with a known inhibitor of S-nitrosylation,
dithiothreitol (DTT), and its effects on S-nitrosylation and ubiquiti-
nation of Bcl-2 were examined. The results showed that DTT was
able to prevent S-nitrosylation of Bcl-2 by Cr(VI) (Fig. 4A) and
inhibited the effect of NO donors on Bcl-2 ubiquitination in
Cr(VI)-treated cells (Fig. 4B). These results indicate that S-nitrosy-
lation might be a key mechanism utilized by NO to regulate ubiq-
uitination and degradation of Bcl-2. To confirm this finding and to
determine the cysteine residue(s) involved in the S-nitrosylation
process, we constructed Bcl-2 mutant plasmids replacing the two
cysteines in Bcl-2 with alanines (C158A and C229A) and intro-
duced them into cells by gene transfection. The results showed that
mutations of one or both cysteine residues completely inhibited
the S-nitrosylation of Bcl-2 by Cr(VI) (Fig. 5A). Such mutations also
led to increased Bcl-2 ubiquitination (Fig. 5B), thus confirming that
S-nitrosylation of Bcl-2 prevents its ubiquitination and subsequent
degradation. S-Nitrosylation of Bcl-2 was also found to be induced
under various apoptotic and stress conditions, including exposure
to death ligand and glutathione depletion [20], suggesting that it
may be a general mechanism of apoptosis regulation under diverse
conditions.

S-Nitrosylation and carcinogenesis

Resistance to apoptosis is a key feature of cancer cells and is in-
volved in the pathogenesis of cancer. It is also a major cause of fail-
ure for many drug therapies against cancer. Molecular alterations
that lead to apoptosis resistance can be initiated or promoted by
S-nitrosylation of anti-apoptotic proteins such as Bcl-2 and FLIP.
This process is mediated by NO and results in upregulation of the
proteins which is observed in many types of tumors. Thus, S-nitro-
sylation conveys a key influence of NO on apoptosis signaling and
may provide a key mechanism for apoptosis resistance and carci-
nogenesis. However, direct evidence linking S-nitrosylation and
carcinogenesis are lacking. Our ongoing studies support the role
of S-nitrosylation of anti-apoptotic proteins in the pathologic
development of cancer (unpublished data). We observed that
long-term exposure of non-tumorigenic lung epithelial cells to
non-toxic concentrations of carcinogenic metal Cr(VI) led to apop-
tosis-resistant and malignant transformed phenotype. The trans-
formed cells exhibited anchorage-independent growth, loss of
contact inhibition, increased cell invasion and migration activities,
key characteristics of cancer cells. These cells also exhibited in-
creased NO production and elevated expression of S-nitrosylated
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Fig. 3. S-Nitrosylation of Cys254 and Cys259 inhibits FLIP ubiquitination and deg-
radation induced by FasL. (A) BEAS-2B cells were transiently transfected with ub-
iquitin and myc-FLIP or its mutant plasmids. One day after the transfection, cells
were treated with FasL (100 ng/ml) in the presence or absence of SNP (300 lg/ml)
for 2 h and cell lysates were prepared for immunoprecipitation using myc antibody.
The immunoprecipitated proteins were analyzed by Western blot with antibody
against ubiquitin. Band densities were normalized against FasL-treated controls.
Plots are mean ± SD (n = 3). *p < 0.05 versus FasL-treated controls. (B) Cells were
transiently transfected with myc-FLIP or D4 mutant plasmid and then treated 1 day
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(Reproduced from Ref. [22] with permission from the ‘Journal of Biological
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Bcl-2, supporting the role of S-nitrosylation in the carcinogenic
process. The increase in S-nitrosylated Bcl-2 level was accompa-
nied by a parallel increase in total Bcl-2 level, suggesting positive
regulation of Bcl-2 by S-nitrosylation through protein stabilization.
Since resistance to apoptosis is a hallmark of neoplastic evolution,
selection of cells that are resistant to apoptotic cell death by S-nit-
rosylation may be a key determining factor in cancer progression.

Summary

NO has multitudinous effects in tumor biology and our studies
support the role of NO in carcinogenesis through its ability to nit-
rosylate important anti-apoptotic proteins such as Bcl-2 and FLIP.

These proteins are key regulators of apoptosis and their impor-
tance in the development of apoptosis resistance and tumorigene-
sis has been established. Since increased NO production and anti-
apoptotic protein expression have been associated with several hu-
man tumors, NO may be one of the key regulators of cell death
resistance and cancer development through its ability to S-nitrosy-
late anti-apoptotic proteins. Our work provides insights into the
molecular mechanisms of apoptosis resistance and carcinogenesis.
Our finding on the novel function of NO through S-nitrosylation of
anti-apoptotic proteins may have important implications in the
treatment of cancer and the development of novel therapeutics.
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modulators on Cr(VI)-induced Bcl-2 ubiquitination. Cells overexpressing myc-Bcl-2
were treated with the indicated test agents in the presence of lactacystin (10 lM) to
prevent proteasome-mediated Bcl-2 degradation. Cell lysates were then immuno-
precipitated with anti-myc antibody and the immune complexes were analyzed for
ubiquitin. Data are mean ± SD (n = 4). *p < 0.05 versus Cr(VI)-treated controls. #p -
< 0.05 versus NO-modulated controls. (Reproduced from Ref. [20] with permission
from the ‘Journal of Biological Chemistry’.)
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