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ABSTRACT. Pyrrolidine dithiocarbamate (PDTC) has been widely used as an inhibitor of the nuclear 
factor-KB (NF-KB) signalling pathway. Here, we show that KB-dependent reporter gene expression induced by 
low concentrations of 12-0-tetradecanoylphorbol-13-acecace (TPA) is potentiated by PDTC in the human proｭ
monocytic U937 cell line. The stimulatory effect of PDTC on KB-dependent gene expression was shown with 
a 4 X KB chloramphenicol acetylcransferase construct and required an intact KB element in the human immunoｭ
deficiency virus long terminal repeat (HIV-1 LTR). Unexpectedly, an HIV」 LTR construct with a mutation 
of the activator protein 2 (AP-2) binding site located between the two KB elements was unresponsive to the 
stimulatory effect of PDTC with TPA. The stimulation or inhibition of KB-dependent gene expression was deｭ
pendent on PDTC pre-treatment and the concentration of TP A. No stimulatory effect on HIV-1 L TR activity 
was observed with the metal chelator dipyridyl or the antじoxidantN-acetyl-L-cysteine. These results are consisｭ
tent with the hypothesis that PDTC treatment potentiated KB-dependent gene expression in a manner depenｭ
dent on the concentration of TPA. CELL SIGNAL 11;7:479-489, 1999. ｩ 1999 Elsevier Science Inc. 
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INTRODUCTION 

The biological effects of the phorbol ester 12心tetradeca­

noylphorbol-13-acetate (TPA) are mediated by a calcium 

and phospholipid-dependent protein kinase C (PKC). Evi、

dence that PKC is a family of structurally related isotypes, 
differing in tissue expression, substrate specificity, subcelluｭ

lar distribution and activation requirements emphasised the 
critical role of this enzyme in signal transduction [l]. 

TP A was shown to induce a signal transduction cascade 

important in the regulation of gene expression at the tranｭ

scriptional level through transcription factors, such as nuｭ
clear factor-KB (NF遥） [2, 3]. The NF-KB transcription 
factor is composed ofhomodimeric and heterodimeric comｭ
plexes of related proteins of the Rel superfamily [4, 5]. NFｭ

KB is sequestered in the cytoplasm in a latent form stabilised 
by the inhibitory subunit IKB-a [6]. Diverse stimuli acting 

through the phosphorylation of 1KB心 define a pathway for 
the translocation of NF-KB into the nucleus, where it binds 

to the KB sequence motif of target genes [5]. A large number 
of studies showed that the transcriptional activity of the huｭ

man immundeficiency virus long terminal repeat (HIV-1 

LTR) is dependent on two KB sequence elements [4, 6]. 
Studies with specific NF-KB subunits showed functional 
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protein-protein interactions at the level of the HIV-1 L TR, 

between NF-KB family members [7] and Spl; [8], activator 
protein 2 (AP-2) [9], AP-1 [10], p53 [11] and CAAT en、

hancer binding protein (C/EBP) [12]. Thus, protein-proｭ

rein interactions at the transcriptional level define an addiｭ

tional site of gene regulation where our knowledge of the 

mechanisms responsible for the integration of multiple s igヽ
nals is limited. 

In the present study, we observed a relation between pyrｭ

rolidine dithiocarbamate (PDTC) pre-treatment and the 

concentration of TPA that demonstrated both a stimulatory 

and an inhibitory activity on HIV-1 LTR and 虚dependent
gene expression in the U937 cell line. We investigated the 

mechanism responsible for the stimulatory effect because 
the antじox idant activity of PDTC has been shown in a vaｭ

riety of different systems [13—15] to suppress the activation 
of NF述 andstimulate AP-1 activity. In this paper, we deｭ
scribe evidence for the unexpected finding that PDTC stim、

ulated KB-dependent gene expression. 

MATERIALS AND METHODS 
Cell Culture and Reagents 

U93 7 cells were obtained from the A TCC; they were exｭ

panded, and frozen stocks were prepared. Cells were routinely 

grown for approximately 1 month before new cells were esｭ
tablished from frozen stocks. U937 cells were grown in RPMI 
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1640 supplemented with 10% FBS, 2 mM L-glutamine 
(GIBCO BRL, Life Technology Inc., Grand Island, NY), 
100 units/ml of penicillin and 100 ｵg/mL of streptomycin 
(Sigma Co., St. Louis, MO), (RPMIJO). TPA, PDTC, diethyl 
dithiocarbamate (DDTC), dipyridyl (DPY) and N-acetylｭ
L-cysteine (NAC) were from Sigma Co. TPA was dissolved 
in DMSO to produce a 1-mg/mL master stock. A working 
stock solution of 100 ｵg/mL was prepared in DMSO and 
used to prepare all other dilutions in RPMIJO for the treatｭ
ment of cells. Stock solutions of PDTC and NAC were disｭ
solved in phosphate buffered saline (PBS), and pH was adｭ
justed to 7.2 to produce a 1 M stock. 

Electroporation of U93 7 Cells and 
Chloramphenicol Acetyltransferase (CAT) ELISA 
U937 cells (4 X 10り were washed once in PBS and then 
once in semm-free RPMI 1640 (RPMl0), and the cell pellet 
was resuspended in 0.4 mL of RPMI。.The cell suspension 
(0.4 mL) was then transferred to the electroporation cuｭ
vette (Gene Pulser cuvette with 0.4-cm electrode; Bio-Rad, 
Hercules, CA). Cells were electroporated at 250 ｵF and 
300 V with 10 ｵg of the pHIVCAT plasmid (obtained from 
P. Berg, Stanford University, Stanford, CA); the construcｭ
tion of this plasmid was previously described [16]. A pHIVｭ
CAT construct containing mutated KB sites [1 7] and a 4 X 
KBCAT construct containing four KB binding sites [18] 
were obtained from G. Nabel (University of Michigan, Ann 
Arbor, MI). In some experiments, cells were electroporated 
with 10 ｵg of the p4 X AP-lCAT plasmid. The expression 
of this construct was shown to be dependent on four AP-1 
(four tandem oligonucleotides composed of 5'-GATCG 
IGACTCAGCGCG-3'; AP-1 site underlined) recognition 
sequences (CAT gene is placed downstream of a human 
metallothionein IIA minimal promoter). The 4 X AP-1 
CAT plasmid was originally named p(AP-1)4MCAT2 by V. 
Baichwal, University of California, Berkeley, CA [19]. Ten 
minutes after electroporation, cells were diluted into RPMl10 
medium and aliquoted 1 mL per well (8 X 105 cells/ml) 
into 24-well multi well plates. Twenty-four hours later, cells 
were pre-treated with PDTC or NAC or DPY for 1 h by 
adding 1 mL of a 2 X solution, then stimulated with TPA 
by adding 220 ｵL of a lOX solution. Twenty-four hours 
later, cells were harvested, cell extracts were prepared by 
three cycles of freeze-thawing in 0.25 M Tris, pH 7.8, and 
protein was determined by the method of Bradford (Bioｭ
Rad Protein Assay, Bio-Rad Laboratories, Hercules, CA). 
The amount of CAT protein in cellular extracts was deterｭ
mined with the use of a CAT ELISA kit (Boehringer 
Mannheim, Indianapolis, IN) and a MAXline microplate 
reader (Molecular Devices, Menlo Park, CA). The amount 

of CAT protein was expressed in nanograms per millilitre 
and normalised to 100 ｵg of cellular protein. 

Wild、Type and Mutant HIV、 I L TR CAT Plasmids 

To evaluate the sequence elements required for a stimulaｭ
tory effect of PDTC with TPA, HIV-1 L TR constructs with 
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site-specific mutations in the KB or AP-2 sites were used. 
U937 cells (4 X 10り were electroporated with 10 ｵg each 
construct, and, 24 h postelectroporation, duplicate wells 
were treated with 0, 0.25, 0.5, 1 or 10 ng/mL ofTPA, alone 
or after a 1-h pre-incubation with PDTC (200 ｵM). CAT 、

expression was determined after 24 h by measuring CAT ac-
tivity by the conversion of rad iolabelled 『C]chloram-
phenicol (Amersham Life Science, Inc., Arlington Heights, 

IL) into its acetylated derivatives by thin-layer chromatog-
raphy [20]. The CAT ELISA could not be used, because of 
the lower activity of the mutant constructs. The wild-type 
HIV-1 CAT plasmid and mutant constructs were obtained 

from G. Nabel (University of Michigan, Ann Arbor, MI). 
HIV-1 CAT with wild-type KB elements (5'-GQQACTII 
CCGCTGGGGACIIICC-3'; KB elements underlined) 
or mut-KB (ICIACIIICCGCTGICIACIIICC; bold 

face type indicates the mutated sites) were described pre-
viously [17]. The site-directed mutagenesis of the HIV-lCAT 
plasmid was described for the mut-3'KB (G..G.GACTIICC 
GCT AGAICIIJICC) or mut-3'KB + 5'Spl [GD.QA 
CITICCGCTA.GAICTmee; the 5'Spl site (under-
lined) was changed from QAQQCQIQQCC to GAACT 
QGAGCC] [21] or mut-AP-2 (G.G.GACIIICCAIA 
G.G.A.CIJIC.C) construct [9]. In some experiments, trip-
licate samples of cells were treated and changes in CAT 

activity were evaluated by statistical analysis by Student's 
t-test for paired samples. Values of P < 0.05 were accepted as 
significantly different. CAT activity values were expressed 
as percent conversion of『C]chloramphenicol into its 
acetylated derivatives. The amount of TPA-induced CAT 
activity from each construct was normalised per 200 ｵg of 
cellular protein and an 8-h CAT enzyme reaction. 

Nuclear Extracts and 
Electrophoretic Mobility Shift Assay 

Nuclear extracts were prepared from 107 cells by a rapid proｭ
cedure [22]. For measuring NFヽKB DNA binding activity, a 

KB oligonucleotide consisting of the 3'KB sequence from 
the HIV-1 L TR (5'-GA TCCAGAGG.G.G.A.CTI:ICCAA 
GAGG-3'; KB site underlined) or HIV oligonucleotide 
consisting of the 5'and 咋Bsequence from the HIV-1 L TR 
(5'-GA TCACAAD.D..G.A.CTII.CGCTG.G..G..GA.CITI 

CCAAGAGG-3'; KB site underlined) was used for the elecｭ
trophoretic mobility shift assay (EMSA). For measuring 
AP-1 DNA binding activity, a previously described AP-1 
oligonucleotide (5'-GA TCCAAAAAAGCAIG.AQICA 
GACACC-3'; AP-1 site underlined) was used [23]. Oligoｭ
nucleotides were annealed with the complementary strand 
to create the 5'-overhanging ends (Bam HI), which allowed 

labelling by Kienow polymerase in the presence of dNTPs, 
and with [32P]dCTP (3000 Ci/mmol; Amersham) for EMSA. 
The labelled double-stranded oligonucleotide probes were 
purified on push columns (Stratagene, La Jolla, CA). The 
typical binding reaction of 20 ｵL contained 10,000 cpm of 
[32P]labelled double-stranded oligonucleotide, 10 ｵg of nuヽ

clear extract in buffer C (20 mM HEPES-KOH, pH 7.9; 420 
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FIGURE 1. The effect of PDTC on TPA-induced HIV-1 LTR activity is dependent on the concentration of TPA. The human proｭ
monocytic cell line U93 7 was electroporated with the pHIVCAT plasmid, pre-treated for 1 h with the indicated concentrations of 
PDTC and then stimulated with TP A for 24 h. CAT protein was determined after a 24-h incubation, as described in the Materials 
and Methods section. The results shown are from a representative experiment and represent the (A) mean CAT protein value (normalｭ
ised to 100 ｵg of cellular protein)::!:the sample standard deviation of duplicate cultures (data also shown as the fold induction with 
the data normalised to the untreated control). (B) Effect of PDTC on HIV-1 LTR activity with O or 1 ng/mL of TPA. Note change 
in scale from that of part A. 

mM NaCl, 1.5 mM MgC12, 0.2 mM EDT A, 0.5 mM DTT, 
0.2 mM PMSF, 25% glycerol) and final concentrations of 

15 mM  HEPES-KOH, 105 mM NaCl, 0.4 mM MgC[z, 0.1 % 
NP-40, 1.3 mM DTT, 0.05 mM PMSF,1 mg/ml BSA, 0.1 
mg/ml poly dl-dC and 6.25% glycerol. Poly dl-dC was used 

to eliminate non-specific binding. Specific binding was 

demonstrated by competition with a 100-to 200-fold excess 
of unlabelled double-stranded oligonucleotide competitor. 

After incubation for 20 min at room temperature, samples 
were analysed on a 4% native acrylamide gel run at 170 V 

for 1.5 h in 0.5 X TBE buffer. Gels were dried and visualised 
by autoradiography. 

RESULTS 
Effect of PDTC on TP A、Induced HIV-I LTR Activity 

A transient expression assay was used to investigate the efｭ

feet of PDTC pre-treatment on TPA-induced HIV-1 LTRｭ

directed expression of the chloramphenicol acetyltransferｭ
ase reporter gene in the U937 cell line. U937 cells were 
electroporated with the pHIVCA T plasmid; 24 h after elecｭ
troporation, cultures were pre-treated with 0, 50, 100 or 200 
ｵM concentrations of PDTC for 1 h, then various concen、

trations of TP A were added, and CAT protein was deterｭ
mined after an additional 24-h incubation. Figure lA shows 

the effect of PDTC and TPA treatment on CAT protein 
expression (data normalised to 100 ｵg of protein) or as the 
fold induction (data normalised to the untreated control). 
In U93 7 cells, the HIV-1 L TR-directed CAT expression 

was highly responsive to TP A. As shown in Fig. lA, 1.0 
ng/mL of TPA increased the CAT protein level 67和Id

(from 0.07 土 O.Ql to 4.68 土 0.11 ng/mL). With increasing 

concentrations of TPA, the induction reached a maximum 

of> 180-fold (Fig. lA). PDTC, in a concentration-depenｭ
dent manner, inhibited the TPA-stimulated increase in 

CAT protein. However, as shown in Fig. 1 B, PDTC alone, 

in a concentration-dependent manner, stimulated the level 

of CAT protein 3.1-fold (from 0.07 土 0.01 to 0.22 土 0.01

ng/mL with 200 ｵM PDTC) over the untreated control. 

The stimulatory effect of PDTC was unexpected. Interestｭ
ingly, there was little stimulatory or inh伽tory effect of 
PDTC pre-treatment on the level of CAT protein in the 

samples treated with 1 ng/mL ofTPA (Fig. lB). These data 

provided evidence for a threshold, regulated by TPA, imｭ
portant for the stimulatory effect of PDTC. 
We next evaluated the effect of PDTC pre-treatment 
with :'.S 1-ng/mL concentrations of TP A on HIV-1 L TR祉

rected CAT expression (Table 1). TPA or PDTC treatment 

for 24 h had no significant effect on cellular protein (Table 
1). PDTC pre-treatment increased a marginal increase in 

CAT protein induced by 0.25 ng/mL of TPA over the unｭ
treated control value from 1.5-to 11-fold with 200 ｵM 
PDTC. Interestingly, the stimulatory effect of PDTC deｭ
creased with increasing concentrations of TPA. Moreover, 

200 ｵM PDTC inhibited the amount of CAT protein inｭ

duced by TPA in a manner consistent with the hypothesis 

of a threshold, regulated by TP A, important for the stimula-
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TABLE 1. Effect of PDTC on TPA-induced HIV-I LTR and 4 x KBCAT activity 

HIV-lCAT 4 x KBCAT 

Treatment" Cell proteinb CAT protein' CAT protein 

PDTC TPA (mg/sample) (ng/mL) (ng/mL) 

(ｵM) (ng/mL) Mean SD Mean SD Foldd Mean SD Fold 

゜
0.00 0.28 0.02 0.04 0.02 1.0 0.02 0.01 1.0 
0.25 0.26 0.01 0.06 0.0l 1.5 0.17 O.Ql 8.5 
0.50 0.26 0.03 0.23 0.04 5.8 0.94 0.23 47.0 
0.75 0.24 0.01 0.93 0.07 23.3 2.59 0.14 129.5 
1.00 0.22 0.02 2.64 0.61 66.0 3.38 0.16 169.0 
10.0 0.20 0.03 9.22 0.39 230.5 11.41 1.13 570.5 

50 0.00 0.22 0.01 0.05 0.01 1.3 0.03 0.01 1.5 
0.25 0.23 0.01 0.12 0.02 3.0 0.45 0.03 22.5 
0.50 0.22 0.02 0.59 0.15 14.8 2.10 0.21 105.0 
0.75 0.22 0.01 1.81 0.23 45.3 3.59 0.06 179.5 
1.00 0.20 0.02 3.98 0.54 99.5 4.14 0. 0 1 207.0 
10.0 0.19 0.01 10.32 0.76 258.0 8.35 0.94 417.5 

100 0.00 0.26 0.03 0.07 0.01 1.8 0.05 0.01 2.5 
0 25 0.24 0.01 0.27 0.02 6.8 0.56 0.15 28.0 
0.50 0.20 0.02 1.20 0.07 30.0 1.34 0.13 67.0 
0.75 0.18 0.02 2.39 0.04 59.8 2.08 0.11 104.0 
1.00 0.19 0.02 3.05 0.03 76.3 2.28 0.20 114.0 
10.0 0.25 0.04 4.19 0.05 104.8 2.60 0.06 130.0 

200 0.00 0.25 0.01 0.09 0.03 2.3 0.07 0.01 3.5 
0.25 0.24 0.01 0.44 0.02 11.0 0.41 0.03 20.5 
0.50 0.22 0.01 1.13 0.04 28.3 1.15 0.07 57.5 
0.75 0.18 0.03 1.77 0.23 44.3 1.21 0.22 60.5 
1.00 0.20 0.03 1.75 0.06 43.8 1.53 0.30 76.5 
10.0 0.25 0.03 2.18 0.50 54.5 1.72 0.47 86.0 

"U93 7 cells were eleccroporaced with the pH IV CAT or p4 X KBCA T plasmid, pre-treated for 1 h with the indicated concentrations of PDTC and then 
stimulated for 24 h, CAT protein was determined after a 24-h incubatton. 
b Cellular protein was determined in duplicate from duplicate samples (n = 4). 
'The values represent the mean CAT protein (ng/mL) determined by CAT ELISA and normalized to 100 ｵg of cellular protein:!:the sample standard 
devianons 
d The values represent the fold induction with the data normalized to the untreated control 

tory effect of PDTC. These data demonstrated that the 
stimulation or inhibition of HIV-1 L TR-dependent gene 
expression was dependent on PDTC pre-treatment and the 

concentration of TP A. 

Effect of PDTC on TP A-Induced 
1CB-Dependent Gene Expression 

To determine whether the stimulatory effect observed with 
PDTC in combination with low concentrations of TP A was 

unique to the HIV-1 L TR, we evaluated the effect of PDTC 
with a 4 X KBCA T construct containing four KB binding 
sites. U93 7 cells were electroporated with the p4 X KBCA T 

plasmid and pre-treated with PDTC for 1 h, TPA was 
added, and CAT protein was determined after a 24-h incuｭ
bation. As shown in Table 1, pre-treatment with 200 ｵM 

PDTC in the absence ofTPA showed approximately a 3.5-
fold increase over the untreated control. Treatment with 
0.25 ng/mL of TPA stimulated CAT protein 8.5-fold over 
the untreated control, and PDTC increased the effect of 
0.25 ng/mL TPA approximately 3-fold (Table 1). In genｭ
eral, the stimulatory effect of PDTC with the 4 X KBCA T 
construct was similar to that observed with the HIV-1 L TR. 

These data show that pre-treatment with PDTC potenti-

ated the effect of low concentrations of TPA on the level 
of CAT protein with both the HIV、lLTRand4 X KBCAT 

constructs. 

Effect of PDTC on TPA-Induced CAT Activity 
of Wild-Type and Mutant HN,I CAT Constructs 
To evaluate the sequence elements required for the stimulaｭ
tory effect of PDTC with TP A, HIV, 1 L TR constructs with 
site-specific mutations in the KB or AP-2 site were used (see 

the Materials and Methods section). Cells were electroporｭ

ated with 10 ｵg of each construct; 24 h postelectroporation, 
duplicate wells were treated with 0, 0.25, 0.5, 1 or 10 ng/mL 
of TPA, alone or after a 1-h pre-incubation with PDTC 

(200 ｵM). CAT expression was determined after 24 h by 
measuring CAT activity by the conversion of radio labelled 
『℃]chloramphenicol into its acetylated derivatives by 
thin-layer chromatography. CAT activity was measured beｭ
cause the lower level of CAT expression from the mutant 
constructs prevented the use of the CAT ELISA. By meaｭ

suring CAT enzyme activity, we found no stimulatory effect 
of PDTC in the absence of TPA treatment with the wildｭ

type or mutant constructs (Table 2). This finding suggests 
that the CAT ELISA may be a more sensitive assay for de-
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Treatment" 

土PDTC TPA 
(200 ｵM) (ng/mL) 

HIV,l(wt)' 

Mean SD 

MutヽKB

Mean SD 

CAT activity' 

Mut-3'咄

Mean SD 

Mut知B + 5'Spl 

Mean SD 

Mut-AP、2

Mean SD 

-+l+—+-+-0.00 

0.25 

0.50 

1.00 

10.0 
+ 

PDTC 
(ｵM)d 

4.65 
3.69 
5.13 
10.43 
16.65 
22.40 
41.75 
29.30 
84.30 
31.75 

2
3
2
3
1
1
5
7
4
5
3
0
4
5
7
0
5
0
7
5
 

1
0
0
0
4
0
2
0
0
0
 

0.21 
0.19 
0.23 
0.32 
0.35 
0.35 
0.39 
0.40 
1.33 
0.47 

0.02 
0.04 
0.03 
0.05 
0.02 
0.05 
0.02 
0.06 
0.08 
0.04 

9.20 
9.68 
11.36 
26.16 
20.00 
30.80 
39.44 
30.08 
209.60 
29.92 

0.24 
0.64 
0.40 
0.80 
1.12 
1.20 
2.80 
1.20 
2.40 
1.04 

1.46 
1.92 
1.86 
4.20 
3.20 
6.78 
6.64 
6.98 
27.80 
5.78 

0.10 
0.04 
0.06 
0.26 
0.46 
1.18 
0.10 
1.08 
0.10 
0.10 

2.17 
2.06 
4.69 
4.95 
9.77 
5.00 
25.39 
6.11 
72.86 
5.56 

0.14 
0.86 
0.38 
0.55 
1.24 
0.79 
0.64 
0.14 
2.31 
1.56 

0
0
0
0
0
0
0
0
 

5

0

0

5

0

0

 

1

2

1

2

 

0.00 

0.25 

3.81 
3.39 
3.97 
4.05 
3.39 
5.15 
6.69 
6.53 

0.36 
0.12 
0.54 
1.07 
0.38 
0.05 
0.58 
0.30 

0.01' 
0.03 
0.004 

2.36 
2.24 
3.33 
2.59 
2.87 
4.52 
5.82 
4.13 

0.66 
0.35 
1.12 
0.36 
0.26 
0.46 
0.98 
1.13 

" CAT activity values represent the mean:!:the sample standard deviations from duplicate samples. The percent conversion of『C] chloramphenicolm 
into its acetylated derivatives was normalized co 200 ｵ,g of cellular protein and an 8-h CAT enzyme reaction. 
b U937 cells were electroporated with 10 ｵ,g of the indicated plasmid, pre-treated for 1 h with the indicated concentrations of PDTC, and then stimulated 
with various concentrations of TPA for 24 h; CAT activity was determined after a 24-h incubation 
屯IV-1 CAT with wild-type KB elements (5'-~GCTG~- 3'; KB elements underlined) or mut-KB (~GCTG 
TCTACTITCC) or mut沢B (GGGACTITCCGCTAGATCTTITCC) Or mucー沢B + 5'Spl (~GCTA~; the 5'Spl 
site (underlined) was changed from ~CC to ~CC) or mut-AP-2 (~ATAT~); boldface type 
represents the mutated sites. 
d Cells were treated as indicated and triplicate samples were harvested for CAT assay 
'Statistical analysis by Student's t-test for paired samples. Values of P < 0.05 are shown 

tecting small changes in basal CAT expression. However, 

samples pre-treated with 200 ｵM PDTC and stimulated 

with 0.25 ng/mL of TPA showed a marked increase in CAT 

expression from the wild-type, mut-3'KB and mut-3'KB + 
S'Spl constructs (Table 2). Notably, with these constructs, 

the stimulatory effect of PDTC markedly decreased with inｭ

creasing concentrations of TP A, consistent with the previｭ

ous results by measuring CAT protein by the CAT ELISA. 
In agreement with results in Jurkat T cells [21], there was 
little effect of the mutation of the 3'KB element in the mutｭ

阪B construct on the induction of HIV-1 L TR-dependent 

CAT protein by TP A. In Jurkat T cells, the mutation of the 
沢Belement in combination with its adjacent Spl site in the 

mut-3'KB + S'Spl construct completely prevented induction 
by TPA [21]. In U937 cells, the response of the mut-3'KB + 
S'Spl construct to TPA was markedly decreased compared 

with the wild-type, mut-3'KB and mut-AP-2 constructs. Sigｭ

nificantly, the stimulatory effect of PDTC was not observed 

with an HIV-1 L TR construct containing mutations in both 

NF-KB binding sites (mut-KB, Table 2). The low basal activity 

and poor TPA response of the mut-KB construct are consisｭ

tent with a requirement for the NF-KB binding site in mediｭ
ating the stimulatory effect of PDTC. Unexpectedly, a conｭ

struct that changed the wild-type KB elements from 5'-GQ.G. 
AC:IIICCGCTGG.G.G.ACITIQ:-3'(KB elements under-

lined) to 5'、GGGACTTTCCATATGGGACTTTCC3'
(site-specific mutations in boldface type) by a mutation in 

the AP-2 binding site was unresponsive to the stimulatory 

effect of PDTC with 0.25 ng/mL of TP A. Significantly, the 
mut-AP-2 construct remained inducible by TPA, in agreeｭ

ment with the results in Jurkat T cells [9]. 
Additional studies were done for statistical analysis with 

cells electroporated with the mut-阪B or mut-AP-2 conｭ

struct treated in triplicate and CAT assays performed from 
individual samples. PDTC pre-treatment induced a significant 

difference (P < 0.05) in CAT expression from the mut沢B
construct with samples stimulated with 0.25 ng/mL of TPA 
(Table 2). There was no significant difference in CAT expresｭ

sion from the mut-沢B constnict by PDTC without stimulaｭ
tion by TP A. There was no significant difference in CAT 
expression from the mut-AP-2 construct by PDTC with or 

without 0.25 ng/mL of TPA (Table 2). 

Effect of PDTC on TP A、Induced
NF叫3 DNA Binding Activity 

In other studies, we showed that PDTC induced NF-KB DNA 

binding activity in mouse L cells that was additive with the 

response with tumour necrosis factor心 (TNF) [24]. To deｭ
termine if there was an effect of PDTC on NF-KB DNA 
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binding activity in the U93 7 promonocytic cell line, we 

evaluated nuclear extracts after a 1-h treatment by electroｭ

phoretic mobility shift analysis. As shown in Fig. 2A, 
NF-KB DNA binding activity to the KB probe was induced 

by TP A treatment. The lower band represents a non-speｭ

cific DNA binding complex, as shown by its ability to be 
competed by oligos containing the KB, AP-1 or SPl binding 

site in both control and TPA-treated nuclear extracts. As 

shown by others, the upper band represents the TPA-inｭ
duced NF-KB DNA binding activity. The TPA-induced 

binding complex was supershifted by the p65 antibody; the 
p50 antibody had a weak but detectable effect resulting in 

a slight smearing (Fig. 2B). These data suggest that p65 

(RelA) is the major form of NF-KB in U937 nuclear exｭ

tracts prepared after a 1-h TPA treatment. A 1-h PDTC 
treatment did not stimulate NF-KB DNA binding activity 

(Fig. 2B and C) but inhibited the induction of NF-KB by 10 

ng/mL ofTPA (Fig. 2C). The results shown in Fig. 2D dem、

onstrated that TPA-induced NF-KB DNA binding activity 

was only weakly detectable after 1 h with 2 ng/mL of TP A. 

The concentration-dependent induction of NF-KB DNA 

binding activity by TPA appeared to require TPA concenｭ

trations :::=::4 ng/rnL To measure the activation of NF-KB by 
low concentrations of TP A, we evaluated the effect of a 1-, 

2-, 6-or 24-h treatment with 1 or 10 ng/mL of TPA. NF、

KB DNA binding activity was weakly detectable by EMSA 
in nuclear extracts only after a 6-h incubation and not deｭ

tectable 24 h after treatment with 1 ng/mL of TPA. Treatｭ
ment with 10 ng/mL of TPA resulted in the activation of 

NF-KB DNA binding activity at 1-6 h, which was not deｭ

tectable after 24 h of TPA treatment (data not shown). 

EMSAs were next done with an HIV probe to determine if 

two KB binding sites were required for the detection of a 

binding complex affected by PDTC. As shown in Fig. 2E 
and F, the NF-KB DNA binding activity to the HIV probe 

was induced by a 1-h treatment with TPA. The binding 

complex was supershifted by p65, a slight smearing was obｭ

served with the p50 antibody and the pattern was unafｭ
fected by PDTC treatment. As shown in Fig. 2E, but more 

clearly in Fig. 2F, a non-specific band present in the unｭ

treated extracts co-migrated with the TPA-induced NF-KB 
DNA binding activity. The detection of the TPA-induced 

NF-KB DNA binding activity to the KB (Fig. 2B) or HIV 

(Fig. 2F) probe required TPA concentrations :::=::4 ng/mL. 
These data show that PDTC pre-treatment potently inhibｭ

ited the induction of NF-KB binding to the KB or HIV 

probe. 
Because PDTC has been shown to induce AP-1 activity, 

we next evaluated the form of TPA-induced AP-1 DNA 

binding complex by EMSA with antibodies to c-Jun, JunB, 
c-Fos or p65. As shown in Fig. 2G, only the c-Fos antibody 

supershifted the upper band; the lower band was a non-specific 

DNA binding complex (data not shown). Interestingly, the 

concentration-dependent induction of both NF-KB (Fig. 2D 

and F) and AP-1 (Fig. 2H) DNA binding activity by TPA 

appeared to require TPA concentrations :::=::4 ng/mL. 

K. Watanabe et al. 

Stimulation of AP-1 DNA Binding and 
AP-I-Dependent Reporter Gene Activity by PDTC 

PDTC induced AP-1 DNA binding activity, as measured by 
EMSA, in nuclear extracts after a 1-h treatment of U937 
cells (data not shown) and, in a concentration dependent 
manner, PDTC pre-treatment potentiated the effect of TPA 
on AP-I-dependent (4 X AP-lCAT) reporter gene expresｭ
sion (Fig. 3). 

；•グ、

Effect of PDTC Pre-incubation 
Time _on TPA-Induced HN-1 LTR Activity 

To further define the conditions required for the stimulatory 
effect of PDTC on KB-dependent gene expression, we next 
evaluated the effect of increasing the pre-incubation time 
with PDTC on the potentiation of KB-dependent CAT exｭ

press ion observed with low concentrations of TP A. U93 7 
cells were electroporated with the pHIVCA T plasmid and 
pre-treated with 200 ｵ,M PDTC for 1, 4 or 17 h before Oh 
(defined as 24 h postelectroporation). TPA was added at 0 
h, and CAT protein was determined after an additional 

24-h incubation (Fig. 4). The stimulatory effect of 200 ｵ,M 
PDTC appeared maximal after a 1-h pre-incubation. Inｭ
creasing the pre-incubation time from 1 to 4 or 1 7 h had litｭ
tle effect on the amount of TPA-induced CAT protein. 

Metal Chelator DPY and Antioxidant NAC 
Inhibit TPA、Induced HN-1 LTR Activity; 
Stimulatory and Inhibitory Activity of Dithiocarbamates 
PDTC has metal-chelating in addition to anti-oxidant 
properties. To evaluate the chemical property of PDTC that 
was responsible for the stimulatory effect, we next examined 
the effect of the metal chelator dipyridyl on TPA-induced 
HIV-1 L TR activity in U93 7 cells. U93 7 cells were electroｭ
porated with the pHIVCA T plasmid ｷand pre-treated with 
DPY at 50, 100 or 200 ｵM for 1 h; TPA was added, and 
CAT protein was determined after a 24:h incubation. The 

results (Fig. SA) demonstrated that DPY only inhibited the 
induction of CAT protein by TP A. The inhibitory effect 
was greater with concentrations of TPA :::::0. 7 5 ng/mL. To 
determine whether the stimulatory effect of PBTC was due 
to an anti-oxidant effect, we evaluated the effect of the 
anti-oxidant NAC on TPA-induced HIV-1 LTR activity. 
Samples pre-treated with 1, 10, 20 or 50 mM NAC showed 
only a concentration-dependent reduction in TPA-induced 
CAT expression (Fig. 5B). These data suggest that the metalｭ

chelating or anti-oxidant properties of PDTC were unlikely 
to be responsible for the stimulatory activity of PDTC. 
Dithiocarbamates such as PDTC are well known to exert 
pro-oxidant [25] and anti-oxidant [14, 15] effects. To deterｭ
mine if the stimulatory effect was unique to dithiocarbaｭ
mates, we examined the effect of diethyldithiocarbamate on 
TPA-induced HIV-1 L TR activity (Fig. 5C). Samples preｭ
treated with 0, 50, 100 or 200 ｵM DDTC resulted in a s tim、

ulatory effect with TPA, which, like that of PDTC, was 
dependent on the concentration ofTPA. Interestingly, pre-
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the p50 and strongly by the p65 antibody (doublet of arrows points to the p65ヽsupershifteddoublet (lane 6). (C) PDTC inhibits the induction 
of NF-KB by TPA. (D) The effect of TPA concentration on the induction of NF-KB DNA binding activity to the KB probe. 
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FIGURE 3. Stimulation of 4 X AP-lCAT activity by PDTC. 
Cells were electroporated and treated as described in Figure 1. 
The results are from a representative experiment and represent 
the mean CAT protein value (normalised to 100 ｵg of cellular 
protein)::'::the sample standard deviation of duplicate cultures. 

treatment with PDTC was a more potent inhibitor with 10 

ng/mL of TPA than DDTC on HIV-1 L TR activity (data 

not shown). This difference between DDTC and PDTC 
may be due to the greater stability of PDTC [26]. 

DISCUSSION 

In this report, a transient expression assay was used to define 

the experimental conditions required for demonstrating the 
stimulatory effect of PDTC on HIV-1 L TR-and 虚depen、
dent gene expression induced by low concentrations of TP A. 

Significantly, both the HIV-1 L TR and 4 x KB-directed 
CAT reporter constructs were stimulated by the combinaｭ
tion of PDTC and low concentrations of TP A. These data 

suggested that a functional interaction between NF-KB and 
KB enhancer elements was required, because the stimulaｭ
tory effect of PDTC was not observed with an HIV-1 L TR 
reporter construct containing two mutated KB binding sites. 

We evaluated the sequence elements required for the stimuｭ
latory effect of PDTC on the induction of HIV-1 L TRｭ
mediated gene expression by low concentrations of TP A. 
Unexpectedly, the stimulatory effect of PDTC with TPA 
was dependent on an intact AP-2 site located between the 
KB elements in the L TR. Moreover, the same mutation de、

creased the stimulatory effect of PDTC with TNF心 [35].

Interestingly, mutations that disrupt this AP-2 binding site 
, decreased the basal levels of transcription from the HIV-1 

L TR without affecting TNF心induction in J urkat T leukeｭ
mia cells [9]. 

Other studies also showed that the basal activity of the 

HIV-1 L TR reporter construct was slightly increased by 

PDTC; see Fig. 6, lanes 11-13 in [23]. As shown here, the 
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FIGURE 4. Effect of PDTC pre-incubation time on TP A-induced 
HIV-1 LTR activity. U937 cells were electroporated and treated 
as previously described, but the PDTC pre-incubation time was 
varied for 1, 4 or 17 h before the addition of various concentrations 
of TPA at Oh (defined as 24 h postelectroporation). The results 
are from a representative experiment and represent the mean CAT 
protein value (normalised to 100 ｵg of cellular protein) 土the
sample standard deviation of duplicate cultures. 

U937 cellular background appears to provide an appropriate 

environment for further studies to define the signalling pathｭ
way responsible for this effect. To measure the activation of 
NFヽKBby low concentrations of TP A, we evaluated the efｭ

fect of a 1-, 2-, 6-or 24-h treatment with 1 ng/mL ofTPA. 
NF-KB DNA binding activity was weakly detectable by 

EMSA in nuclear extracts only after a 6-h incubation and 

not detectable 24 h after treatment with 1 ng/mL of TPA 
(Miller, unpublished results). This suggests that the CAT 

ELISA is markedly more sensitive than the NFヽKB DNA 

binding assay for detecting small changes in HIV-1 L TRｭ
dependent CAT activity. These data do not address, but 

bring into question, whether the stimulatory effect of 
PDTC with low concentrations of TPA was mediated 

through NF-KB released by the loss of IKB-a, because the 

rapid degradation of IKB心 wasshown by a number of studｭ
ies to be stimulated by TPA and inhibited by PDTC. Alterヽ
natively, the stimulatory effect of PDTC may be mediated 
by a signalling pathway resistant to the inhibitory effect of 
PDTC. Consistent with this idea, NF-KB DNA binding acｭ
tivity induced by TNF-a was unaffected by PDTC [35]. 
In this report, we have evaluated the hypothesis that 
PDTC treatment potentiated 虚dependent gene expresｭ

sion in a manner dependent on the concentration of TP A. 
Because dithiocarbamates such as PDTC are well known to 

exert pro-oxidant [25] and antじoxidant effects [14, 15, 27], 
we also examined the effect of DDTC on TPA-induced 
HIV-1 LTR activity. As shown here, DDTC treatment reｭ

sulted in a stimulatory effect with TP A, which, like that of 
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FIGURE 5. The stimulatory effect of PDTC on HIV-1 LTR activity is independent of metal、chelatingor anti-oxidant activity. U937 
cells were electroporated and treated as previously described; however, the 1-h pre-treatment was done with (A) the metal chelator DPY 
or (B) the anti-oxidant NAC or (C) the dithiocarbamate DDTC. The results are from three separate electroporations and represent the 
mean CAT protein value (normalised to 100 ｵg of cellular protein) 土the sample standard deviation of duplicate cultures for DPY 
or DDTC treatment. Replicate cultures (n = 6) were pre-treated with the indicated concentrations of NAC. The data points represent 
the mean 土 SD. In the absence of TPA, NAC treatment resulted in undetectable CAT protein (data not shown). 

PDTC, was dependent on the concentration of TP A. Conｭ
sistent with an oxidant effect, DDTC was shown to stimulate 

TNF-cx [28, 29]. Interestingly, pre-treatment with PDTC 
was a more potent inhibitor with 10 ng/mL of TPA than 

DDTC on HIV-1 LTR activity. This difference between 

DDTC and PDTC may be due to the greater stability of 
PDTC in solution [26]. 

Studies with the metal chelator DPY and the anti-oxiｭ

dant NAC suggested that metal-chelating or anti-oxidant 

properties of PDTC were unlikely to be responsible for the 
stimulatory activity of PDTC in U93 7 cells. Speculation 

that the stimulatory effect of dithiocarbonates may be mediｭ

ated through a mechanism involving redox control is supｭ
ported by evidence demonstrating (1) the importance of 

small changes in the intracellular glutathione and glutathiｭ
one disulphide (GSSG) levels in NF-KB regulation [30] and 

(2) a correlation between an increase in GSSG and inhibiｭ

tion of NF-KB activation by PDTC [31]. Significantly, the 
authors observed that NF KB and AP-1 activation were poｭ

tentiated by the reducing agent dithiothreitol if added to 
cell cultures 1 h after the phorbol ester, indicating that a 
shift of redox conditions may support optimal oxidative acｭ
tivation with minimal inhibition of DNA binding. More reｭ
cent evidence for a molecular cascade of redox regulation of 
AP-1 showed a direct interaction between thioredoxin 

(TRX) and a DNA repair enzyme, redox factor (Ref-1), 
which potentiated TPA-induced AP-1 activity [32]. Signifｭ
icantly, TPA translocated TRX into the nucleus, where an 
interaction with Ref-1 promoted the direct activation of 

AP-1 by Ref-1. 
AP-1 DNA binding activity and AP土dependent tranｭ
scriptional activity were shown to be stimulated by PDTC 
[14, 15, 27]. The stimulatory effect on AP-1 activity was 
found to be independent of PKC activation and to require 
the newly synthesised AP-1 components c-jun and cィos
[14, 15]. Although these effects were attributed to the antiｭ
oxidant activity of PDTC, more recent studies indicate that 

this conclusion may not be correct, because some effects of 

PDTC may be due to an oxidant effect [33]. PDTC was 

shown to promote cell growth arrest and the expression of 

cell surface molecules linked with myeloid differentiation, 
such as CDllc in U937 cells [34]. Significantly, an AP-1 

site in reporter constructs directed by the CDl le promoter 

was required for the response to PDTC. Our evidence that 
AP-1 DNA binding activity and AP土dependent tran、

scriptional activity were induced by PDTC in U937 cells 

raised the hypothesis that PDTC-induced AP-1 activity 

may be implicated in the stimulatory effect of PDTC on KBｭ

dependent gene expression. An important role of AP-1 in meｭ

diating the effect of PDTC on the regulation of the NF遥

signalling pathway is plausible because of evidence of proｭ

tein-protein interactions between AP-1 and N恥Bfamily 
members [10]. 

Although NF-KB dependent gene expression is widely 

recognised to be regulated by a balance between positive 

and negative signals and multiple levels of control have 

been demonstrated in the regulation of NF-KB by distinct 

stimuli, our understanding of the molecular mechanisms in 

signal integration of the the NF、KB signalling pathway is 

limited. As shown here and in the accompanying paper, the 

U93 7 model system provides a cellular environment where 
the TP A and TNF心 signalling pathways regulating NF紐

function are parallel pathways with selective sites of regulaｭ

tion by PDTC. 
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