
Abstract. Treatment of cancer patients with conventional
therapies (chemotherapy, hormonal therapy, immunotherapy
and radiation) respond initially well and experience prolonged
tumor-free survival. However, in many patients tumor
recurrences and relapses occur and such tumors exhibit the
resistant phenotype i.e. cross-resistance to various cytotoxic
and apoptotic agents. Therefore, new therapeutic strategies
are currently being explored and are based on a better
understanding of the underlying biochemical and molecular
mechanisms of tumor cell resistance. Hence, novel sensitizing
agents that can modify the tumor dysregulated apoptotic gene
products can reverse resistance when used in combination
with subtoxic doses of cytotoxic reagents. Targeted anti-
tumor therapies are the current choice in the treatment of
resistant tumors. One such targeted therapy is the application
of TRAIL or TRAIL agonist monoclonal antibodies (mAbs)

(anti-DR4 and anti-DR5) because, unlike Fas ligand and
TNF-α, they are not cytotoxic to normal tissues. TRAIL as
monotherapy will only be effective against TRAIL sensitive
tumors, however, most tumors are resistant to TRAIL and
their sensitization can restore their sensitivity to TRAIL
apoptosis. We present, herein, one potential novel sensitizing
agent, namely, nitric oxide (NO) that has been shown to
sensitize TRAIL-resistant tumor cells to TRAIL apoptosis
via its inhibitory effect on the transcription factors NF-κB
and Yin Yang 1 (YY1), concomitantly with upregulation of
DR5. We propose the therapeutic application of NO donors
as sensitizing agents used in combination with TRAIL/DR4
or DR5 mAbs in the treatment of TRAIL-resistant tumors. 
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1. Introduction

Cancer is the second leading cause of death in the world.
Chemotherapy, immunotherapy and gamma radiation are
examples of anti-cancer therapies currently being utilized for
cancer treatments. However, the major problem with tumor
cells is their ability to develop resistance to conventional
therapeutics over time. Therefore, finding novel therapeutic
strategies that will reverse resistance or sensitize resistant
tumor cells to chemotherapeutics or immunotherapeutics
remains one of the toughest challenges yet to be overcome (1).
Several novel approaches have been examined for reversal of
tumor cell resistance to conventional therapeutics such as,
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for example, the use of chemotherapeutic agents which
upregulate the expression of death receptors (2,3). Antibody-
mediated immune therapy has been considered a promising
candidate for overcoming resistance; for example, agonistic
monoclonal antibodies mimic the activity of death ligands
and they are able to bind to specific death receptors and
target its respective signaling pathways for induction of
cell death. Furthermore, using targeted sensitizing agents
in combination with cytotoxic drugs show a significant
therapeutic potential to directly induce apoptosis in trans-
formed cells (4,5). 

While chemotherapy utilizes cytotoxic drugs to kill tumor
cells by apoptosis, immunotherapy stimulates the host's own
immune system to combat cancer and it is thus less toxic to
organs. Chemotherapeutic drugs destroy cancer cells by
preventing cells from dividing and replicating, but they can
also damage the DNA of normal cells. Unlike healthy cells
that are able to recover from chemotherapy once the treatment
is completed, cancer cells cannot repair themselves and
undergo apoptosis. Over the last couple of years, immuno-
therapy has gained more attention in the field of research,
leading to new developments in the field of cancer treatment.
However, immunotherapy has not yet been successful in
achieving a significant curative rate and remains in its early
stage of experimental approach (4). 

2. Immunotherapy mediated by cytotoxic cells/ligands/
antibodies

Cytotoxic cells and natural killer cells play important roles
in tumor surveillance (6). Besides cell-mediated killing,
cytotoxic ligands (e.g. TRAIL) and monoclonal antibodies
are examples of different types of immunotherapy that are
used to specifically destroy cancer cells while sparing normal
cells. Cytotoxic T lymphocytes belong to the CD8+ subset
of T cells, and they are involved in eliminating target cells by
recognizing tumor peptides presented by the major histo-
compatibility complex (MHC) on the surface of antigen-
presenting cells (APC) (6). However, natural killer cells
(NK) have the advantage of destroying infected cells without
recognizing any specific antigens. There are two killing
mechanisms by which CTL and NK cells induce apoptosis,
one of which involves the release of granzymes and perforin,
and the second involves interaction of TNF ligands (TNF-α,
FasL, TRAIL) with corresponding death receptors on
target cells (7-9). However, resistance to chemotherapy or
immunotherapy can also result in cross-resistance to different
apoptotic stimuli including chemotherapy, immunotherapy
and radiation.

TRAIL belongs to the family of TNF ligands and its
expression is upregulated upon activation of lymphocytes
(10,11). Unlike its other homologous ligands such as TNF-α
and FasL, which are toxic to normal cells, TRAIL can
selectively induce apoptosis in tumor cells while leaving
normal cells intact (12). TRAIL has five death receptors
including DR4, DR5, osteoprotegerin, and two decoy receptors.
It has been suggested that TRAIL's selectivity is in part
due to the presence of decoy receptors on normal cells that
prevent TRAIL from binding to death receptors and under-
going TRAIL-induced apoptosis, whereas TRAIL has an

opposite effect on tumor cells (13). However, there are also
reports that show that tumor cells express decoy receptors
and it is not clear whether the failure of killing normal cells is
primarily due to decoy receptors. Although FasL and TNF-α
both possess anti-cancer properties, they are highly toxic to
normal cells and toxic in vivo. Therefore, treating cancer with
TRAIL is preferred because it can kill tumor cells effectively
without being lethal to normal cells. 

Despite various treatments available that exert anti-tumor
effects, cancer cells can acquire the capability to evade
apoptosis and immune surveillance. Inactivation of tumor
suppressor proteins such as p53, or downregulation of death-
inducing ligands such as FasL (10) and TRAIL (14) or
development of mechanisms that dyregulate the apoptotic
signaling pathways, are among the numerous ways tumor
cells can become resistant to apoptosis. Cancer cells can
become resistant to chemotherapy by developing mechanisms
to repair DNA damage or decreasing the uptake of drugs
across the cell wall. While patients in early stages of cancer
respond to chemotherapeutic treatments effectively, patients
in advanced malignant stage of tumor respond poorly to
chemotherapy and apoptosis. Although immunotherapy is
much more tumor specific and less organ toxic, cells that are
resistant to chemotherapeutics can acquire cross-resistance
to immune-mediated killing. Since both approaches involve
a central apoptotic pathway, resistance to chemotherapy
inevitably results in resistance to tumor killing induced by
apoptosis-mediated stimuli (4). 

TRAIL has been shown to be useful in exerting anti-
tumor activity alone or in combination with drugs (15-18).
Although some tumor cells develop resistance to TRAIL
(4,19-21), there are various sensitizing agents such as chemo-
therapeutic drugs (19,22), cytokines (23), and inhibitors (24)
that could mediate the reversal of TRAIL resistance. 

Nitric oxide (NO) is an example of a potent anti-cancer
agent that can overcome tumor cell resistance (1). NO has
many clinically important roles, including its ability to sensitize
TRAIL-mediated apoptosis, when used in combination with
other cytotoxic agents. Although TRAIL by itself is not
effective in treating TRAIL-resistant tumors, other conventional
chemotherapeutic drugs and sensitizing agents such as NO
have shown to enhance the therapeutic potential of TRAIL
(3,25). 

TRAIL induces apoptosis in tumor cells by binding to
death-apoptotic receptors, TRAIL-R1/DR4 and TRAIL-
R2/DR5 (26). Once trimeric TRAIL cross-links with the
receptor DR4 or DR5, there is an aggregation of the death
domains, which leads to recruitment of the adaptor molecule
FADD and activation of caspase 8-mediated cascade (27).
Caspase 8 is responsible for initiating activation of caspase 3,
ultimately committing tumor cells to undergo apoptosis
(28,29). In some cases, the mitochondrial type II pathway
is involved in TRAIL-induced apoptosis (30). Unlike type I
cells (e.g. SKW6.4 and H9) that produce high amounts of
caspase 8 independent of the mitochondrial pathway, type II
cells (e.g. CEM and Jurkat cells) are dependent on the mito-
chondria for death receptor-mediated apoptosis (30). Type II
cells release cytochrome C from the mitochondrial inter-
membrane space into the cytoplasm, forming an apoptosome
that activates procaspase 9 (31). Caspase 9 then activates
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caspase 3, which can cleave procaspase 8, resulting in cell
death. Type II cells are also characterized by the expression
of anti-apoptotic members of Bcl-2 (30). 

3. Studies on the application of TRAIL as a new anti-
cancer immunotherapeutic

Clinically relevant agents increase the expression of TRAIL
death receptors and undergo apoptosis by utilizing TRAIL
or agonistic antibodies specific to TRAIL death receptors
(32). Although TRAIL is a type II transmembrane ligand,
the extracellular region can be cleaved off and form a soluble
molecule (33). In particular, recombinant TRAIL (rTRAIL)
shows anti-tumor activity in vitro and in vivo (15). rTRAIL
has been proposed as an effective natural immune molecule
for treating patients in cancer trials (34). Unlike other cyto-
kines such as TNF-α and FasL that have been shown to
induce toxic effects in non-transformed cells (35,36) and
cause inflammation and liver damage (37), rTRAIL does not
induce apoptosis in normal human hepatocytes and therefore
is being administered clinically to eliminate the tumor (34).
Recombinant soluble TRAIL produced by Genentech
Incorporated and Amgen (34) has currently entered phase I
clinical trials, while agonistic antibodies to anti-DR4 and
DR5 have been introduced in phase I and II studies (32).
Patients with advanced malignancies who have been tested for
phase I trials show no major adverse effect or toxicities to
antibody administration except in a few cases with HGS-
ETR2 (TRAIL-R2 mAb) (38-40). Although the clinical trials
demonstrate promising results, the use of TRAIL or agonistic
anti-TRAIL receptor antibody therapies is only advantageous
to patients with TRAIL-sensitive tumors (34). Patients with
TRAIL-resistant tumors require the combination of
sensitizing agents and TRAIL to reverse resistance. 

4. Sensitization of TRAIL-resistant tumors to TRAIL-
induced apoptosis

TRAIL alone is not effective in treating drug- and TRAIL-
resistant tumors but when it is combined with subtoxic chemo-
therapeutic drugs the cytotoxicity of TRAIL is significantly
enhanced (2,3). Anti-cancer drugs such as ADR, VP-16, and
CDDP, that upregulate the expression of death receptors and
activate caspase 8/9-mediated cascades, have the potential
to treat various cancer types in combination with TRAIL via
TRAIL-mediated apoptosis. CDDP is an example of a DNA-
damaging agent used in chemotherapy to treat gliomas, one
of the most common brain tumors in humans. Malignant
gliomas remain incurable partly due to the difficulty of
treatment by surgical removal and resistance to irradiation
(41). Although CDDP alone is not effective at inducing
apoptosis, co-treatment of CDDP with TRAIL demonstrates a
significant suppression of tumor growth in vivo (41). 

CDDO-Me is another cancer therapeutic agent synthesized
from triterpenoids that has been reported to upregulate the
expression of DR5 and induce TRAIL-mediated apoptosis in
human lung cancer cells (37). CDDO-Me also plays a role in
activating the caspase 8 pathway, thus committing cells to
programmed death in combination with TRAIL. In neuro-
blastoma, a solid tumor usually present in childhood, TRAIL-

induced apoptosis can be further maximized by treating
cells with drugs frequently used in chemotherapy, such as
doxorubicin and etoposide (42) that induce DNA-damage.
As observed with other anti-cancer agents, cycloheximide or
chemotherapeutic drugs have the ability to sensitize neuro-
blastoma cells to TRAIL-mediated cell death by inducing cell
surface expression of DR4 and DR5 (42). Cytotoxic drugs
not only increase the formation of apoptotic molecules such
as caspase 8, FADD (43), or DISC assembly (44), but also
make tumor cells highly sensitive to TRAIL. 

5. NO-mediated upregulation of DR5 and sensitization to
TRAIL

Nitric oxide synthase is an enzyme that oxidizes L-arginine
to nitric oxide. NOS exists in three different isoforms,
NOSII/iNOS, NOS III/eNOS, and NOS I/nNOS (1). NOS I,
which is produced in neuronal tissue, is responsible for
contraction of skeletal muscle and cell communication, and
it also acts as a neurotransmitter. NOS III is expressed only
on the membrane of endothelial cells and generated in
blood vessels; it is mainly involved in vascular functions and
stimulating angiogenesis. The Ca2+/CaM dependent NOS I
and NOS III are responsible for maintaining minimal level of
NO production in neural and endothelial cells (1). NOS II is
the only Ca2+/CaM-independent isoform that is responsible
for producing large amounts of NO in the immune system
as a host defense mechanism against pathogens (47). NOS II
has been mainly identified in cancer cells, but its expression
is not limited to macrophages and epithelial cells. The
NOS II promoter has a TATA box containing binding sites
for transcription factors at ~900 bp (48). One of the major
transcription factors that induce the expression of NOS II is
NF-κB (49). In studies that tested whether NF-κB has an
effect on transcription of NOS II, it was shown that NF-κB
does take part in regulating the expression of NOS II
(48,50).

NO is involved in a variety of cellular mechanisms as
well as the pathogenesis of human diseases, but it also serves
as a novel therapeutic molecule capable of overcoming
resistance in tumor cells. NO donors, e.g. DETANONOate,
or agents that are able to induce NO are currently used in
clinics to treat cardiovascular diseases. In addition, NO
donors inhibit angiogenesis in tumor cells via apoptosis on
inflammatory cells (1). 

NO can act as an anti-apoptotic or apoptotic modulator
depending on its concentration. While high concentrations
of NO induce apoptosis, low concentrations of NO prevent
the assembly of transcription factors, Apaf-1 and pro-
caspase 9, that are necessary for induction of apoptosis
(51). In the case of high concentrations of NO, NO can
interact with O2

- to generate peroxynitrite, ONOO-, which is
a powerful radical that can destroy cells. Peroxynitrite can
induce membrane depolarization of the mitochondria and
release of cytochrome C. Increased amount of ONOO-

stimulates apoptosis by diffusing through cell walls and
inducing DNA damage (47). In the case of tumor cells, the
energy required to repair DNA by the DNA repair enzyme,
PARP, is too costly and therefore, cells undergo apoptosis
(45). 
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Besides its association with TRAIL, nitric oxide is also
linked to regulating Fas expression and sensitizing carcinoma
cell lines to Fas-induced apoptosis. It has been observed
that when interferon-gamma (IFN-γ) is used alone or in
combination with other cytokines such as interleukin-1ß and
bacterial lipopolysaccharide (LPS), it leads to the generation
of iNOS, which is responsible for production of NO (46).
Endogenously produced NO, when stimulated with IFN-γ,
participates in rendering tumor cells susceptible to cytotoxic
lymphocyte killing via sensitization to FasL-induced apoptosis
(46). 

NO also plays a critical role in sensitizing tumor cells to
TRAIL via TRAIL-induced apoptosis. When both TRAIL and
DETANONOate are used together the mitochondria membrane
is depolarized and cytochrome C and Smac/DIABLO are
released into the cytosol (25). Cytochrome C is involved in
inducing apoptosis via a caspase 9-dependent cascade. In
addition, a significantly higher activation of procaspase 8,
procaspase 9, and apoptosis is observed when the two agents
are used in combination in comparison to when TRAIL and
DETANONOate are used independently (25). Therefore,
the therapeutic potential of NO as a sensitizing agent in
combination with TRAIL is promising. Although most
cancer cells are resistant to TRAIL-mediated apoptosis, high
concentrations of NO generated by DETANONOate can be
used to sensitize resistant tumor cells to apoptotic stimuli
such as TRAIL. The mechanism by which DETA-NONOate
sensitizes cancer cells to TRAIL-mediated apoptosis is via
inhibition of the constitutively activated cell survival and
anti-apoptotic NF-κB signaling pathway. It has been reported
that DETANONOate participates in inactivating NF-κB by
S-nitrosylation (52) and inhibiting the expression of an
anti-apoptotic gene, Bcl-xL, (25) to mediate tumor cell
sensitization to TRAIL. In addition, recent findings examined

the molecular basis of NO-mediated sensitization of TRAIL
resistant tumor cells to TRAIL-mediated apoptosis (see
below).

6. Molecular mechanisms of NO-mediated sensitization to
TRAIL

The molecular mechanism by which NO mediates sensitivity
to TRAIL is complex and multi-factorial. Hence, NO inhibits
specific transcription factors such as NF-κB and YY1 (52)
via S-nitrosylation. S-nitrosylation is the addition of NO to
cysteine-thiol residues (53), and it serves as the quintessential
redox-based post-translational protein modification (Fig. 1).
S-nitrosylation is critical in regulating protein functions as well
as cell signaling transductions; in particular, S-nitrosylation
can affect the molecular signaling system associated with
cancer, and it can even play a role in prompting or suppressing
human diseases (52). The pathways involving S-nitrosylation
formation with the zinc-finger transcription factor, Yin Yang 1
(YY1), is critical for inducing NO-mediated apoptosis to
TRAIL. YY1 is a DNA binding protein that interacts with
DNA using the cysteine residues that lie in the zinc centers.
However, NO can interfere with YY1 DNA-binding activity
by S-nitrosation of cysteine thiol groups (54,55). Normally,
YY1 is a transcription repressor that binds to the silencer
region of the Fas promoter and negatively regulates the
expression of Fas. However, once YY1 is S-nitrosylated by
NO, YY1 loses its activity, and upregulates the expression of
Fas. Thus, tumor cells can be sensitized to Fas L-induced
apotosis by NO, which promotes S-nitrosylation of YY1 and
upregulation of Fas (46). It has been noted that tumor cells
overexpress YY1 compared to normal cells (56), and this
overexpression might be the cause of resistance of tumor
cells to apoptosis or destruction by the immune system (52).

LEE et al:  REGULATION OF TRAIL BY NO688

Figure 1. Protein modification by NO. The modification of cysteine-thiol by NO leading to S-nitrosylation. In addition, tyrosine residues can be nitrated.
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In the DR5 promoter region, there is a binding site for
YY1, which negatively regulates the transcription of DR5
expression. Studies have shown that TRAIL-resistant cells
are able to become sensitive to TRAIL-mediated apoptosis
via upregulation of DR5 expression via inhibition of YY1 (3).
Various therapeutic drugs can interfere with DNA-binding
activity of YY1 and subsequently increase the surface
expression of DR5. Furthermore, upregulation of DR5 is
correlated with sensitization of cells to TRAIL-induced
apoptosis. Tests using siRNA against YY1 mRNA have
confirmed the hypothesis that YY1 is a transcription repressor
of DR5 and demonstrated its therapeutic potential as a
pivotal player in inducing TRAIL-mediated apoptosis when
used in combination with TRAIL (3). Likewise, NF-κB, is
associated in mediating apoptosis because inhibition of NF-κB
results in inhibition of YY1 activity (25,57). Upregulation of
DR5 following inhibition of YY1 leads to apoptosis induced
by TRAIL, and inhibition of NF-κB by different chemical
agents also corresponds to overexpression of DR5 and
sensitization to TRAIL-mediated apoptosis (31). Fig. 2
schematically represents the sensitization of TRAIL-resistant
tumor cells by NO donors. 

7. Future directions/conclusions

Unlike other members of the TNF family, TRAIL or agonist
DR4/DR5 mAbs have the ability to selectively kill tumor
cells while displaying minimal cytotoxicity on normal cells.
The potential of TRAIL as an anti-tumor agent remains
highly hopeful in TRAIL-sensitive cells when used alone or
in TRAIL-resistant tumor cells when used in combination
with low doses of chemotherapeutic drugs or NO donors
whereby synergy is achieved. Bidil is a prescription medicine
introduced by NitroMed in 1995 to treat patients with heart-
failure and is composed of isosorbide dinitrate and
hydralazine hydro-chloride, which are effective for arterial
vasodilation. Although Bidil is mainly prescribed for
treatment of cardiovascular diseases, it has the potential of
being used as a NO donor because isosorbide dinitrate
releases nitric oxide. Moreover, several NO donors have
been synthesized that may sensitize resistant tumors to
TRAIL-induced apoptosis or enhance the therapeutic
potential of TRAIL via upregulation of death receptors, S-
nitrosylation of transcription factors, or activation of the
mitochondrial pathway. In conclusion, we propose novel
therapeutics involving a combination of TRAIL with DR4,
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Figure 2. NO sensitizes tumor cells to TRAIL-mediated apoptosis. The effect of treating TRAIL-resistant tumor cells by the nitric oxide donor,
DETANONOate, leading to sensitization of tumor cells to TRAIL-mediated apoptosis. Treatment with NO inhibits NF-κB activity and downstream inhibits
the anti-apoptotic gene product, Bcl-xL. This leads to depolarization of the mitochondrial membrane and the release of cytochrome C and Smac/DIABLO into
the cytosol and the formation of the apoptosome. In addition, NO-mediated inhibition of NF-κB results in the inhibition of the transcription repressor, YY1,
leading to upregulation of DR5 transcription and expression. Addition of TRAIL to NO-treated cells results in the complementation and in the activation of
the mitochondrial pathway, resulting in the activation of caspases 9, 7 and 3 and leading to apoptosis. 
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DR5 mAbs NO donors that will mediate TRAIL-induced
apoptosis and dysregulate pathways responsible for
resistance. Hence, such combinations seem highly promising
in the treatment of various resistant cancers. Alternatively,
treatment with NO donors may be sufficient to regulate the
sensitization of tumor cells to killing by host immune cells
(such as CTL and NK), expressing apoptotic ligands (see
schematic Fig. 3 for application in vivo).
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