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Abstract There is  increasing evidence that L-ascorbic acid (LAA) i s  selectively toxic to some types of cancer cells at 
pharmacological concentrations, functioning as a pro-oxidant rather than as an anti-oxidant. However, the molecular 
mechanisms by which LAA initiates cellular signaling leading to cell death are still unclear. In an effort togain insight into 
these mechanisms, the effects of LAA on eukaryotic transcription nuclear factor NF-KB and cyclooxygenase-2 (COX-2) 
expression were investigated. In the present study, LAA suppressed DNA binding activity of NF-KB, composed of a p65/ 
p50 heterodimer, through inhibition of degradation of inhibitory KB-u (IKB-a) and prevention of nuclear translocation of 
p65. The inhibitory effect of LAA on NF-KB activity was dependent upon glutathione levels in HL-60 cells, as well as 
generation of H202  but not superoxide anion. LAA also downregulated the expression of COX-2, which has a NF-KB 
binding site on its promoter, through repressing NF-KB DNA binding activity. Moreover, cotreatment of 1 pM arsenic 
trioxide (As203) with various concentrations of LAA enhanced an LAA-induced repression of NF-KB activity and COX-2 
expression. In conclusion, our data suggest that LAA exerts its anti-tumor activity through downregulation of NF-KB 
activity and COX-2 expression, and these inhibitory effects can be enhanced by co-treatment with As2O3. J. Cell. 
Biochem. 93: 257-270,2004. @ 2004 ~ l ley-~ iss ,  Inc. 
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L-Ascorbic acid (LAA) i s  one o f  t h e  ma jo r  1976; Speit  e t  al., 19801. Also, there i s  increasing 
water-soluble ant i -oxidants present in cells a n d  evidence t h a t  LAA i s  selectively toxic t o  some 
plasma. There a re  other  studies demonstrat ing types o f  tumor, funct ion ing as a pro-oxidant 
t h a t  unde r  cer ta in  condit ions LAA acts as a pro- ra ther  t h a n  as a n  ant i -oxidant [Bram e t  al., 
oxidant and  increases DNAdamage  [St ich e t  al., 1980; Bruche l t  e t  al., 19931. LAA at concentra- 

Abbreviations used: AML, acute myeloid leukemia; Asz03, 
arsenic trioxide; BSO, buthionine sulfoximine; COX-2, 
cyclooxygenase-2; DHA, dehydroascorbic acid; DMSO, 
dimethyl sulfoxide; DTT, dithiolthreitol; EMSA, electro- 
phoresis mobility shift assay; ERK, extracellular signal- 
regulated kinases; FBS, fetal bovine serum; GSH, giu- 
tathione; IKB-a, inhibitory KB-a; LAA, L-ascorbic acid; NF- 
KB, nuclear factor KB; JNK, c J u n  N-terminal kinases; 
NaN3, sodium azide; PBS, phosphate-buffered saline; 
PMSF, phenylmethylsulfonyl fluoride; ROS, reactive oxy- 
gen species; SBA, sodium 5,6-benzylidene-L-ascorbate; 
SOD, superoxide dismutase; TPCK, N-tosyl-L-phenylala- 
nine chloromethyl ketone. 

Grant sponsor: Jin Yang Pharmaceutical Co., Ltd. 
*Correspondence to: Je-Ho Lee, MD, PhD, and Seyeon 
Park, PhD, Cancer Center, Sarnsung Medical Center 
Annex Building 8th F1. Ilwon-Dong, Kangnam-Ku, Seoul 
135-710, Korea. E-mail: seypark21@hotmail.com 
Received 8 January 2004; Accepted 1 March 2004 
DO1 10.1002/jcb.20116 
Published online 29 June 2004 in Wiley Interscience 
(www.interscience.wiley.com). 

0 2004 Wiley-Liss, Inc. 



258 Han 

tions of 10 nM to 1 mM induces apoptosis in 
neuroblastoma, melanoma, and human myelo- 
genous leukemic cell lines within 24 h via 
induction of oxidative stress [F'ujinaga et al., 
1994; De Laurenzi et al., 19951. According to 
recent in vivo studies, intravenous administra- 
tion of sodium 5,6-benzylidene-L-ascorbate 
(SBA) to inoperable cancer patients induces a 
significant reduction in the tumor volume with- 
out any adverse side effects [Sakagami et al., 
19911. Furthermore, our series of studies using 
an in vitro colony assay has solidly established 
that LAA is an important modulator of the 
growth of mouse myeloma and human leukemic 
cells [Park et al., 1971, 1992; Park and Kimler, 
19911. Another development recently is that 
arsenic trioxide (h2O3) could induce in vitro 
growth inhibition and/or apoptosis of malignant 
lymphocytes, myeloma cells, and solid tumor 
cells such as neuroblastoma [Akao et al., 1998, 
1999; Zhu et al., 19991. Further, the growth 
inhibition induced by As203 has been shown to 
be enhanced by addition of ascorbate to malig- 
nant cells, including leukemic and plasmacy- 
toma cells D a i  et al., 1999; Grad et al., 20011. 
hz03 induced apoptosis in four human multi- 
ple myeolma cell lines. Glutathione (GSH) was 
shown to be implicated as an inhibitor of h203- 
induced cell death either through conjugating 
or by sequestering reactive oxygen induced by 
As203 [Grad et al., 20011. One possibility was 
suggested that decreases in GSH were asso- 
ciated with ascorbic acid metabolism [Dai et al., 
19991. Since arsenic toxicity results from form- 
ing reversible bonds with active SH groups on 
regulatory proteins including GSH, intracellu- 
lar GSH content might be an indicator of 
sensitivity to in leukemia cells [Shao 
et al., 19981. A subsequent clinical study has 
shown a promising result in patients with 
multiple myeloma treated with a combination 
of h 2 O 3  and ascorbate [Bahlis et al., 20011. 
Therefore, it would be desirable to elucidate the 
mechanism(s) by which ascorbate affects the 
growth of malignant cells, singly and in combi- 
nation with h2O3.  

Nuclear transcription factor kappa-B (NF- 
KB) has been known to regulate expression of 
many genes in modulating cellular prolifera- 
tion, inflammatory responses, and apoptosis. 
NF-KB exists mainly as a hetero- or homodimer 
consisting of subunits of the Re1 family, such as 
p50, p52, c-Rel, p65 (RelA), or RelB. NF-KB is 
normally sequestered in the cytoplasm as an 

inactive complex through binding to an inhibi- 
tory protein, I&. Phosphorylation and subse- 
quent ubiquitination of IKB induced by various 
extracellular stimuli causes rapid degradation of 
this inhibitory subunit by proteosomes. Free 
NF-KB translocates into the nucleus, where it 
binds to its binding sites in the promoter of target 
genes, thereby controlling their expression [Beg 
and Baltimore, 1996; Grimm et al., 19961. 

N-tosyl-L-phenylalanine chloromethyl ketone 
(TPCK) is an enzymatic inhibitor that prevents 
phosphorylation of IKB Pallif et al., 20011 and 
also a chymotrypsin-like serine protease inhi- 
bitor [Zhu et al., 19971. TPCK has been used for 
NF-KB blocking strategies in order to investi- 
gate the downstream of NF-KB signaling [Park 
et al., 2002; Altura and Gebrewold, 2002; 
Clohisy et al., 20041. In the present study, we 
have used this inhibitor in order to investigate 
whether cyclooxygenase-2 (COX-2) is involved 
in the downstream of NF-KB blocking induced 
by LAA. 

Recently, many drugs with the ability to 
inhibit the cyclooxygenase (COX) enzymes have 
been shown to prevent or delay development of 
certain tumors. COX, also known as prosta- 
glandin H synthase, is a membrane-bound and 
bifunctional enzyme that catalyzes the conver- 
sion of arachidonic acid to prostaglandin G2 by 
its cyclooxygenase activity and prostaglandin 
G2 to prostaglandin H2 by peroxidase activity 
Wu,  19961. COX-1 is constitutively expressed to 
fulfill its beneficial housekeeping roles in most 
human tissues; whereas COX-2, with multiple 
binding sites on its promoter for various trans- 
cription factors including NF-KB, is not consti- 
tutively expressed in most normal tissues but it 
is rapidly induced by cytokines, tumor promo- 
ters, growth factor, and oncogenes [Prescott and 
Fitzpatrick, 20001. The expression of COX-2 has 
been shown to be abnormally or overexpressed 
in various human tumors, including breast, 
head and neck, lung, pancreatic, and gastric 
cancers [Ristirnaki et al., 1997; Wolff et al., 
1998; Chan et al., 1999; Tucker et al., 1999; 
Prescott and Fitzpatrick, 20001. 

Although there is much convincing evidence 
that LAA selectively exerts its cytotoxic effects 
on many tumors, the mechanism by which LAA 
initiates cellular signaling that leads to cell 
death is still unclear. Since NF-KB is a ubiqui- 
tous transcription factor likely to be involved in 
tumor cell survival and death, and since COX-2 
with its expression dependent on NF-KB is also 
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involved in tumor pathogenesis, we sought tent of the final extracts was estimated using 
mechanism(s) mediated through these two the BCA kit according to the manufacturer's 
factors. In addition, we investigated whether protocol from Bio-Rad (Richmond, CAI. 
cotreatment of As203 enhances LAA action. 

Electrophoretic Mobility Shift Assay (EMSA) 

METHODS AND EXPERIMENTAL PROCEDURES 

Reagents 

LAA, As203, buthionine sulfoximine (BSO), 
dithiothreitol (DTT), catalase, sodium azide 
(NaN3), and superoxide dismutase (SOD) and 
TPCK were purchased from Sigma Chemical 
Co. (St. Louis, MO). RPMI 1640, fetal bovine 
serum (FBS), and antibiotics were obtained 
from Gibco-BRL (Rockville, MD). All antibodies 
were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). LAA, h2O3 ,  BSO, DTT, 
catalase, NaN3, and SOD were dissolved in 
phosphate-buffered saline (PBS). TPCK was 
dissolved in dimethyl sulfoxide (DMSO). 

Cell Culture 

Human acute myeloid leukemia (AML), 
HL-60 cells (from American Type Culture 
Collection, Rockville, MD) were maintained 
in RPMI 1640 medium supplemented with 
10% heat-inactivated FBS and antibiotics 
(100 Ulml penicillin and 100 pglml streptomy- 
cin) a t  37°C in a humidified 5% C02 incubator. 
Control cultures received the same amount 
of PBS without LAA and As?OX or DMSO 
without TPCK. The amount of  DMSO in the 
cell culture medium never exceeded a final 
concentration of 0.5%. 

Preparation of Nuclear and Cytosolic Extracts 
From HL-60 Cells 

HL-60 cells (1 x lo7) were lysed by incubation 
at 4°C for 10 min in 400 pl of buffer A, consisting 
of 10 mM KCl, 0.2 mM EDTA, 1.5 mM MgC12, 
0.5 mM DTT, and 0.2 mM phenylmethylsulfonyl 
fluoride (PMSF). The cell lysate was centrifuged 
for 6 min and the supernatant stored at -70°C 
as a cytosolic extract. After measurement of 
protein content, the pellet was resuspended in 
100 p1 of ice-cold buffer C, consisting of 20 mM 
HEPES (pH 7.9), 420 mM NaCl, 1.5 mM MgC12, 
20% (vlv) glycerol, 0.2 mM EDTA, 0.5 mM DTT, 
and 0.2 mM PMSF. After incubation at 4°C for 
20 min, the extract was centrifuged for 6 min, 
and the supernatant was collected, aliquoted, 
and stored at -70°C as a nuclear extract 
[Dent and Latchman, 19931. The protein con- 

EMSA was performed using a DNA-protein 
binding detection kit for NF-KB binding accord- 
ing to the manufacturer's protocol from Gibco- 
BRL (Rockville, MD) with minor modifications. 
Briefly, the NF-KB oligonucleotide was labeled 
with y-[32~] ATP by T4 polynucleotide kinase 
and purified on a Nick column (Pharmacia 
Biotech, Uppsala, Sweden). The binding reac- 
tion was carried out in 25 pl of mixture contain- 
ing 5 pl of incubation buffer (10 mM Tris (pH 
7.5), 100 mM NaCl, 1 mM DTT, 1 mM EDTA, 4% 
(v/v) glycerol, and 0.1 mg sonicated salmon 
sperm DNA per ml), 10 pg of nuclear extract, 
and 100,000 cpm of the labeled probe. A 10- or 
20-fold excess of unlabeled NF-KB oligonucleo- 
tide as a competitor was added after the binding 
reaction where necessary for competition assay. 
Antibody (5 or 10 pg) for p50, p52, c-Rel, or p65 
was added after binding reaction where neces- 
sary for super-shift assay. After 20 min of 
incubation a t  room temperature, 2 p1 of 0.1% 
bromophenol blue was added and samples were 
electrophoresed through a 6% nondenaturing 
polyacrylamide gel at  150 V at room tempera- 
ture. Finally, the gel was dried and exposed onto 
X-ray film. 

Measurement of Proliferation 

HL-60 cells (3 x lo4) were cultured in 96-well 
flat-bottom microtiter plates (Costar, Cam- 
bridge, MA) in 0.2 ml of RPMI 1640 containing 
antibiotics (5 pg gentamycin per ml) and 10% 
FBS. Cultures were incubated at 37°C with 5% 
C02 for 24 h and were pulsed with 1 pCi of L3~l-  
thymidine (specific activity of 2 Ci per mmol; 
New England Nuclear, Boston, MA) during the 
last 4 h of the culture period. Cultures were 
harvested and [3~l-thymidine incorporation 
was determined by liquid scintillation counter. 
The statistical significance of the differences 
between treated and untreated samples was 
evaluated using Student's test. The difference 
were judged to be statistically significant if 
P < 0.05. 

Measurement of Apoptosis 

Apoptosis was monitored by DNA fragmenta- 
tion assay. For DNA fragmentation assay, DNA 
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was extracted using a Puregene DNA isolation 
kit (Gentra system, Minneapolis, MN) accord- 
ing to the manufacturer's protocol. Briefly, 
5 x lo6 HL-60 cells were washed and har- 
vested. Cell pellets were resuspended in 600 pl 
of cell lysis solution containing 3 pl of RNase 
solution (4 mg per ml) and incubated at 37°C 
for 1 h. Samples were treated with 200 pl of 
protein precipitation solution and centrifuged 
at 15,000 g for 3 min. Isopropanol(600 pl) was 
added to the supernatant and the sample 
centrifuged a t  15,000g for 10 min. The pellet 
was washed with 70% ethanol and analyzed on a 
1.8% agarose gel containing ethidium bromide. 
Electrophoresis was carried out in TAE buffer 
(40 rnM Tris-acetate, 1 mM EDTA). 

Total Cell Lysate Extraction and 
Western Blot Analysis 

HL-60 cells (5 x lo6) were harvested and 
washed, and pellet was suspended with 1.0 ml 
of ice-cold RIPA buffer (1% NP-40,0.5% sodium 
deoxycholate, 0.1% SDS, 10 ng PMSF per ml, 
0.03% aprotinin, and 1 pM sodium orthovana- 
date) and incubated on ice for 30 min. After 
centrifuging for 30 min, the supernatant was 
collected, aliquoted, and stored at -70°C. The 
protein content of the final extracts was esti- 
mated using the BCA kit according to the 
manufacturer's protocol (Bio-Rad, Richmond, 
CA). Total cell lysates for measuring COX-2 
levels or nuclear and cytoplasmic extracts for 
measuring p65 and IKB-a levels were subjected 
to 12% SDS-polyacrylamide gel electrophor- 
esis. After a 1 h transfer of the gel to PVDF 
membrane (Arnersham Life Sciences, Arlington 
Heights, IL), the blots were blocked with 5% fat- 
free dry milk in PBS containing 0.1% Tween-20 
for 2 h at room temperature and then washed in 
the same buffer. Each protein level was detected 
with each antibody (Santa Cruz Biotech, Santa 
Cruz, CA). The transferred proteins were 
visualized with an enhanced chemilumines- 
cence detection kit (Arnersham Life Sciences, 
Arlington Heights, IL). 

RESULTS 

LAA With or Without 1 pM Suppresses 
NF-KB DNA-Binding Activity 

We investigated whether LAA, with or with- 
out 1 pM As203, inhibits activation of NF-KB in 
HL-60 cells. This was analyzed by EMSA using 
32 P-labeled oligonucleotide that contains NF- 

KB binding sites. Unstimulated HL-60 cells had 
a high basal level of NF-KB activity, which was 
almost completely downregulated by treatment 
of LAA, with or without 1 J.LM As203, in a 
concentration- and time-dependent manner 
(Fig. 1A,B). 

Constitutively Activated NF-KB in HL-60 Cells 
Consists of p501p65 Subunits 

The most prominent form of NF-KBIR~~ 
proteins has been described as a heterodimer 
of p50 and p65. To ascertain the specificity as 
well as the identity of NF-KB in HL-60 cells, 
EMSA was conducted with excess amount of 
unlabeled NF-KB oligonucleotide or antibodies 
against the typical NF-KB subunits p50, p52, 
p65, or c-Rel. Incubation of unstimulated nu- 
clear extracts with 10- and 20-fold excess 
unlabeled NF-KB oligonucleotide before EMSA 
abolished the activation of NF-KB DNA binding 
(Fig. 2A), indicating that the retarded band 
observed by EMSA was indeed NF-KB. More- 
over, incubation of unstimulated nuclear ex- 
tracts with an antibody against either p50 or 
p65 shifted the band with the higher molecular 
weight (Fig. 2B), but an antibody against either 
p52 or c-Re1 did not (Fig. 2C). These results 
indicate that the NF-KB complex inactivated by 
LAA with or without 1 pM was indeed 
NF-KB existing as a heterodimer of p50 and p65 
subunits. 

LAA Inhibits NF-KB Activation by Preventing the 
Degradation of IKB-CY and the Translocation of 

p65 Subunit but Does Not Directly Disrupt 
Binding of NF-KB to DNA 

In an attempt to understand the mechanism 
underlying the inhibitory effects of LAA on NF- 
KB activation, HL-60 cells were treated with 
LAA at concentrations which resulted in the 
inhibition of NF-KB activation. Western blot 
analysis was performed to examine the degra- 
dation of the inhibitory factor IKB-a and the 
nuclear translocation of the functionally active 
subunit p65. LAA inhibited the degradation of 
IKB-a and the translocation of p65 to the nucleus 
in a concentration-dependent manner (Fig. 3A). 
According to our previous results, high concen- 
tration of As203 also showed direct inhibition of 
DNA binding activity of NF-KB. Thus, we 
investigated whether the inhibition of NF-KB 
activation by LAA was due to direct disruption 
of DNA binding of NF-KB. Nuclear extract 
from untreated HL-60 cells was incubated with 
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Fig. 2. Constitutively activated NF-KB consists of p501pb5 subunits. Nuclear extract (1 0 pg) from untreated 
HL-60 cells was incubated with 1 O- or 20-fold unlabeled NF-KB oligonucleotide, a-p50, a-p65, a-p52, or 
a-c-Rel antibody, as indicated. EMSA was performed as described in Materials and Methods. UT, untreated 
cell. Resultsfrom oneof threesimilar experiments areshown. A: Competition and(B,C) super-shift analysisof 
NF-KB activity. 

500 pM LAA and NF-KB probe at room tem- 
perature in vitro before EMSA was performed. 
Interestingly, LAA did not inhibit the ability of 
NF-KB to bind DNA directly in vitro (Fig. 3B, 
lane 3). These findings indicated that LAA 
inhibited the constitutive NF-KB activation by 
preventing IKB-a degradation and transloca- 
tion ofp65 subunits, but not by direct disruption 
of NF-KB DNA-binding activity. 

LAA Exerts its Inhibitory Effect Through 
Modulation of GSH 

Recently, we found that GSH had a protective 
role against LAA effects of inducing prolifera- 
tion inhibition in HL-60 cells (Fig. 4). Therefore, 
we examined whether the inhibitory effect of 

LAA on NF-KB activity was correlated with 
modulation of GSH level. HL-60 cells were 
cultured with 250 pM LAA, with or without 
1 mM BSO or 0.2 mM D m ,  for 24 h and then 
EMSA was performed. As shown in Figure 5, 
addition of 1 mM BSO to 250 $%I LAA synergis- 
tically suppressed NF-KB activity, comparing to 
the extent how 1 mM BSO or 250 pM LAA alone 
decreased NF-KB activity. In contrast, treat- 
ment of 0.2 mM DTT completely abolished the 
250 pM LAA-induced downregulation of NF-KB 
activity. D'M' (0.2 mM) alone did not affect or 
very slightly increased NF-KB activity (Fig. 5B). 
These results indicated that inhibitory effect of 
LAA on NF-KB activity was dependent on GSH 
level confirming that intracellular GSH played 
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IkB-a (CE) 

Fig. 3. LAA inhibits NF-KB activation by preventing the 
degradation of IKB-a and the translocation of p65 subunit but 
not direct-interruption of DNA binding of NF-KB to their 
consensus sequences. UT, untreated cell. Results from one of 
three similar experiments are shown. A: LAA inhibits transloca- 
tion of p65 into nucleus through preventing degradation of IKB-a. 
HL-60ceIls (7 x 1 06) were cultured in the various concentrations 
of LAA as indicated for 24 h. Cells were harvested and nuclear 
and cytoplasmic extracts were extracted. Nuclear and cytoplas- 

mic extracts were assayed for IKB-a and for p65 by Western blot 
analysis using a-IKB-a and a-p65 antibodies, respectively. NE, 
nuclear extract; CE, cytoplasmic extract. B: LAA does not directly 
prevent NF-KB DNA-binding activity to their consensus 
sequence. HL-60 cells were treated with or without 500 pM 
LAA for 24 h. Nuclear extracts (1 0 pg) were subjected to EMSA as 
described in Materials and Methods. For lane 3, the nuclear 
extract from untreated cells was incubated with 500 pM LAA 
in vitro. 

a critical role in the inhibitory effect of LAA not shown). Therefore, we examined whether 
suppressing NF-KB activity. 

LAA inhibits the Activation of NF-KB Through 
H202 Generation but not Superoxide Anion 

As shown in Figure 4, our [3~l-thymidine 
incorporation results also showed that treat- 
ment with catalase completely abrogated, but 
treatment with NaN3 enhanced, the inhibitory 
effect of LAA on the growth of HL-60 cells. 
Moreover, treatment with SOD did not (or only 
slightly) affect the inhibitory effect of LAA (data 

the generation of Hz02 stimulated by LAA 
affected NF-KB activity. HL-60 cells were 
cultured with LAA, with or without 500 Ulml 
catalase, 100 pM NaN3, or 1,000 U/ml SOD, for 
24 h; and then EMSA was performed. Treat- 
ment of 500 Ulml catalase, 100 pM NaN3, or 
1,000 U/ml SOD alone did not affect NF-KB 
activity (Fig. 6B-D). Surprisingly, the strong 
inhibitory effect of 500 pM LAA on NF-KB 
activity (Fig. 6A) was completely abrogated by 
addition of 500 U/ml catalase (Fig. 6B); whereas 
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U Control(LAA alone) 
4- LAAtBSO 
-d- LAMcataIase 
-0- LAl4tDT-r 

LAA Concentration (mM) 
Fig. 4. Effect of BSO, catalase, DTT, and NaN, on LAA-induced (3 x 10~/well) were cultured in various concentrations of LAA in 
inhibition of cell proliferation. Data represent the mean f SE of the presence or absenceof 1 mM BSO or 0.2 mM DTT or 500 U/ 
triplicate determinations and are representative of three experi- ml catalase or 100 pM NaN, for 24 h. Cell proliferation was 
ments. Results are presented relative to cell growth under control determined by measuring I~H]-thymidine uptake. 
conditions (absence of LA,  or other chemicals). HL-60 cells 

the addition of 100 pM NaN3 (Fig. 6C) or 1,000 U/ 
ml SOD (Fig. 6D) enhanced the inhibitory effect 
of LAA on NF-KB activity. These data were 
consistent with our recent [3~l-thymidine 
incorporation results (Fig. 4). Based on these 
findings, we can postulate that LAA inhibits 
the growth of HL-60 cells through repressing 
NF-KB activity via modulation of GSH levels 
and generation of H202. 

Blockade of NF-KB Activity by TPCK Causes 
Growth Arrest and Apoptosis of HL-60 CeHs 

As shown in Figure 1, treatment with LAA 
demonstrates a concentration- and time-depen- 
dent inhibition of NF-KB activity. Then, we 
investigated the role of NF-KB on the growth of 
HL-60 cells. HL-60 cells were cultured with 
10 pM TPCK (a specific NF-KB inhibitor) for 
24 h. EMSA, 3[~l-thymidine incorporation 
assays, and DNA fragmentation assays were 
carried out. Treatment with 10 pM TPCK in- 
duced strong repression of NF-KB activity and 
growth arrest as well as apoptosis of HL-60 cells 
(Fig. 7A-C). These finding indicated that NF- 
KB plays a pivotal role in the growth of HL-60 
cells and can be considered as a critical target 

for the growth inhibition and apoptosis of HL-60 
cells. 

LAA, With or Without 1 pM As203, Inhibits 
Expression of COX-2 Through Suppression 

of NF-KB DNA Binding Activity 

Recently, it was reported that the signals 
leading to src-induced COX-2 transcription 
involve both RasJMEKK-11JNK and Ras/Raf-11 
ERK pathways lXie and Herschman, 19961. 
Moreover, the COX-2 gene contains many con- 
sensus elements for various kinds of transcrip- 
tion factors, including a NF-KB binding site 
located -2231-214 bp upstream from the trans- 
cription start site Wamamoto et al., 19951. 
Therefore, we examined whether LAA, with or 
without 1 pM As203, could repress expression of 
COX-2. As shown in Figure 8A,B, LAA with or 
without 1 pM b 2 O 3  inhibited the expression of 
COX-2 in a concentration-dependent manner. 
Next, we investigated whether downregulation 
of COX-2 expression is correlated with inhibi- 
tion of NF-KB activity by TPCK. Treatment with 
10 pM TPCK also induced repression of COX-2 
expression (Fig. 8C). Combined with the finding 
that 10 pM TPCK suppressed NF-KB activity 
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Fig. 5. Inhibitory effect of LAA on NF-KB activity IS correlated 
with modulating GSH level in HL-60 cells. A: 250 pM LAA 
suppresses NF-KB activity. This result is from Figure 5 as a control 
to compare the extent of downregulation of NF-KB activity with 
results in (B). B: DTT blocks but BSOenhancessuppression of NF- 
KB activity induced by 250 pM LAA. HL-60 cells (7 x lo6) were 
cultured in the presence and absence of 1 mM BSO or 0.2 mM 
DTT, without or with 250 pM LAA, as indicated for 24 h. Cells 
were harvested and nuclear extracts prepared. Nuclear extracts 
(1 0 pg) were incubated with radiolabeled NF-KB oligonucleotide 
at room temperature for 20 min and EMSA was performed as 
described in Materials and Methods. UT, untreated cell. Results 
from one of three similar experiments are shown. 

(Fig. 7A), these results indicate that NF-KB 
regulated the expression of COX-2 via its bind- 
ing sites on the promoter of COX-2. Hence, 
downregulation of NF-KB by LAA, with or 
without 1 pM As203, resulted in the inhibition 
of COX-2 expression. 

DISCUSSION 

Recent advances in our understanding of the 
biochemical and molecular bases for inflamma- 
tory and carcinogenic processes revealed the 
involvement of activation of NF-KB by cyto- 
kines, reactive oxygen species (ROS), and a 
variety of chemical agents. Constitutive NF-KB 
activation is associated with proliferation and 
survival of certain tumor cells [Li et al., 1997; 

Sovak et al., 19973 and also causes resistance to 
apoptosis [Giri and Aggarwal, 19981. In the 
present study, we demonstrated that NF-KB 
was constitutively activated in untreated HL-60 
cells and almost completely downregulated by 
treatment of LAA with or without 1 pM As203 in 
a concentration- and time-dependent manner 
(Fig. 1A,B). Moreover, we verified that this NF- 
KB was composed of p50 and p65 subunits 
(Fig. 2). 

These results are consistent with previous 
data that up to 25% of hematopoietic malig- 
nancies in adults contain rearrangements or 
amplifications of members of the NF-KB/IKB 
gene families [Luque and Gelinas, 19971. Inhi- 
bition of NF-KB strongly increases the apoptosis 
rate and slows down cell proliferation in 
HodgkinIReed-Sternberg cells [Bargou et al., 
19971. 

We examined the mechanism by which LAA 
repressed NF-KB DNA binding activity. LAA 
inhibited the degradation of IKB-a and the 
translocation of p65 to the nucleus in a concen- 
tration-dependent manner (Fig. 3A). This result 
is consistent with previous reports that the 
repression of NF-KB is mediated through block- 
ade of IKB-a degradation, which in turn pre- 
vents translocation of p65 to the nucleus 
[Thanos and Maniatis, 19951. In another study, 
selective inhibition of RelJNF-KB signaling in 
murine skin through targeted overexpression of 
a super-repressor form of IKB-a resulted in 
spontaneous development of squamous carcino- 
mas [Hogerlinden et al., 19991. Moreover, 
functional blockade of NF-KB by expressing 
dominant negative mutant IKB-a in transgenic 
mouse epidermis caused pronounced hyperpla- 
sia [Seitz et al., 19981. 

High concentrations of h 2 O 3  also showed 
direct inhibition of DNA binding activity of NF- 
KB (unpublished data). However, LAA could not 
affect a direct disruption of NF-KB binding to its 
consensus sequence (Fig. 3B). Based on these 
findings, we conclude that constitutive NF-KB 
activation of HL-60 cells is suppressed by LAA 
via inhibition of translocation of p65 resulting 
from the blocking of IKB-a degradation, but 
without direct disruption of NF-KB DNA bind- 
ing activity. 

It is well known that redox status is important 
in regulating cellular signaling pathways dur- 
ing oxidative stress and can influence gene 
transcription by modulating various transcrip- 
tion factors [Flohe et al., 19971. It is well known 
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Fig. 6. LAA inhibits the activation of NF-KB through H202 Methods. UT, untreated cell. Results from one of three similar 
generation but not superoxide anion. HL-60 cells (7 x 10') were experiments are shown. A: LAA (500 pM) suppresses NF-KB 
cultured withorwithout 500 pM LAA, in the presenceor absence activity. This result is from Figure 5 as a control to compare the 
of 500 U catalase per ml, 100 pM NaN3, or 1,000 U SOD per ml, extent of downregulation of NF-KB DNA binding activity with 
as indicated for 24 h. Cells were harvested and nuclear extracts results in (B), (C), and (D). Catalase (B) completely abrogates but 
were extracted. Nuclear extracts (10 pg) were incubated with NaN, (C) and SOD (D) augment suppression of NF-KB activity 
radiolabeled NF-KB oligonucleotide at room temperature for induced by 500 pM LAA. 
20 min and EMSA was performed as described in Materials and 

that the majority of LAA is oxidized extracellu- 
larly to dehydroascorbic acid (DHA) [Agus et al., 
19991, transported into the cell by glucose 
transporters and then rapidly reduced to LAA 
by a GSH-dependent mechanism [Vera et al., 
19951. LAA and GSH have many actions in com- 
mon and can act complementarily. An impor- 
tant function of GSH is the elimination of ROS 
and the reduction of DHA [Meister, 19941. We 
investigated that LAA-induced repression of 
NF-KB is correlated with the modulation of GSH 
and ROS levels. We found that treatment with 
DTT (Fig. 5B) or catalase (Fig. 6B) abolished the 
LAA-induced repression of NF-KB activity; but 
BSO (Fig. 5B), NaN3 (Fig. 6C), or SOD (Fig. 6D) 
enhanced it. 

These results are completely consistent with 
our recent [3~l-thymidine incorporation results 
that LAA induced growth arrest and apoptosis 
of HL-60 cells via repression of GSH function 
and generation of H202. 

LAA and SBA induced apoptosis of HL-60 
cells in a concentration-dependent manner 
through the production of H202, which was 
increased with incubation time, and reached a 
plateau level after 30-60 min. A recent finding 
that higher amount of catalase almost comple- 
tely eliminated the cytotoxic activity of LAA and 
SBA further supports our conclusion [Tajima 
et al., 19981. Based on these findings, modula- 
tion of intracellular GSH and HzOz levels 
appears to be very important for LAA-induced 
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Fig. 7. Blockade of NF-KB activity by TPCK, a specific NF-KB inhibitor, causes growth arrest and apoptosis 
rn HL-60 cells. A: TPCK downregulates NF-KB activity. HL-60 cells (7 x lo6) were cultured in the absence or 
presenceof 10 pMTPCKfor 24 h, nuclear extracts were prepared, and EMSA was performed. Results from one 
of three similar experiments are shown. B: TPCK causes the growth inhibition of HL-60 cells. HL-60 cells 
(3 x 10~/well) were cultured with various concentrattons of TPCK as indicated for 24 h. Cells were pulsed 
with I3~1-thymidine durtng the last 4 h of culture. Data represent the mean f SE of triplicate determinations 
and are representative of three experiments. Results are presented as percent of control, which was the 
proliferation of HL-60 cells treated with 0.5% DMSO only and which resulted in an activity of 81 298 i 2374 
cpm. C: TPCK causes the apoptosis of HL-60 cells. HL-60 cells (2 x lo6) were cultured in the presence or 
absence of 10 pM TPCK for 24 h. Cells were harvested and DNA was extracted and analyzed by agarose gel 
electrophoresis. Lane 1: 1-kb marker. Control: untreated (0.5% DMSO). Results from one of three similar 
experiments are shown. 
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repression of NF-KB activity, which might then 
induce apoptosis in HL-60 cells. 

Our results show that inhibition of NF-KB 
activity (Fig. 7A) by the specific NF-KB inhibitor 
TPCK caused growth arrest (Fig. 7B) and apo- 
ptosis of HL-60 cells (Fig. 7C) in a concentra- 
tion-dependent manner. These results, taken 
together, imply that NF-KB plays an important 
role in growth of HL-60 cells, and suppression of 
this transcription factor by LAA could account 
for the induction of growth inhibition and 
apoptosis. 

As shown in Figure 8, LAA with or without 
1 pM downregulated the expression of 
COX-2 in a concentration-dependent manner 
through blockade of NF-KB DNA binding activ- 
ity (Fig. 7A). This result demonstrated that 
suppression of NF-KB activity (Fig. 6) induced 
by LAA prevented the expression of COX-2. It  
implies that constitutive activation of NF-KB 
induces COX-2 expression, which might induce 
the proliferation of HL-60 cells. Increased levels 
of COX-2 serve to decrease the intracellular 
levels of free arachidonic acid and thereby 
prevent apoptosis. Moreover, prostaglandins 
modulate most cellular processes that control 
cell growth and differentiation, and especially 
prostaglandin E2 inhibits apoptosis by inducing 
expression of the Bcl-2 proto-oncogene [Sheng 
et al., 19981. 

The property of arsenic could also be repre- 
sented in our recent results that h203 down- 
regulated NF-KB activity by preventing the 
degradation of IKB-a and the translocation of 
the p65 subunit, as well as direct disruption of 
NF-KB DNA-binding through binding to SH- 
groups in the DNA-binding region of NF-KB. 
These results support the concept that intracel- 
lular GSH level could be associated with the 
sensitivity of cells to As203-induced apoptosis. 
Moreover, h 2 O 3  inhibits glutatathione perox- 
idase activity, important in elimination of H202, 
and thus increases cellular H202 content in NB4 
cells [Dai et al., 19991. LAA synergism ofAs203- 
induced apoptosis in NB4 cells is mediated 
by H202 production because it is inhibited by 
catalase. The catalase activity was also very 
important for the sensitivity of cells to As203 in 
addition to intracellular GSH content. As con- 
formed to these postulations, we showed here 
that cotreatment with 1 pMAs203 enhanced the 
inhibitory effect of LAA (Figs. 1 and 8) via 
increasing inhibition of GSH function and 
generation of H202. 
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In conclusion, LAA in a concentration-depen- 
dent manner repressed the expresson of COX-2 
by inhibition of NF-KB activity through repres- 
sion of GSH function and generation of Hz02. 
Moreover, since As203 inhibits activity of GSH, 
which is a proton donor for the Glutathione 
peroxidase-catalyzed breakdown of H202, by 
binding to the SH group of GSH, this contri- 
butes to the accumulation of intracellular H202. 
For this reason, we postulate that cotreatment 
with 1 pM h203 can synergistically enhance 
the ability of LAA to suppress NF-KB activity 
and COX-2 expression. 
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