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Abstract
Tiron and N-acetyl-L-cysteine (NAC) have been recognized as potential antioxidants capable of
inhibiting apoptosis induced by reactive oxygen species (ROS). Although the ROS-scavenging
function of tiron and NAC is clear, the mechanism for their regulation of apoptosis is still elusive.
Here we demonstrate that tiron increases nuclear factor-kappaB (NF-κB)/DNA binding and as a
result enhances NF-κB transcriptional activity. In contrast, NAC inhibits NF-κB activation by
reducing Inhibitor of kappaB Kinase (IKK) activity. Moreover, the expression of an NF-κB target
gene, the chemokine CXCL1, is promoted by tiron and suppressed by NAC. Finally, tiron confers
an anti-apoptotic function, while NAC imparts a pro-apoptotic function in melanoma cells. These
functions correlate with the alteration of mitochondrial membrane potential but not ROS production
or induction of activating protein-1 (AP-1). This study underscores the potential benefits of regulating
NF-κB activity in melanoma cells as a therapeutic approach.
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Introduction
Recent studies have suggested that the resistance of human melanoma to apoptosis is an
important mechanism underlying this cancer’s aggressiveness and its poor response to
chemotherapeutic agents [1]. A class of potent agents identified for regulating the apoptotic
processes in many tumor cells include reactive oxygen species (ROS). Some reports support
the notion that ROS, acting as pro-survival, anti-apoptotic factors, contribute to cell
transformation through protection of tumor cells from apoptosis [2,3]. However, there has been
controversy regarding the role of ROS in cancer cell survival since some in vivo studies revealed
that chemotherapeutic agents or radiation induced ROS leads to an induction of apoptosis and
a consequent suppression of tumorigenesis [4,5]. Moreover, there are other related studies
suggesting that ROS do not contribute to the regulation of apoptosis [6,7]. The inconsistency
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among these studies reflects the fact that the knowledge about ROS function in tumor survival
or death is still incomplete.

Mitochondria play a central role in the regulation of cellular apoptosis via Bcl-2 family
members, including Bcl-2, Bad, or Bax. Bcl-2 is located in the outer mitochondrial membrane
and acts to promote cell survival, whereas Bad or Bax show proapoptotic effects, either through
interaction with Bcl-2 or through direct interaction with the mitochondria. The expression of
Bcl-2 family members is regulated transcriptionally by activated NF-κB family members,
which in turn control mitochondria-mediated apoptosis and, as a result, have profound effects
on cell survival [8–11]. The NF-κB family is comprised of five subunits, Rel (c-Rel), p65
(RelA), RelB, p50, and p52. The NF-κB protein is comprised of two subunits and the
predominantly active form in many cell types is the p65/p50 heterodimer complex, while the
p50/p50 homodimer is mainly expressed in resting cells and its function is not fully understood
[12]. NF-κB complexes are sequestered in the cytoplasm through their association with an
inhibitor of κB protein (IκB). When the cell is exposed to activating signals, such as tumor
necrosis factor-α, the IκB protein is phosphorylated by IκB kinase (IKK), ubiquitinated, and
then broken down in the 26 S proteasome. This frees the NF-κB to translocate into the nucleus,
where it binds to the NF-κB element in the promoter/enhancer regions of specific genes to
activate transcription. Proteasome inhibitors, such as PS-341 (Bortezomib), abolish IκB
degradation and maintain stable NF-κB/IκB complexes in the cytoplasm, thus inhibiting the
transcriptional activity of NF-κB [13]. This results in a substantial anti-tumor activity in a
variety of tumor cell lines.

Whether ROS have the capacity to induce NF-κB transcriptional activity has been
controversially reported. The observation that inducers of NF-κB such as tumor necrosis factor-
α (TNFα), interleukin-1 (IL-1), lipopolysaccharide (LPS), UV and ionizing radiation initiate
an increase in ROS, prompted speculation that ROS may function as common mediators of
NF-κB activation [2,14–18]. However, inhibition of NF-κB activity by the ROS scavenger N-
Acetyl-L-cysteine (NAC) has been shown to occur through an ROS-independent mechanism
[19,20]. In contrast, another ROS inhibitor, tiron, attenuates bortezomib-induced cell death
through an ROS-dependent mechanism [4,21], although it is unclear whether NF-κB activity
has also been modified by this reagent.

Previously, our studies have shown that constitutive up regulation of NF-κB activity is
associated with anti-apoptotic characteristics of several melanoma cell lines and melanoma
tissues. Whether ROS play a role in the constitutive activation of NF-κB in melanoma and
whether ROS scavengers directly or indirectly modify NF-κB activity of melanoma cells have
not been investigated and are, therefore, the aims of this study. We show here that both tiron
and NAC regulate the apoptosis network in melanoma cell lines via NF-κB, mitochondrial
dependent, but AP-1 independent pathways, hence by-passing the need for ROS involvement.

Materials and Methods
Chemicals and reagents

Tiron and N-acetyl-L-cysteine were purchased from Sigma-Aldrich (St. Louis, MO).
BMS-345541 (4(2′-aminoethyl) amino-1,8-dimethylimidazo (1,2-a)-quinoxaline)-4,5-
Dihydro-1,8-dimethylimidazo (1,2-a) quinoxalin-4-one-2-carboxylic acid was provided by the
Bristol-Myers Squibb Pharmaceutical Research Institute. BMS-345541 was dissolved in
dimethyl sulfoxide (DMSO) to make up a 50 mM stock solution for in vitro experiments.
Antibodies to IKKα, IKKβ, Bcl-2 and Bax were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Dihydroethidine, 3,3′dihexyloxacarbocyanine iodide, and 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) were
purchased from Molecular Probes (Eugene, OR). The melanoma cell lines, SK-MEL-5, SK-
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MEL-28, A375 and Hs294T, originally established from human metastatic melanoma, were
purchased from American Type Culture Collection and cultured in DMEM:Ham’s F-12
medium containing 10% fetal bovine serum (FBS), 2 mM of L-glutamine, 100 μM of MEM
non-essential amino acids (Invitrogen Corporation, Carlsbad, CA), and 1 mM of sodium
pyruvate (Sigma-Aldrich, St. Louis, MO). NF-κB and AP-1 luciferase reporter gene vectors
were purchased from BD Biosciences Clontech (Palo Alto, CA). The pRSV β-galactosidase
reporter vector was purchased from Promega Corporation (Madison, WI).

Assessment of Cell Death
Apoptotic and necrotic cell death were assessed independently. Cytological characterization
of apoptotic cells was performed by staining cells with propidium iodide (PI). Cells were
permeabilized with digitonin to allow PI to enter cells and stain all nuclei. Briefly, floating
cells and trypsinized adherent cells were collected, centrifuged, and resuspended in staining
buffer (1×PBS, 200 μM digitonin and 50 μM PI). Fragmented and condensed nuclei,
characteristic features of apoptosis, were counted using a fluorescent microscope. To assess
necrosis, trypan blue staining of melanoma cells was performed and the round, trypan blue-
stained nuclei were scored as necrotic. Trypan blue enters cells and stains nuclei when the
plasma membrane permeability barrier fails, a hallmark characteristic of necrosis [22]. The
percentage of apoptotic cells or necrotic cells within the cell population was determined by
microscopy. At least 100 cells were counted from multiple fields of view for each sample.
Additionally, cell surface phosphatidylserine as an apoptosis marker was stained using a FACS
Annexin V-fluorescein isothiocyanate (FITC) apoptosis Detection kit (R&D System,
Minneapolis, MN) and analyzed by flow cytometry as per the manufacturer’s instructions.

Preparation of Subcellular Fractions
Mitochondria were isolated from cultured melanoma cells using Mitochondria Isolation Kit
(Pierce, Rockford, IL) according to the manufacturer’s instruction for the Reagent-based
method. Briefly, 2×107 cells were collected, washed with 1×PBS buffer and resuspended in
0.8 ml of Reagent A on ice for 2 min. 10 μl of Reagent B was added and samples were kept
on ice, with vortexing 5 sec every minute for 5min. After addition of 0.8 ml of Reagent C, the
mixture was centrifuged at 700 × g for 10 min to remove the cell debris and nuclei. The
supernatant was then centrifuged at 3,000 × g for 15 min. The mitochondria pellet was washed
with Reagent C. The purity of mitochondria was determined by Western blotting with Hsp70
and β-actin. Hsp70 positive and β-actin negative mitochondria preparations were determined
to be pure. The supernatant (cytosolic fraction) was further cleared by centrifugation at 12,000
× g for 15 min.

Mitochondria Membrane Potential (Δψm) Assay and ROS Analysis
To determine the change in mitochondria membrane potential (Δψm), the purified
mitochondria were resuspended in buffer (225 mM mannitol, 75 mM sucrose, 10 mM KCl, 10
mM Tris-HCl, 5 mM KH2PO4, pH 7.2) and incubated with 80 nM DiOC6 for 15 min at 37°
C, followed by FACS analysis with 488 nm excitation and 530 nm emission filters. To evaluate
the generation of ROS, cells were washed and incubated in PBS containing either 5 μM
dihydroethidine or 5 μM CM-H2DCFDA at 37 °C for 15 min. In the presence of ROS,
dihydroethidine is oxidized to red fluorescent ethidium and CM-H2DCFDA is oxidized to
become fluorescent. Cells were harvested by trypsinization, and washed with cold PBS solution
three times. ROS was quantitated by FACS analysis with 488 nm excitation/585 nm emission
filters for dihydroethidine and with 492 nm excitation/520 nm emission filters for fluorescent
CM-H2DCFDA.
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Immunoprecipitation and Kinase Assay in vitro
To analyze the IKK activity, cytoplasmic extracts were prepared from cells cultured for 24 h
in serum-free medium. Cells were mechanically released from tissue culture plates by scraping
in cold PBS according to standard protocols. Cells were collected by centrifugation (800 ×
g), and then resuspended in lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 0.1% NP40, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride) with
Complete Protease Inhibitors (Sigma-Aldrich, St. Louis, MO). 400 μg aliquots of cytoplasmic
extracts were incubated with 1 μg each of IKKα and IKKβ polyclonal antibodies and 60 μg
aliquots of Protein A/G agarose-conjugated beads for 4 h at 4°C. After washing twice with
wash buffer (50 mM HEPES, pH 7.0, 250 mM NaCl, 5 mM EDTA, and 0.1% NP40) and once
with kinase buffer (20 mM HEPES, pH 7.4, 10 mM MgCl2, 2 mM MnCl2, 25 mM β-
glycerophosphate, 4 mM NaF, 0.1 mM sodium orthovanadate, and 1 mM DTT), the beads
were mixed with 20 μl of kinase buffer containing 100 μM ATP, 5 μCi of γ-32P labeled ATP,
and 1 μg of glutathione S-transferase (GST) fused protein of IκBα (amino acids 1–54) as a
substrate of the IκB kinase and incubated at 30°C for 30 min. The reaction mixtures were
resolved by SDS-PAGE, transferred to nitrocellulose membrane, and phosphorylated IκB was
detected by autoradiography. Blots of the same membrane were probed with the anti-IKKα/
β specific polyclonal antibodies to quantitate and normalize the IKK activities to the total IKK
protein immunoprecipitated.

Western Blot Analysis
Proteins from cell extracts were separated by 12% SDS-PAGE and electrophoretically
transferred to nitrocellulose membranes. Nonspecific binding was blocked with 5% milk in
TBST buffer (4 mM Tris base, 100 mM NaCl, pH 7.5, 0.05% Tween-20), incubated with the
indicated primary antibodies with a dilution of 1:1000 at room temperature for 2h or 4°C
overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibody
for 1h. Blots were visualized by enhanced chemiluminescence assay.

Transfection and Luciferase Reporter Activity Assay
In 6-well tissue culture plates, 2×105 melanoma cells per well were co-transfected with 1 μg
vector DNA of NF-κB-luciferase or AP-1-luciferase reporter gene and 0.2 μg vector DNA of
pRSV β-galactosidase reporter using FuGENE 6 Transfection Reagent (Roche Diagnostics
Corporation, Indianapolis, IN) following the manufacturer’s protocol. Extracts from cultured
cells were prepared using a Dual-Light kit (Tropix Inc., Bedford, MA) according to the
manufacturer’s instruction. The activities of luciferase and β-galactosidase were detected from
a 10-sec constant light emission by the Monolight TM 3010 luminometer (BD Biosciences
Pharmingen, San Diego, CA). Luciferase activity was normalized to β-galactosidase activity.

Enzyme-linked immunosorbent assay (ELISA)
To quantify the CXCL expression level in melanoma cell culture medium, 1.5×105 SK-MEL-5
cells/well were seeded in 6-well plates in duplicate in DMEM:Ham’s F-12 medium containing
10% FBS. After overnight incubation, the cell monolayers were washed with serum-free
culture medium and then incubated with the serum-free media containing different
concentrations of tiron or NAC for an additional 24 h at 37°C, followed by collecting the
supernatants. After being cleared by centrifugation, supernatant aliquots were subjected to
CXCL1 ELISA assay (R&D Systems Inc., Minneapolis, MN) according to the manufacturer’s
protocol.

Establishment of Stable Bcl-2 Expressing Melanoma Cell Line
Bcl-2 expression vector pcDNA3-Bcl-2 was linearized and transfected into SK-MEL-5 cells.
Empty pcDNA3 vector was also used for transfection as a vector control. Stable cell lines were
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selected with 1.2 mg/ml G418 in culture media containing 10% FBS for three weeks. The
expression of human Bcl-2 protein was examined by Western Blot with specific monoclonal
antibody to Bcl-2 (sc-7382, Santa Cruz Biotechnologies).

Electrophoretic Mobility Shift Assay (EMSA)
Cultured cell monolayers were scraped from culture dishes and the pellets were incubated in
lysis buffer (10 mM HEPES, pH 7.9, 10 mM NaCl, 1.5 mM MgCl2, 0.5 mM DTT, 5 mM β-
mercaptoethanol, 1 μM PMSF, and protease inhibitor cocktail purchased from Roche Applied
Science, Indianapolis, IN) for 30 min at 4°C followed by centrifugation at 600 ×g for 5 min.
After removing the supernatant, the remaining nuclear pellets were resuspended in hypertonic
buffer (20 mM HEPES, pH 7.9, 450 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol,
0.5 mM DTT, 5 mM β-mercaptoethanol, 1% NP-40, 1 μM PMSF and protease inhibitor
cocktail), rotated for 30 min at 4°C, followed by centrifugation at 16,000 ×g for 10 min. The
supernatant was collected and the protein concentration was determined with Bio-Rad Protein
Assay Reagent. Double-stranded NF-κB consensus oligonucleotide (5′-
AGTTGAGGGGACTTTCCCAGGC-3′, Promega, Madison, WI) was labeled with γ-32P
(Amersham Pharmacia Biotech), and 105 cpm of labeled NF-κB oligonucleotides were used
in binding reactions with 5 μg nuclear extract at room temperature for 30 min as per the
manufacturer’s instructions (Promega). The protein/DNA complexes were resolved in a 3.7%
non-reduced polyacrylamide gel and visualized by autoradiography. Specificity of the DNA/
protein complex was examined by adding 100-fold excess unlabeled oligonucleotide or a non-
competitive oligonucleotide OCT-1 (Promega, Madison, WI). Supershift analysis was
performed with addition of 1μg anti-NF-κB antibody (p65 or p50, Santa Cruz, CA) to the
binding reaction for 30 min before addition of radio-labeled probe to identify the components
of the protein/DNA complex.

Statistical Analysis
The results are expressed as mean ± S.D. from at least three independent experiments.
Statistical analysis was performed using the unpaired Student’s t-test. A probability of less
than 0.05 was considered significant.

Results
Tiron displays an anti-apoptotic effect while NAC has a pro-apoptotic effect on melanoma
cells

Tiron is a vitamin E analog and NAC is a non-toxic dietary glutathione precursor. Both are
antioxidant compounds that have been reported to protect cancer cells from ROS-induced
apoptosis [4,23]. To examine whether either tiron or NAC directly modulates apoptosis in
melanoma cells, we first exposed SK-MEL-5 melanoma cells to increasing concentrations of
tiron (0, 0.1, 1.0 and 10 mM) or NAC (0, 0.1, 1.0 and 10 mM) in serum-free medium for 24 h.
After harvest, SK-MEL-5 cells were stained with either Propidium Iodide (PI) or trypan blue
and morphological evaluation of apoptotic or necrotic cells was performed by microscopy (Fig.
1A). The percentage of apoptotic or necrotic cells was scored as described in “Materials and
Methods”. The results showed a protective role for tiron in the cultured melanoma cells. In
contrast, 1 mM NAC initiated 22 ± 8.7% apoptosis and 10 mM NAC treatment resulted in 78
± 14% apoptosis in SK-MEL-5 cells. Nevertheless, no significant difference in the percentage
of necrotic cells was observed between NAC and tiron treated samples (Fig. 1B, 1C). To further
confirm that the apoptotic process was involved in the above cell death, SK-MEL-5 melanoma
cells pre-treated with tiron (0, 1.25, 2.5, 5 and 10 mM), NAC (0, 1.25, 2.5, 5 and 10 mM) or
PBS buffer control were subjected to Annexin V-FITC staining, followed by flow cytometry
analysis for quantitating the apoptotic and necrotic cell populations in these cell samples. The
results showed that the treatment with tiron had no effect on SK-MEL-5 cell apoptosis, whereas
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NAC treatment resulted in an increase in the apoptotic cell population (Fig. 1C). These data
are consistent with the previous morphological observations and demonstrate that NAC, but
not tiron, induces apoptosis in melanoma cells. To clarify whether this apoptotic process is cell
line-specific or drug-specific, similar cytometry analysis were performed on three additional
melanoma cell lines (Hs 294T, A375 and SK-MEL-28) after treatment with either 2 mM NAC
or 10 mM tiron for 24 h. The results showed again that NAC, but not tiron, was a specific
inducer of apoptosis in all the melanoma cell lines investigated (Fig. 1D). To extend this
finding, SK-MEL-5 cells were co-exposed to BMS-345541[24], an IKKβ inhibitor that induces
melanoma cell apoptosis at the concentration of 10 μM, and either tiron (10 mM) or NAC (1
mM) for 24h followed by the quantification of percentage of apoptotic cells. The results showed
that tiron protected melanoma cells from BMS-345541-induced apoptosis by reducing 26% of
apoptotic cell population (reduced from 52 ± 1.7% in control to 38 ± 4.2% in tiron treated
cultures), while NAC increased the apoptotic cell population by 54% (from 52 ± 1.7% in control
to 80 ± 6.2% in NAC treated cultures) (Fig. 1E). Together with other previous findings [19,
21], our results suggest that tiron exhibits anti-apoptotic effects, while NAC acts as a pro-
apoptotic factor for melanoma cells.

Tiron and NAC regulate melanoma cell survival or death through mitochondria dependent
and ROS independent mechanisms

To clarify whether ROS contribute to apoptosis in melanoma cells, SK-MEL-5 cells were first
exposed to 10 mM tiron or 2 mM NAC for 24 h, then subjected to 10 μM BMS-345541 for 24
h. These SK-MEL-5 cells were harvested for the determination of BMS-345541 induced ROS
production (Fig. 2A, B). To evaluate the general profiles of ROS production in these cells, two
indicative reagents, Dihydroethidine and CM-H2DCFDA, were utilized in the assays for the
detection of intracellular superoxide, hydrogen peroxide and other ROS, respectively (Fig. 2A,
B). The results showed that BMS-345541 increased ROS production by 1.3 and 3.3 fold with
Dihydroethidine and CM-H2DCFDA assays, respectively. However, the pre-treatments of SK-
MEL-5 cells with tiron or NAC alleviated BMS-345541 induced ROS production. Obviously,
these data suggest that the differential effect of tiron and NAC on SK-MEL-5 cell apoptosis,
as shown previously in figure 1E, can not be attributed to the abilities of these two antioxidants
to reduce intracellular ROS. Based on these findings, we speculated that in addition to being
antioxidants, tiron and NAC possess other features, which may regulate melanoma cell
apoptosis in a ROS-independent manner. Since mitochondrial functional integrity is critical
for cell apoptosis and survival, and Bcl-2 protein is important to maintain mitochondrial normal
function [24–26], we next assayed mitochondrial membrane potential and examined
mitochondrial Bcl-2 expression in SK-MEL-5 cells after tiron or NAC treatments. The data
show that NAC greatly reduced mitochondrial membrane potential in a concentration
dependent fashion, while tiron had no effect on the membrane potential (Fig. 2C). In addition,
tiron did not interfere with the expression of Bcl-2 in cultured SK-MEL-5 cell mitochondria
(compare lanes 1 and 2 in Fig. 2D), whereas the treatment of NAC alone markedly down-
regulated mitochondrial Bcl-2 expression (compare lanes 1 and 3, Fig. 2D). When
BMS-345541 was introduced into the culture media, the expression of Bcl-2 was suppressed
and was no longer detectable by Western blot (Fig. 2D, lane 4). Surprisingly, such an inhibition
of Bcl-2 expression by BMS-345541 was countered moderately by the pre-treatment with 10
μM tiron (Fig. 2D, lane 5), but not with NAC pre-treatment (Fig. 2D, lane 6). As Bcl-2 is an
important anti-apoptotic factor, we speculated that the differential effects of tiron and NAC on
mitochondrial Bcl-2 expression may account for the lower or higher apoptosis rates induced
by these antioxidants, respectively (Fig. 1B to 1E). To test this notion, we established a stable
SK-MEL-5 cell line, which expressed a high level of recombinant human Bcl-2 protein (Fig.
2E, left panel), and added 0 to 10 mM NAC to induce apoptosis. The increased expression of
Bcl-2 reduced the apoptotic response to 2.5 and 5 mM NAC treatment by 61% (from 41±6.7%
to 16±5.0% apoptotic cells, p=0.007) and 35% (from 71±9.5% to 46±9.6% apoptotic cell
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percentage, p=0.03), respectively (Fig. 2E, right panel) as compared to that of pcDNA3 empty
vector transfected control SK-MEL-5 cells. These data clearly reveal that the loss of Bcl-2 is
an important cause of SK-MEL-5 apoptosis during NAC treatment. In contrast, tiron does not
interfere with Bcl-2 expression and therefore shows no pro-apoptotic effect. Furthermore, to
rule out a direct action of these two antioxidants on mitochondrial integrity, mitochondria
fractions isolated from SK-MEL-5 were incubated with 1 or 10 μM NAC or tiron for 30 min,
and the release of cytochrome-c into the supernatant was analyzed by Western blot as
previously described [27]. As shown in Figure 2F, in comparison with 200 μM Ca2+ positive
control, no release of mitochondrial cytochome-c was detected in PBS, NAC (1 and 10 mM)
or tiron (1 and 10 mM) treated mitochondria samples, indicating that neither NAC nor tiron is
capable of directly affecting the mitochondrial integrity. These results demonstrate that, in spite
of antioxidant properties, the differential outcome of tiron and NAC on the apoptotic pathway
in melanoma cells is predominantly dependent on their individual effect on Bcl-2 expression,
which consequently affects the mitochondrial integrity. The data also suggest that the intimate
association of Bcl-2 protein with mitochondrial membrane is important for melanoma cell
mitochondrial integrity, cellular apoptosis, as well as cell survival.

The regulation of NF-κB, but not AP-1 is involved in ROS scavenger induced melanoma cell
apoptosis and survival

The NF-κB mediated signal transduction pathway has been demonstrated as a critical
regulatory mechanism for pro- or anti-apoptotic events in many cell lines. To illustrate whether
NF-κB also regulates mitochondria-dependent apoptosis in SK-MEL-5 cells, we transiently
transfected SK-MEL-5 cells with an NF-κB-responsive luciferase reporter gene and examined
the effect of tiron or NAC on NF-κB transcriptional activity. Interestingly, tiron markedly
elevated NF-κB activity in a concentration-dependent manner, whereas NAC reduced NF-κB
activity (Fig. 3A, left panel). Furthermore, such differential changes in NF-κB activity were
concomitant with different CXCL1 production from SK-MEL-5 cells treated with tiron or
NAC. As shown in Figure 3A, right panel, CXCL1 secretion into the culture medium was
significantly increased in response to tiron-induced NF-κB activity and was linearly decreased
in response to NAC inhibition of NF-κB activity. Since IKK is a key upstream mediator of the
NF-κB signal transduction pathway, we exposed SK-MEL-5 cells to 1, 5, and 10 mM of either
tiron or NAC for 24 h and determined the IKK activity of the immunoprecipitated IKK
complexes from each cell lysate. The results clearly indicate a robust inhibition of IKK activity
in SK-MEL-5 cells treated with 5 and 10 mM NAC (Fig. 3B, right panel). Surprisingly,
treatment with tiron did not significantly alter the IKK activity in SK-MEL-5 cells (Fig. 3B,
left panel). These results suggest that NAC acts as an inhibitor for IKK activity, while tiron
has no effect on IKK activity. Since the strong induction of NF-κB luciferase activity by tiron
was not accompanied by an equally strong induction of IKK activity, further studies using a
DNA-protein binding assay were performed to explore the mechanism of tiron induced NF-
κB activation. Nuclear proteins were extracted from cultured SK-MEL-5 cells that were
exposed to tiron for 24 h and the NF-κB/DNA binding activity was analyzed by EMSA. As
shown in Figure 3C, the untreated sample displays a faint nuclear NF-κB band, which
represents a basal level of NF-κB/DNA binding in SK-MEL-5 cells and is expressed
constitutively. When these cells were treated with tiron, NF-κB/DNA binding was increased
in a concentration-dependent manner (Figure 3C, lanes 1–4). Further EMSA experiments using
SK-MEL-5 nuclear fractions derived from cells treated with 10 μM tiron confirmed that the
binding complex was of NF-κB origin and comprised mainly of NF-κB p50 and p65 elements,
since it was depleted by the competitive double-stranded NF-κB oligo (Figure 3C, compare
lanes 5 and 6), unaffected by the non-competitive OCT-1 double-stranded oligo (Figure 3C,
lane 7), and shifted by anti-human NF-κB p65 and p50 antibody or the combination of these
two antibodies (Figure 3C, lanes 8, 9, 10).
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It is interesting to note that tiron increases NF-κB binding to its target DNA. We speculate two
possible explanations for this result. First, tiron may facilitate NF-κB translocation into the
nucleus, and secondly, tiron may enhance NF-κB binding to its target DNA. Both possibilities
could result in activation of NF-κB associated gene transcription. To clarify this issue, tiron
was added directly into a cell-free NF-κB/DNA binding reaction mixture containing equal
amounts of SK-MEL-5 cell nuclear extract and labeled oligonucleotide. The result
demonstrated that 5–10 mM tiron potentiated NF-κB/DNA binding activity (Fig. 3D).
Furthermore, the direct binding enhancement by tiron at the studied concentrations is specific
for NF-κB complex because no such affect was observed on the binding of nuclear protein to
OCT-1 oligo (Fig. 3D).

Lastly, although the NF-κB signal has been recognized as a key regulator in the network of
apoptosis, there is an extensive debate over the rival roles between NF-κB and AP-1 on
apoptosis [28]. To elucidate whether the change of AP-1 profile is linked to apoptosis in
melanoma cells, SK-MEL-5 cells transfected with an AP-1-responsive luciferase reporter gene
were exposed to tiron or NAC treatment for 24 h. The results showed that AP-1 promoter
activity was suppressed by both tiron and NAC treatment in a concentration dependent manner
(Fig. 3E). Therefore, the profile of AP-1 transcriptional activity does not appear to be directly
correlated to the differential effects of tiron or NAC on the apoptosis of SK-MEL-5 cells
observed in Figure 1. Taken together, the above data suggest that in addition to being a ROS-
scavenger, both tiron and NAC act on a second target—the NF-κB signaling pathway regulating
melanoma cell death.

Discussion
In this study we have shown that the antioxidant tiron plays a novel role of enhancing NF-κB/
DNA binding in melanoma cells. This effect makes tiron a unique ROS scavenger that can
function as a “chemical enhancer” for NF-κB dependent gene transcription with anti-apoptotic
effect, even when the upstream components of this pathway are interrupted by the IKK inhibitor
BMS-345541. In contrast, another antioxidant, NAC, acts negatively to regulate the NF-κB
pathway by inhibiting IKK activity, leading to decreased expression of NF-κB regulated anti-
apoptotic genes, such as Bcl-2, and disruption of mitochondrial function as well as induction
of apoptosis in melanoma cells. As both tiron and NAC inhibited ROS formation, but
differentially affected the fate of cultured melanoma cells, this study underscores the
importance of the anti-apoptotic function of NF-κB activation in melanoma cells and reveals
that modification at different levels of the NF-κB pathway by chemical reagents may have a
potent effect on the expression of NF-κB regulatory genes, and this effect may impose
significant impact on tumor cell apoptosis.

Previously, we have shown that constitutive activation of NF-κB leads to melanoma tumor
progression in both in vivo and ex vivo models [10,29,30]. We have also shown that blocking
the NF-κB pathway by treating melanoma cells either with the IKKβ inhibitor BMS-345541
or with the proteasome inhibitor PS-341 is an effective strategy to inhibit melanoma growth
[21,24,31]. Although the relationship between NF-κB activation and escape from apoptosis is
established in melanoma models, a recent study by Fribley et al. in head and neck squamous
cell carcinoma (HNSCC) cells revealed that inhibition of NF-κB activation by PS-341 alone
could not sufficiently result in apoptosis. The study suggested another mechanism, specifically
the induction of ROS, played a more important role in PS-341 induction of squamous cell
carcinoma apoptosis [21]. Further comparisons with studies on vascular endothelial and
fibroblast cell lines indicated that stress-induced ROS either activate NF-κB through the
activation of PKC pathway or directly modulate the expression of genes such as IL-6, which
is a NF-κB regulated gene, or through the NF-κB independent ERK and p38 MAPK pathway
[32,33]. Based on these studies, the regulation of NF-κB activation by ROS is rather cell line

Yang et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2008 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependent. Consequently, it is not surprising that inconsistency exists among several studies
regarding the effects of ROS scavengers on NF-κB activation [15,32,34–36]. In analysis of the
experimental results, it is interesting to note that BMS-345541 is capable of inducing an
increase of ROS in SK-MEL-5 melanoma cells, especially with the detection by CM-
H2DCFDA assay, in addition to selectively inhibiting IKK activity [37]. In agreement with our
previous report [24], BMS-345541 induced apoptosis in SK-MEL-5 cells, as shown in Figure
1E. By performing studies with two different ROS scavengers, we show that both NAC and
tiron inhibit BMS-345541 induced ROS formation, but these reagents have differential effects
on NF-κB activation and this in turn leads to the difference in cell fate, where tiron is anti-
apoptotic and NAC is pro-apoptotic. Thus, melanoma represents a tumor type in which NF-
κB largely regulates the apoptotic fate, whereas ROS show little, if any, regulatory effect on
apoptosis.

The bulk of information about ROS regulation of NF-κB activation was based on studies in
which ROS scavengers were utilized, and these anti-ROS reagents were considered to act
exclusively on the inhibition of intracellular ROS. Recent studies revealed that these
scavengers also regulate signal transduction pathways and these regulatory mechanisms are
not completely compatible with their antioxide functions. For example, NAC has long been
recognized as a ROS inhibitor and its effect on negative regulation of NF-κB was considered
a secondary consequence of the compromised ROS formation. This notion has been challenged
by Hayakawa et al. in a study on Jurkat T cells showing that the NAC inhibition of NF-κB
activation is not mediated by ROS, but results from a reduction in the affinity of TNF to its
receptor. As a consequence, TNF induced NF-κB activation was significantly decreased [15].
Similarly, the pro-survival effect of tiron may also be mediated by ROS-independent
mechanisms. Fernandez et al. recently showed that in a broad spectrum of cancer cell lines
including melanoma, tiron selectively blocks the effect of the proteasome inhibitor PS-341 and
restores the function of the proteasome by preventing the accumulation of proteasome targets
and processing of apoptotic effectors [38]. This study suggests a close relationship between
the affects of tiron and NF-κB activation in melanoma cells, because proteasome processing
is a critical regulator of NF-κB activation, which is related to multidrug resistance and
melanoma growth [10,39,40]. Indeed, our EMSA assay showed that the addition of tiron in
cell culture enhances NF-κB/DNA binding in a concentration dependent manner. Furthermore,
this enhanced binding is paralleled with increased CXCL-1 production. This effect of tiron on
NF-κB/DNA binding was confirmed particularly in a cell-free NF-κB/DNA binding EMSA,
where the involvement of ROS is unlikely. In addition, our results reveal that the effect of tiron
is relatively specific for NF-κB since the binding of nuclear extracts to an OCT-1 DNA probe
was not affected. These data suggest a unique biochemical feature for tiron acting directly at
the transcription level to augment NF-κB activity.

Further analysis of our results also revealed the following possible mechanisms for tiron or
NAC on the regulation of SK-MEL-5 cell survival or death. First, the survival or apoptotic
death of this melanoma cell line is attributable in large part to the status of mitochondrial
function that are maintained exquisitely by the Bcl-2 family of proteins [9,11,25]. In our study,
tiron did not interfere directly with mitochondrial integrity, membrane potential or
mitochondria-associated Bcl-2 expression. However, it partially countered BMS-345541
induced suppression of mitochondrial Bcl-2 expression. This effect on Bcl-2 and perhaps other
NF-κB regulated inhibitors of apoptosis [41] apparently rescued a fraction of SK-MEL-5 cells
from BMS-345541 induced apoptosis. In contrast, as shown by this study, NAC suppressed
NF-κB activation through inhibition of IKK kinase activity, thus compromising Bcl-2
expression and enhancing apoptosis in melanoma cells.

Although there is a debate for the rival role between NF-κB and AP-1 in the regulation of
apoptosis [28], our signaling profiles of melanoma cells in response to treatment with tiron or
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NAC suggest that NF-κB, not AP-1, is most likely responsible for the BMS-345541 induction
of melanoma cell apoptosis. According to the above analysis, we have summarized with a
schematic illustration the proposed mechanisms associated with the functions of tiron and NAC
in Figure 4. SK-MEL-5 cell responses to the treatment with these three reagents are summarized
in Table 1.

Given the role of constitutive NF-κB signaling in the development of cancer and in the tumor
resistance against chemotherapy, much effort has been directed at the identification and
characterization of drugs that can modulate this pathway [9,10,31,42]. Elucidating the
mechanism by which antioxidants directly modulate NF-κB activation will extend our
understanding of apoptosis-resistance in melanoma cells, as well as the molecular mechanisms
of antioxidants on NF-κB signaling in mammalian cells.

Conclusions
The main finding of this study is that the antioxidants tiron and NAC regulate apoptosis in
melanoma cells through an NF-κB mediated event that also affects mitochondrial function. In
contrast, the actions of AP-1 or ROS are less likely associated with the regulation of apoptosis
by these antioxidants in melanoma.
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IKK  
IκB kinase
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IκB  
inhibitor of κB

BMS  
Bristol-Myers Squibb

CXCL  
CXC chemokine ligand
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Fig 1.
NAC, but not tiron, induces apoptosis in cultured melanoma cells. A, Propidium Iodide (PI)
staining for typical apoptotic (arrow) and non-apoptotic nuclei (left panel). Trypan blue
staining for necrotic (arrow) and non-necrotic cells (right panel). B, 2×105 SK-Mel-5 cells
were cultured in serum-free medium in 6-well plates and treated with the indicated
concentrations of NAC and tiron for 24h. Subsequently, cells were harvested and scored for
apoptosis (left panel) or necrosis (right panel) as described in “Materials and Methods.” C,
1×106 SK-Mel-5 cells were cultured in serum-free medium in 10-cm culture dishes and treated
with the indicated concentrations of NAC and tiron. After 24h treatment, cells were harvested
and subjected to Annexin V-FITC and trypan blue exclusion staining. Apoptosis and necrosis
were analyzed by flow cytometry and normalized to untreated controls. D, melanoma cell lines
(SK-MEL-5, Hs294T, A375 and SK-MEL-28) were exposed to 10 mM tiron or 2 mM NAC
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for 24h. Apoptotic cells were determined using PI staining. E, tiron protected, while NAC
enhanced, the BMS-345541-induced cell death after SK-MEL-5 cells were exposed to tiron
(10 mM) or NAC (2 mM) and/or BMS-345541 (10 μM) for 24h. The induction of apoptotic
cells between different treatments was analyzed using the unpaired Student’s t test. A
probability (p) of less than 0.05 was taken as statistically different.
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Fig 2.
Different effects of tiron and NAC on mitochondria-dependent melanoma cell apoptosis. A,
ROS generation is abrogated in melanoma cells by antioxidants in dihydroethidine assay. SK-
Mel-5 cells were exposed to 10 mM tiron or 2 mM NAC for 24 h followed by additional
treatment with or without 10μM BMS-345541 for 24h. Cellular ROS were determined as
described in “Materials and Methods”. The changes of ROS production under each treatment
were expressed as fold of non-treatment group. The mean ± SD of three independent
experiments are indicated and statistical analyses were performed by Student’s t test. B, ROS
generation is abrogated in melanoma cells by antioxidants in CM-H2DCFDA assay. SK-Mel-5
cells were treated similarly as described in Figure 2A and underwent CM-H2DCFDA assay
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for quantification of intracellular ROS. The fold differences of ROS in the cells with these
treatments were calculated and the mean ± SD of three independent experiments are shown.
The statistical analyses were performed by Student’s t test. C, NAC, but not tiron, dissipated
mitochondrial membrane potential. 2×106 SK-Mel-5 cells were cultured in a 10-cm culture
dish in serum-free medium containing the indicated concentrations of tiron (upper panels) and
NAC (lower panels). After 24 h treatment, cells were harvested and subjected to determination
of mitochondrial membrane potential by flow cytometry. D, SK-Mel-5 cells (2×106) were
exposed to 10 mM tiron or 2 mM NAC and/or 10 μM BMS-345541 as indicated for 24h.
Mitochondria were isolated and subjected to Western blotting for Bcl-2 and Hsp70 proteins.
Hsp70 was used as mitochondrial protein loading control. E, stable SK-MEL-5 cell lines
transfected with pcDNA3-Bcl-2 or pcDNA3 vector were established and recombinant Bcl-2
expression was highly increased in the formal vector transfected cells (left panel). The two cell
lines were exposed to 0 to 10 mM NAC for 24 h and subjected to PI staining. The apoptotic
populations of the two cell lines were evaluated from three independent experiments and the
mean ± SEM of percentage of apoptotic cells is shown. *: p<0.05, **: p<0.01. F, the purified
mitochondria were incubated with PBS, tiron (1 and 10 mM) or NAC (1 and 10 mM) at room
temperature for 30 min. The supernatant was assessed for cytochrome-c release. Treatment of
mitochondrial preparations with 200 μM Ca2+ was used as a positive control. The experiments
were repeated two times in duplicates. The results shown are from a representative experiment
(Fig D, E and F).
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Fig 3.
Regulation of tiron or NAC on NF-κB pathway. A, NF-κB reporter luciferase activity and
CXCL1 secretion are induced by tiron and suppressed by NAC. SK-Mel-5 cells were co-
transfected with an NF-κB transcriptional luciferase reporter vector and a pRSV β-
galactosidase reporter vector for 24 h followed by treatment with increasing concentrations of
tiron or NAC (left panel) for an additional 24 h. Subsequently, luciferase activity was
determined as described in “Materials and Methods.” For assessment of NF-κB target gene
expression, release of the CXCL1 chemokine into the medium of cultured SK-MEL-5 cells
exposed to tiron or NAC was measured using ELISA assay (right panel). Both luciferase
activity and CXCL1 production are expressed as mean ± S.D. and the experiments were
repeated three times with consistent results. B, IKK activity is down-regulated by NAC, but
not tiron. SK-MEL-5 cells were treated with the indicated concentrations of either tiron or
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NAC for 24 h. The cellular IKKα/β proteins were immunoprecipitated and subjected to IKK
activity assay and immunoblotting for IKKα/β proteins (upper panel) as described in “Materials
and Methods.” The mean ± S.D. of IKK activity from three independent experiments is shown
in the lower panel. C, tiron increased cellular NF-κB DNA binding in vivo. Nuclear extracts
(NE) were prepared from the SK-MEL-5 cells treated 24 h with the indicated concentrations
of tiron (lanes 1–4). Nuclear NF-κB proteins binding to labeled NF-κB oligonucleotide probe
was assessed by EMSA as described in “Materials and Methods.” The specificity of the protein/
DNA complex was identified by competition with NF-κB oligonucleotides and by super-shift
analysis using specific NF-κB antibodies (p50 or/and p65) (lanes 5–10). (s), specific NF-κB
band. (a, b), shifted bands. D, tiron directly increased the binding affinity between NF-κB
complex and DNA. Five microgram of SK-MEL-5 nuclear extract were incubated with γ-32P
labeled NF-κB oligonucleotides. The indicated concentrations of tiron were added to the “cell-
free” mixture and NF-κB/DNA binding activity was assessed by EMSA. The binding of nuclear
protein and OCT-1 oligo with the addition of different concentrations of tiron serves as loading
control. Data shown here are representative of three independent experiments. E, the AP-1
activity profile in melanoma cells treated with either tiron or NAC. SK-MEL-5 cells were co-
transfected with AP-1 luciferase reporter and β-galactosidase reporter. After 24 h transfection,
cells were subsequently treated with different concentrations of either tiron or NAC for an
additional 24 h. Cellular luciferase activity was determined as described in “Materials and
Methods.” Luciferase activity in the treated cells was normalized to that of control cells. Mean
± S.D. of luciferase activity from three experiments is shown.
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Fig 4.
Schematic of targeting the NF-κB pathway in melanoma cells. Constitutive activation of IKK/
NF-κB via chemokine CXCL1 forms an “autocrine-loop” that confers autonomous growth
capacity to melanoma cells via induction of Bcl-2 to stabilize mitochondria membrane,
allowing cells to escape from apoptosis. The inhibition of IKK activity by either NAC or
BMS-345541 results in mitochondria-mediated apoptosis. In contrast, tiron increases NF-κB/
DNA binding activity, which promotes NF-κB transcriptional activity, and up-regulates down-
stream anti-apoptotic gene expression, consequently, maintains mitochondrial membrane
stability and protects cells from apoptosis.
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Table 1
Summary of the molecular alteration in SK-MEL-5 melanoma cells with treatments of tiron, NAC and
BMS-345541.

Responder Tiron NAC BMS-345541

NF-κB ↑ ↓ ↓
CXCL1 ↑ ↓ ↓

IKK — ↓ ↓
Bcl-2 — ↓ ↓
Δψm — ↓ ↓
ROS ↓ ↓ ↑
AP-1 ↓ ↓ ↑

Apoptosis ↓ ↑ ↑

Note: ↑ increase; ↓ decrease; — no significant change.
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