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Abstract
The NF-κB is best known for its role in inflammation. Here we show that constitutive NF-κB
activity in cancer cells promotes the biosynthesis of redox scavenger glutathione (GSH), which in
turn confers resistance to oxidative stress. Inhibition of NF-κB significantly decreases GSH in
several lines of human leukemia and prostate cancer cells possessing high or moderate NF-κB
activities. Concomitantly, NF-κB inhibition by pharmacological and molecular means sensitizes
“NF-κB positive” cancer cells to chemically-induced oxidative stress and death. We propose that
inhibition of NF-κB can reduce intracellular GSH in “NF-κB-positive” cancers thereby improving
the efficacy of oxidative stress-based anti-cancer therapy.
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1. Introduction
The Nuclear Factor-κB (NF-κB) signaling pathway plays an important role in inflammation,
cancer and stress responses. NF-κB comprises a group of transcription factors normally
sequestered in the cytoplasm through binding to the so-called inhibitor of NF-κB (IκB).
Activation of NF-κB by growth and inflammatory factors is mediated through the IκB
kinases (IKKs), which phosphorylate IκB, resulting in IκBα ubiquitination and subsequent
proteosome-dependent degradation. As a consequence, NF-κB is released from the IκB
complex and translocates to the nucleus, where it binds to consensus NF-κB sites in DNA to
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activate gene expression [1]. The wide distribution of NF-κB binding sites in the genome
allows NF-κB to regulate a vast number of genes and participate in fundamental cellular
processes, such as proliferation, apoptosis and differentiation [1;2].

Some NF-κB targets, such as the cytochrome p450 CYP1B1, MnSOD, FHL and
metallothionein, have been implicated in modulating cellular redox potential [3–6].
Recently, we showed that the NF-κB pathway is critical for maintaining the homeostatic
levels of glutathione (GSH) [7]. Glutathione is an important intracellular protective
antioxidant, responsible for hydrophilic scavenging of radicals and electrophiles and for
maintaining the redox state of proteins. GSH de novo synthesis, carried out by the
consecutive action of two ATP-dependent enzymes, γ-glutamate-cysteine ligase (γ-GCL)
and GSH synthase (GS), primarily determines cellular GSH level [8]. γ-GCL is the rate-
limiting enzyme, consisting of a heterodimer composed of a catalytic (γ-GCLC) and a
regulatory subunit (γ-GCLM) [9]. We find that the IKKβ-NF-κB pathway is responsible for
maintaining basal GCLC/GCLM expression, which in turn regulates GSH biosynthesis.
Cells impaired in this pathway have low GSH contents and high sensitivity to damage
caused by oxidative stress. These observations suggest that high NF-κB activities may
confer greater redox potential and resistance to oxidative stress.

Compelling evidence indicates that constitutive activation or dysregulation of NF-κB is
associated with many types of cancers. For example, constitutive NF-κB activity is detected
in 80% of acute myeloid leukemia [10–13] and in prostate cancer cells [14;15]. Viral
infection, cancer-associated chromosomal translocation and mutations that disrupt genes
encoding components of the regulatory pathway, and uncoupling NF-κB factors from their
regulators in tumor cells can all lead to NF-κB activation [16]. Autocrine and paracrine
production of pro-inflammatory cytokines in the tumor microenvironment have also been
shown to activate NF-κB. The NF-κB activity in turn is linked to several aspects of
tumorigenesis, including promoting cancer-cell proliferation, preventing apoptosis, and
increasing the angiogenic and metastatic potential of a tumor [2;16].

In the present studies, we tested the hypothesis that constitutive NF-κB activity in cancer
cells can increase cellular glutathione and confer resistance to oxidative stress. We showed
that several myeloid leukemia and prostate cancer cells had constitutive NF-κB activity.
Inhibition of NF-κB significantly reduced GSH in the “NF-κB-positive” cancer cells and
increased their sensitivity to oxidative stress damage. These observations suggest that down
regulation of glutathione is a possible mechanism through which the NF-κB inhibitors
potentiate the efficacy of oxidative stress-based anti-cancer therapies.

2. Materials and Methods
2.1. Cell culture reagents, antibodies and plasmids

Dulbecco’s Modification of Eagle’s medium (DMEM) was from Mediatech (Manassas,
VA). Prostate Epithelial Cell Growth Medium (PrEGM) was from Lonza (Basel,
Switzerland). Minimum Essential Medium Eagle (EMEM) was from ATCC Corp. All the
other cell culture reagents, including RPMI 1640, Fetal Bovine Serum (FBS), and penicillin-
streptomycin were from Invitrogen Corp (Carlsbad, CA).

The fibroblasts derived from mouse embryonic fibroblasts (MEFs) were provided by Dr.
Michael Karin (University of California, San Diego) and cultured in DMEM supplemented
with 10% FBS, 50 U/ml penicillin, and 50 mg/ml streptomycin. The Human Prostate
Epithelial Cells (hPrEC) were maintained in PrEGM, following the manufacturer’s
instruction. The prostate cancer cells used for this study included LNCaP, an androgen-
sensitive human prostate adenocarcinoma cells, DU145 and PC-3, the androgen-insensitive
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prostate cancer cell lines, and PC-3MM2, a highly metastatic PC3 derivative [17]. The
prostate cancer cells were maintained in EMEM supplemented with 5% FBS, 50 U/ml
penicillin, and 50 mg/ml streptomycin. The human promyelocytic leukemia cell NB4, KG1
and HL60R, a retinoic acid resistant sub-clone of HL-60 [18], chronic myelogenous
leukemia cells K562GS and KCL22, myelomonocytic leukemia THP1 and thyroid cancer
ML1 were maintained in RPMI 1640 supplemented with 10% FBS, 50 U/ml penicillin, 50
mg/ml streptomycin.

The NF-κB p65 inhibitor, JSH-23, was from Calbiochem-Novabiochem (San Diego, CA).
Arsenic trioxide, sodium arsenite, tert-Butylhydroquinone (tBHQ), glutathione (GSH) and
glutathione disulfide (GSSG) were from Sigma (St. Louis, MO). Luciferase reporter
plasmids containing binding elements for NF-κB (NF-κB-luc), and the promoters of Gclm
(Gclm-luc) and Gclc (Gclc-luc) were described previously [19–21]. The expression vector
for β-galactosidase was from Fisher Scientifics (Pittsburgh, PA).

2.2. Cellular glutathione contents
The intracellular levels of GSH and GSSG were determined using the methods described
previously [22]. Redox potentials at pH 7.0 were calculated as described [23] by inserting
molar GSH and GSSG concentrations into the Nernst equation, ΔE’ (GSSG + 2H+ →
2GSH) = −240 mV – (61.5 mV/2e−) × log ([GSH]2/[GSSG])

2.3. Electrophoretic mobility shift assay (EMSA)
The NF-κB binding site oligonucleotide 5'-GATCGAGGGGACTTTCCCTAGC-3' and its
complement were labeled using the Biotin 3’-End DNA Labeling Kit (Pierce Biotech) and
annealed. Twenty fmole biotin-labeled probes were mixed with 10 µg nuclear extracts in the
presence of 50 µg/ml poly (dI-dC), 5% glycerol, 0.05% NP-40, 5 mM MgCl2 in binding
buffer (10 mM Tris–HCl, pH 7.5, 50 mM KCl, 1 mM DTT). Following incubation for 20
min at room temperature, the DNA-protein complexes were separated in a 6 % non-
denaturing polyacrylamide gel and transferred to a positively charged nylon membrane
(Millipore, Bedford, MA). After UV cross-linking, the DNA-protein complex was detected
using a streptavidin–horseradish peroxidase (HRP) conjugated antibody following the
manufacturer’s protocol (Pierce Biotech).

2.4. Transfection and luciferase reporter assay
Cells plated in 24-well tissue culture plates at 5×104 cells/well were grown for 24 h before
transfection. Plasmid transfection was carried out using Lipofectamine Plus reagent
(Invitrogen, Carlsbad, CA), 0.4 µg luciferase reporter and 0.1 µg β-galactosidase plasmids/
well, following the manufacturer’s instructions. Twenty-four hours after transfection, cells
were subjected to the indicated treatments for 16 hours. Cells were lysed and luciferase
activity and β-galactosidase activity were determined using the luciferase and β-
galactosidase reporter kits (Promega, Madison, WI), according to the manufacturer's
protocol. Relative luciferase versus β-gal activity was calculated.

The siGENOME SMARTpool siRNA against mouse and human IKKβ gene and scrambled
siRNA were from Dharmacon. The siRNA for IKKβ contains four siRNA: 5’
GAAGAUACUUGAACCAGUU; 5’ CCAAUAAUCUUAACAGUGU; 5’
GAAGAUCGCCUGUAGCAAA; and 5’ GUAAGACCGUGGUUUGUAA. The siRNA
transfection was performed using HiperFect transfection reagent (QIAGEN, Hilden,
Germany) with fast-forward transfection protocol. Briefly, 5×106 cells were seeded in a 10
cm plate containing 6 ml of regular culture medium, with an addition of 0.8 nmol siRNA (at
a final 100 nM) and 200 µl transfection reagent in 2 ml DMEM. The cells were incubated
under normal culture condition for 48 h before further treatment.
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2.5. Reverse transcription and real-time PCR
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) and was used for
reverse transcription with random hexamer primers and the Stratascript enzyme, following
the instructions from the manufacturer. The cDNA was subjected to quantitative PCR using
an MJ research thermal cycler system and SYBER Green QPCR Master Mix (Stratagene, La
Jolla, CA). The conditions for the PCR amplification were optimized for specific PCR
reactions. At the end of the PCR the samples were subjected to melting curve analysis. All
reactions were performed at least in triplicate. The primers used to amplify human cDNA
were IKKβ, 5’ TGACAGTCAGGAAATGGTACGGCT and 5’
ATTCATGCTATCCGGGCTTCCACT; and GAPDH 5' AAT GAC CCC TTC ATT GACC
and 5' TGA AGA CAC CAG TAG ACT CC.

2.6. Cell apoptosis and survival
Cell viability was assessed using MTS assay. Briefly, cells grown on 96-well plate in 100 µl
culture medium were incubate with 20 µl of CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI) for 1–4 hours at 37°C in a humidified, 5% CO2
atmosphere. The absorbance at 490 nm was measured using a 96-well plate reader. The
relative cell survival was calculated based on the absorbance values of each experimental
condition. The absorbance in the absence of chemicals was set as 1.

Cell viability was also assessed using trypan blue staining assay. Briefly, the cells cultured
on 96-well plate were incubated with 20µl 0.2% trypan blue solution for 3 minutes at room
temperature. After removing the staining solution, the viable (trypan blue negative) and dead
(trypan blue positive) cells were counted under a microscope. The relative survival was
calculated by dividing the numbers of unstained cells by total cells. At least 500 cells under
each treatment condition were observed.

TUNEL assay was performed using ApopTag Plus fluorescein In Situ Apoptosis Detection
kit according to manufacturer’s recommendation (Millipore, Temecula, CA). Briefly, cells
cultured on cover slips were fixed by 4% paraformaldehyde in PBS and post-fixed in pre-
cooled ethanol: acetic acid (2:1). The DNA fragments in apoptotic cells were labeled with
the digoxigenin-tagged nucleotide and detected by a florescence conjugated anti-digoxigenin
antibody. The nuclei were stained with DAPI. Images were taken under fluorescence
microscopy and the percentage of apoptosis was calculated by dividing the number of
TUNEL positive cells by that of total cells. At least 500 cells under each treatment condition
were observed.

Cell apoptosis was also measured by Annexin-V-PE Apoptosis Detection Kit (BD
Pharmingen, San Jose, CA). Briefly, cells were washed twice with cold PBS and
resuspended in Binding Buffer at a concentration of 1×106 cells/ml. A total of 1×105 cells
(100 µl) were incubated with 5 µl of Annexin V-PE and 5 µl of 7-ADD for 15 min at RT in
the dark. The Annexin V-PE- and 7-AAD-labeling were detected by flow cytometry using
excitation 488 nm, emission 578 nm for PE and 650 nm for 7-ADD. The Annexin V-PE
positive and 7-AAD negative cells were recognized as apoptotic at early stage, whereas, the
Annexin V-PE and 7-AAD positive cells were recognized as apoptotic at late stage.

2.7. DCF labeling
To measure intracellular H2O2, cells were incubated with 10 µM CM-H2DCFDA for 30
minutes. The DCF-positive cells were identified and quantified by flow cytometry at
excitation 488 nm and emission 520–530 nm.
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2.8 Calculate the median lethal concentration
The median lethal concentration (LC50) was calculated using the probit analysis method.

2.9. Statistical analysis
Data represent the average ± SD from at least three independent experiments. Statistical
comparisons were performed using analysis of variance (ANOVA) for repeated
measurements followed by Student's two-tailed paired t-test. * represents statistical
significance p value <0.05, ** p <0.01 and *** p <0.001.

3. Results
3.1. Constitutive NF-κB activities in leukemia cells confer arsenic resistance

Constitutive activation of NF-κB is associated most commonly with hematologic tumors and
has implicated NF-κB in resistance to cancer chemotherapy [24]. To determine whether NF-
κB was constitutively active in cancer cells, we examined NF-κB DNA binding activity by
EMSA using nuclear extracts from leukemia cells (Fig. 1A). Among seven lines of leukemia
cells, relatively strong DNA-binding activities were detected in K562GS and KG1, moderate
activities in KCL22 and ML1, weak activities in NB4 and HL60R, and no detectable NF-κB
activity in THP1. Using a less sensitive Western blotting measurement, we detected low
levels of nuclear NF-κB p65 subunit in KG1 cells, but not in NB4 or THP1 cells (Fig. 1B).
Our results are consistent with previously findings, showing variable levels of basal
constitutive NF-κB activity in leukemia cells [25–28].

Arsenic trioxide has a powerful effect on inducing complete remission of acute
promyelocytic leukemia (APL) and its therapeutic efficacy is attributed in part to the ability
to induce cancer cell apoptosis [29;30]. To evaluate arsenic effects, we treated leukemia
cells with low sub-therapeutical doses of arsenic and examined cell survival (Fig. 1C).
Compared to control vehicle treated cells, NB4 cells were the most sensitive, with
approximately 80% cell death in response to 1 µM arsenic trioxide. ML1 and K562GS cells
were somewhat less sensitive with 20–30% cell death, whereas KCL22, THP1, HL60R and
KG1 were largely resistant to the toxicity of 1 µM arsenic.

While there was no obvious correlation between arsenic sensitivity and the levels of basal
NF-κB activity in the leukemia cells, inhibition of NF-κB potentiated significantly arsenic
toxicity in a majority of the NF-κB-positive cells (Fig. 1C). Application of JSH-23, a
specific NF-κB inhibitor, to the leukemia cells sensitized the NF-κB-positive ML1,
K562GS, KG1, KCL22 and HL60R cells, resulting in a significant reduction of survival in
response to arsenic. On the other hand, JSH-23 did not alter arsenic toxicity in NF-κB-
negative THP-1 cells. In contrast, we found that JSH-23 did not potentiate arsenic toxicity in
NB4 cells, which possessed low NF-κB activity and were already highly sensitive to arsenic,
indicating that these cells’ response to arsenic was independent of NF-κB. Based on these
observations, we suggest that NF-κB confers resistance to arsenic in many, though not all,
leukemia cells possessing active NF-κB.

3.2. Constitutive NF-κB activity contributes to elevated GSH in leukemia cells
Arsenic toxicity is mediated partly through the induction of reactive oxygen species (ROS)
and GSH is the major cellular redox scavenger counteracting ROS [8;31;32]. To assess
whether GSH may assist cell survival to arsenic challenge, we measured the intracellular
GSH contents in the leukemia cells. The leukemia cells had different levels of GSH, ranging
from 19 to 54 nmol/mg of protein (Fig. 2A). More importantly, there was an obvious inverse
correlation between GSH levels and arsenic sensitivity (Figs 1B and 2A). The most sensitive
NB4 cells had the lowest GSH levels; K562GS and ML1 cells, being somewhat less
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sensitive, had intermediate GSH; whereas the arsenic resistant THP1, HL60R and KG1 had
high GSH. Moreover, treatment of the leukemia cells with N-acetyl-L-cysteine to augment
GSH significantly reduced arsenic toxicity in the sensitive NB4, K562GS and ML1 cells
(Fig. 2B). These results support the conclusion that intracellular GSH protects the leukemia
cells against arsenic toxicity.

We have recently shown that NF-κB signaling plays a crucial role in the maintenance of
cellular GSH [7]. To test whether NF-κB was involved in GSH regulation in leukemic cells,
we treated the NF-κB-positive leukemia cells with JSH-23 and measured GSH contents.
JSH-23 caused a significant decrease of GSH in K562GS, KG1 and KCL22 (Fig. 2C);
however, it did not affect GSH level in HL60R and NB4 cells. We suggest that constitutive
NF-κB up-regulates GSH and confers resistance to arsenic in some leukemia cells.

3.3. Blocking NF-κB signaling reduces GSH via transcriptional downregulation of Gclc and
Gclm expression in prostate cancer cells

Numerous lines of evidence indicate that NF-κB is constitutively active not only in blood
cancers but also in solid tumors, including tissues from human patients with prostate cancer
and in androgen-insensitive human prostate carcinoma cells [33]. To determine whether the
NF-κB-GSH axis was effective also in prostate cancer cells, we first measured NF-κB
activity in four lines of prostate cancer that differ in androgen-dependence, metastasis and
invasiveness. Using a luciferase reporter assay, we detected different levels of basal NF-κB
activities in these cells, with the lowest levels in LNCaP, higher in DU145 and PC3, and the
highest in the highly metastatic PC-3MM2 (Fig. 3A). Treatment with the NF-κB inhibitor
JSH-23 markedly reduced constitutive NF-κB activity in all prostate cancer cells examined.
We next measured GSH contents and redox potentials. The prostate cancer cells had GSH
levels ranging from 12 – 23 nmol/mg; correspondingly, they displayed different redox
potentials with electronegative ΔE’ values ranging from −135 to −150 mV (Fig. 3B). While
JSH-23 significantly reduced GSH in the prostate cancer cells, it did not have such an effect
in non-malignant fibroblasts and hPrEC cells, which were known to have low basal NF-κB
activities [34] (Figs. 3B and 3C). Hence, as in leukemia cells, constitutively active NF-κB
can increase GSH in prostate cancer cells.

We have previously shown that NF-κB signaling up-regulates GSH through transcriptional
activation of the modifier and catalytic subunits of glutamine-cysteine ligase (GCL), the rate
limiting enzyme for GSH biosynthesis [7]. To determine whether this was the case in
prostate cancer cells, we examined the promoter activities of Gclc and Gclm in PC-3MM2
cells using gene-specific promoter-driven luciferase reporters. The activity of the Gclc
promoter was markedly reduced and the activity of the Gclm promoter was moderately
decreased by JSH-23 (Fig. 3D). Conversely, the activities of both promoters were induced
significantly by tert-butylhydroquinone (tBHQ), an aromatic organic compound and a
known GCL inducer. Based on these findings, we suggest that the active NF-κB may
upregulate GCL expression, which in turn increases GSH biosynthesis in prostate cancer
cells.

3.4. Pharmacological and molecular inhibition of the NF-κB signaling increases sensitivity
to oxidative stress in prostate cancer cells

Because GSH plays a predominant role in the modulation of cellular redox balance, we
asked whether NF-κB inhibition and subsequent GSH reduction would lead to higher
reactive oxygen species (ROS). We treated PC-3MM2 cells with JSH-23 for 18 hours and
measured H2O2-activated DCF fluorescence by flow cytometry (Fig. 4A). Compared to cells
treated with control vehicle, 70% of cells treated with JSH-23 became DCF-positive (the M2
population in Fig. 4A). This effect of JSH-23 was even greater than that caused by the
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strong oxidative stress inducer, hydrogen peroxide (H2O2), which induced 44% DCF-
positive cells.

To test whether NF-κB inhibition could sensitize the cells to oxidative stress damage, we
treated NF-κB-positive prostate cancer cells with JSH-23 and measured cell survival in the
presence of H2O2 or arsenic trioxide. While JSH-23 was non-toxic for a short term usage, it
exhibited a slight cytotoxicity when used for a longer time, perhaps due to inhibition of the
pro-survival properties of NF-κB [6] (Figs. 4B and 4C). Nevertheless, pretreatment of cells
with JSH-23 significantly potentiated the cytotoxicity of H2O2 and arsenic trioxide in all the
prostate cancer cells (Figs. 4B and 4C). In the presence of JSH-23, the LC50 of H2O2 was
reduced by 2–4 folds, whereas, that of arsenic trioxide was reduced by 1.5–3 folds (Tables 1
and 2). In contrast to its striking effect in prostate cancer cells, JSH-23 failed to further
potentiate the toxicity of H2O2 and arsenic trioxide in the non-malignant prostate epithelial
cells and fibroblasts (Figs. 4B and 4C). Hence, JSH-23 may be more selective to sensitize
the prostate cancer cells to H2O2- and arsenic-induced oxidative damages.

JSH-23 is an aromatic diamine compound that may by itself affect cellular redox status. To
evaluate the direct contribution of NF-κB signaling to redox modulation, we used siRNA to
knockdown IKKβ, the essential upstream kinase for NF-κB activation, in PC-3 MM2 cells.
Compared to cells transfected with scrambled siRNA, cells transfected with IKKβ siRNA
had decreased IKKβ mRNA and reduced GSH (Figs. 5A and 5B). When treated with
arsenic, the cells transfected with IKKβ siRNA displayed higher levels of DCF-labeling,
indicating weaker reducing power and greater oxidative stress induction (Fig. 5C).
Concurrently, the IKKβ siRNA transfected cells were highly sensitive to arsenic, exhibiting
much more annexin V-positive and TUNEL-positive apoptotic cells than those in control
siRNA transfected cells (Fig. 5D). Taken the pharmacological and molecular NF-κB
inhibition data together, we conclude that suppression of NF-κB signaling can down regulate
glutathione, decrease redox potential and increase the sensitivity of prostate cancer cells to
oxidative damage by arsenic.

4. Discussion
Constitutive NF-κB activation is found in approximately 15–20 % of all cancers [2;16]. In
the present studies, we detect constitutive NF-κB activation in a number of leukemia and
prostate cancer cells. We show that the constitutive NF-κB activity contributes to
maintenance of cellular glutathione and redox potential in many “NF-κB positive” cancer
cells, because inhibition of NF-κB by molecular and/or pharmacological means significantly
reduces GSH.

Although NF-κB signaling has been proposed as a potential therapeutic target for molecular
therapy to suppress tumorigenesis and enhance the efficacy of antineoplastic drugs, the
molecular basis of the anti-NF-κB therapy is not fully understood [6;35]. Many
chemotherapeutic agents, such as arsenic, act through the induction of oxidative stress that
leads to cancer cell apoptosis [36–38]. GSH is an abundant thiol-containing small molecule
that plays a crucial role in maintaining an intracellular reducing environment [8]. Based on
our observations, it is possible that constitutive NF-κB activity in cancer cells contributes to
higher GSH levels, thereby conferring stronger resistance to chemotherapy. Unlike the
cancer cells, most non-malignant cells are known to have little, if any, basal NF-κB
activities [34]. We show that neither inactivation of NF-κB affects the GSH content in
normal prostate epithelial cells nor it sensitizes the cells to oxidative damage. Thus,
inactivation of NF-κB and/or its upstream kinase IKKβ can reduce redox potential and
potentiate the cytotoxicity of arsenic and H2O2 in many “NF-κB-positive” cancer cells.
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NF-κB has been associated with several aspects of tumorigenesis. NF-κB can inhibit the
expression of pro-apoptotic pathways, or induce anti-apoptotic gene expression and protein
production [39], stimulate cytokine production thereby promoting the growth of both pre-
malignant and formed tumors [16], induce angiogenesis via VEGF, IL-8, PDGF [40], and
activate various cell cycle genes [41]. It has also been shown that NF-κB enhances the
expression of the multidrug resistance (MDR) protein and mediates chemoresistance of
tumor cells [42]. In this regard, results of this study are unique in revealing a novel role of
NF-κB signaling in the regulation of glutathione that leads to the modulation of redox
potential of cancer cells.

Human cancer is a highly heterogenous disease, with genetic and regulatory modules unique
not only to different tumor types, but also to similar type tumors. This appears to be the case
for NF-κB signaling in cancer cells. We show that NF-κB signaling is constitutively active
in some, but not all, cancer cells. The active NF-κB contributes to elevate glutathione levels
in some of the “NF-κB-positive” cancer cells, but does not affect glutathione in others.
Furthermore, inhibition of NF-κB in HL60R leukemia cell does not affect glutathione but
sensitizes HL60R to arsenic toxicity, indicating that constitutive NF-κB can promote HL60R
cell survival through a mechanism independent of GSH. Based on these observations, we
suggest that there are multiple mechanisms involved in glutathione regulation in cancer cells
and that constitutive NF-κB activation is one of the factors contributing to elevated GSH.
While further characterization of the regulatory mechanisms that generate heterogeneity is
pertinent to understanding cancer-specific cell responses, our data indicate that constitutive
NF-κB activity is one of the factors contributing to chemotherapeutic resistance. For a
subpopulation of “NF-κB-positive” cancer cells, inhibition of NF-κB signaling may be
combined with oxidative stress-based therapy to enhance the efficacy in cancer cell
apoptosis.

Abbreviations

NF-κB Nuclear Factor κB

GSH glutathione

GCLC Glutamine Cysteine Ligase Catalytic subunit

GCLM Glutamine Cysteine Ligase Modifier subunit

ROS Reactive Oxygen Species
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Figure 1. Constitutive NF-κB activity contributes to arsenic resistance in leukemia cells
The nuclear extracts isolated from various leukemia cell lines were used for (A) EMSA to
determine NF-κB DNA binding activities, and (B) Western blotting to detect p-65. (C) Cells
were treated with 1 µM arsenic trioxide in the presence and absence of JSH-23 for 3 days
and evaluated viability by the MTS assay. Relative survival was calculated by comparison
the MTS values of As treated versus untreated samples. The levels in untreated control and
JSH-23 groups were designated as 1. Data are presented as the mean values ± S.E. from at
least three independent experiments. Statistical analyses were performed based on the mean
values in control and JSH-23 treated samples. ***p< 0.001 are considered statistically
significant.
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Figure 2. Inhibition of NF-κB reduces GSH in leukemia cells
The reduced glutathione GSH was measured in various leukemia cells in the absence (A and
C) and presence (C) of the NF-κB inhibitor JSH-23 (10 µM) for 3 days. Statistical analyses
of GSH in each sample were compared to the values in NB4 cells (A) and were based on the
mean values in control and JSH-23 treated samples (C). (B) Leukemia cells were treated
with 1 µM arsenic trioxide for 3 days in the absence and presence of NAC (5 mM). Cell
viability was evaluated by the MTS assay. Relative survival and statistical analyses were
calculated by comparison the MTS values of each cells without arsenic treatment. Data are
presented as the mean values ± S.E. from at least three independent experiments. **p<0.01
and ***p<0.001 are considered statistically significant.
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Figure 3. Inhibition of NF-κB reduces GSH and redox potential in prostate cancer cells
(A) The prostate cancer cells co-transfected with NF-κB-luc and CMV-β-gal plasmids were
grown in medium in the presence and absence of the NF-κB inhibitor JSH-23 (100 µM).
Relative luciferase activities were calculated based on β-gal values in each transfection,
relative to the luciferase values in LNCaP cells designated as 1. Prostate cancer cells, hPrEC
and MEF were maintained in the presence and absence of the NF-κB inhibitor JSH-23 (100
µM) for 24 hours. (B) Cellular GSH and GSSG were determined and redox potentials
calculated in the prostate cancer cells. (C) Cellular GSH was determined in the cells as
indicated, and the levels in JSH-23 cells were compared to that in the control DMSO-treated
cells (ΔGSH). (D) The PC-3MM2 cells were transfected with Gclc-luc or Gclm-luc together
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with the CMV-β-gal plasmids in the presence or absence of JSH-23 (100 µM) and tBHQ (10
µM) for 24 h. Relative luciferase activities were calculated based on β-gal values in each
transfection. The luciferase values in cells not treated with chemicals were designated as 1.
Data are presented as the mean values ± S.D. from at least three independent experiments.
Statistical analyses were performed based on the mean values in treated versus untreated
cells. * p<0.05, ** p< 0.01 and ***p< 0.001 are considered statistically significant.
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Figure 4. Pharmacological inhibition of the NF-κB signaling increases the susceptibility of
prostate cancer cells to oxidative stress
(A) The prostate cancer cell line PC-3MM2 were either left untreated or treated with H2O2
(250 µM) for 2 h or JSH-23 (100 µM) for 18 h. Following CM-H2DCFDA labeling, the
DCF fluorescence intensity was quantified by flow cytometry and the “DCF-positive” (M2)
and DCF-negative (M1) populations were quantified. The hPrEC, MEF and prostate cancer
cells were treated with (B) H2O2 (250 µM) or (C) arsenic trioxide (62.5 µM). For MTS
assays, the cells were treated for 12 h in the presence or absence of the NF-κB inhibitor
JSH-23 (100 µM). The relative survival rates were calculated by comparison of the MTS
values of H2O2 and As2O3 treated and untreated cells. Values in DMSO treated, but H2O2
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and As2O3 untreated cells were designated as 1. For Trypan blue staining, the cells were
treated for 30 min in the presence or absence of a 2 h JSH-23 (100µM) pretreatment. Results
are presented as the mean values ± S.D. from at least three independent experiments.
Statistically analyses were done by comparing the JSH-23 treated versus untreated samples
under the same conditions. *p< 0.05, **p<0.01 and ***p< 0.001 are significant.
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Figure 5. Molecular inhibition of the NF-κB signaling sensitizes prostate cancer cells to arsenic
and oxidative toxicity
The PC-3MM2 cells were transfected with scrambled or IKKβ siRNA for 48 h. (A) The
relative IKKβ mRNA level was determined by real-time PCR, adjusted to the GAPDH level
as the loading control. IKKβ level in cells transfected with scramble siRNA was designated
as 1, and (B) the cellular GSH level was measured. The transfected cells were treated with
sodium arsenite (50 µM) for 6h. (C) Cells were labeled with CM-H2DCFDA and the DCF-
positive cells were identified by flow cytometry analysis (left panel) and fluorescent
microscope (right panels). Cell apoptosis was determined by (D) Annexin V and TUNEL
staining. The percentage of apoptosis was calculated by comparison to the values in control
cells not exposed to arsenic. *p< 0.05, **p<0.01 and ***p< 0.001 are considered significant.

Meng et al. Page 18

Cancer Lett. Author manuscript; available in PMC 2011 December 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Meng et al. Page 19

Table 1

LC50 of H2O2 in prostate cancer cells by MTS assays

Cell Lines LC50 and 95% Interval H2O2 (µM) p value

Control JSH-23 (100µM)

LNCaP 613 (536, 700) 318 (254, 398) 2.5E-09

DU145 2426 (1877, 3134) 505 (454, 562) 1.1E-06

PC-3 344 (302, 392) 191 (0.26, 200) 6.7E-24

PC-3MM2 764 (673, 867) 102 (57, 185) 1.1E-19
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Table 2

LC50 of arsenic trioxide in prostate cancer cells by MTS assays

Cell Lines LC50 and 95% Interval As2O3 (µM) p value

Control JSH-23 (100µM)

LNCaP 110 (84, 169) 68 (48, 97) 2.5E-09

DU145 167 (118, 237) 47 (34, 65) 1.2E-08

PC-3 150 (107, 212) 102 (71, 144) 7.7E-12

PC-3MM2 64 (49, 84) 27 (19, 38) 1.2E-14
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