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ABSTRACT. In the human promonocytic U937 cell line, pyrrolidine dithiocarbamate (PDTC) was a potent inh証
tor of the nuclear factor-KB (NF、 KB) signalling pathway induced by the phorbol ester 12-0-tetradecanoylphorbol-
13-acetate (TPA). However, PDTC did not inh曲ttumour necrosis factor-a (TNF心）-inducedNF-KB DNA binding 
activity but potentiated the effect of TNF心 on KB-dependent gene expression. The stimulatory effect of PDTC 
with TNF-a was not observed with an HIV-1 L TR reporter construct containing two mutated KB binding sites 
or with a construct with a mutation of the activating protein (AP)-2 binding site located between the two KB 
elements. Two distinct signalling pathways, one mediated by TPA and the other by TNF心， wereshown to interｭ
act, functionally defining a threshold important in the inhibitory or stimulatory effect of PDTC on KB-dependent 
gene expression. Evidence that PDTC induced AP-1 DNA binding and AP-1 reporter gene activity, raised the 
hypothesis that the effect of PDTC was mediated by an interaction between the AP-1 pathway and p65(RelA). 
Co-transfection with expression vectors for p65(RelA) and the AP-1 subunits c、Fos and c-Jun resulted in a deｭ
crease in the stimulatory effect of PDTC on HIV-1 LTR activity. Co-transfection of p65(RelA) with Tam67, 
a dominant negative mutant of c-J un defective in transactivation, stimulated the effect of PDTC on HIV-1 L TR 
activity. Evidence that the stimulatory effect of Tam67 with PDTC was reduced with c-Jun is consistent with 
the hypothesis. CELL SIGNAL 11;5:371-383, 1999. ｩ 1999 Elsevier Science Inc. 
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INTRODUCTION 

The regulation of the biological response of cells to tumour 

necrosis factor-a (TNF心）is complex, resulting in diverｭ

gent responses such as cell proliferation, differentiation and 

apoptosis. Binding of the trimeric TNF-a to the TNF recepｭ

tor 1 results in receptor aggregation, which is thought to be 

a critical step in the activation of c-Jun amino-terminal kiｭ
nase (JNK), the transcription factors NF這， activator proｭ

tein 1 (AP-1) and apoptosis [l]. Recruitment of the signal 

transducer Fas associated death domain (FADD) mediates 

apoptosis, whereas JNK and NF-KB activation is mediated 
by receptor-interacting protein (RIP) and TNF receptor-asｭ

sociated factor 2 (TRAF2) [l]. Other signalling steps are 

important in apoptosis because the activation of NF-KB was 

shown to protect against TNF心induced apoptosis (2-4]. 
• Recent work showed that TRAF2 defines a point of sepaｭ
rate kinase cascades activating NF-KB and JNK, respecｭ
tively [5]. The NF-KB-inducing kinase does not activate the 

JNK pathway but appears to be dedicated to the NF-KB 
pathway [5]. MEK kinase 1 (MEKKl) expression studies 
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demonstrated that MEKKl has a role in the activation of 

JNK [6]. MEKKl expression was shown to stimulate NいB
transcriptional activity (7-10]. However, it is not clear that 

MEKKl is physiologically involved in NF遥 activation[6]. 

The biological response of cells to the phorbol ester 12心

tetradecanoylphorbol-13-acetate (TPA) is mediated through 

the activation of protein kinase C (PKC). TPA and TNF心
were shown to phosphorylate IKBべx through parallel pathｭ
ways, resulting in the translocation of NF-KB into the nuｭ

clear compartment (11]. Inhibitors of the TPA-induced s igヽ

nalling pathway that inhibit PKC by different mechanisms 

were used to demonstrate that TPA and TNF心 act through 

distinct signal transduction pathways leading to activation 

of NF-KB (12]. More recently, TNF心 andTP A were shown 

to activate the inhibitor of kappa B心 (IKB-a) kinase com、

plex through distinct signals (13, 14]. 

Pyrrolidine dithiocarbamate (PDTC) was shown to inｭ
hibit the degradation of IKB心induced by TNF-a and TPA 

and has been widely used as an inhibitor of the NF-KB sigｭ

nalling pathway (15, 16]. Although originally described as 

an antioxidant, PDTC was shown to possess metal chelator, 

antioxidant (17-19] and oxidant activity (16, 20]. Further, 

PDTC was shown to stimulate the transcription factor 
AP-1 through the JNK pathway (21]. The combined treatヽ
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ment of PDTC with TP A resulted in the persistent phosｭ
phorylation of extracellular signal-regulated kinase type 2. 
Here we report on our examination of the interrelation 
of two distinct signalling pathways, one mediated by TPA 
and the other by TNF心， and the effect of PDTC on KBｭ
dependent genes in U937 cells. In this model system, 
TNF心induced NF遥， but, in contrast with TPA or 
PDTC treatment, TNF心failed to stimulate AP士depen­

dent DNA binding or reporter-gene activity. Although 
PDTC was a potent inhibitor of the NF述 signall ingpathｭ
way induced by TPA, PDTC did not inhibit TNF心induced
NF遥 DNA binding activity, but it potentiated the effect 
of TNF心 on KB-dependent gene expression in U937 cells. 
Interestingly, other investigators demonstrated that PDTC 
inhibits TNF心inducedNF-KB as well as AP-1-dependent 
gene expression [22]. Differences reported in the effects of 

PDTC on the TNF心 signall ing pathway in different cell 
models in combination with our results suggested that anｭ
other signalling pathway may be important. Our results are 
consistent with the hypothesis that a TPA-induced sigｭ
nailing pathway sets a threshold important for PDTC to 
potentiate the effect of TNF心 on KB-dependent gene 
expression. 

MATERIALS AND METHODS 
Cell Culture and Treatment 

U937 cells were obtained from the ATCC and grown m 
RPMI 1640 supplemented with 10% FBS, 2 mM し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). TPA, PDTC, and N-acety l心cysteine

(NAC) were from Sigma Co. TPA was dissolved in DMSO 
to produce a 1-mg/mL stock. PDTC and NAC were dissolved 
in PBS, and pH was adjusted to 7.2 to produce a 1-M stock. 
TNF心 was from Cellular Products Inc. (Buffalo, NY). 

Plasmids 

To evaluate the effect of AP-1 on PDTC stimulated 
p65(RelA) HIV-1 long terminal repeat (LTR) activity, exｭ
pression vectors for c-Fos, c-Jun and a dominant-negative 
mutant lacking the transactivation domain of c-Jun 
(Tam67) were used. The AP-1 subunits c-Jun and c-Fos 
were expressed from Rous sarcoma virus (RSV) expression 
plasmids; the construction of Tam67 in the pCMV vector 
was previously described [23]. The RSV expression plasmid 

containing human p65(RelA) also was previously described 
[24]. The plasmid pHIV chloramphenicol acetyltransferase 
(pHIVCA T) and expression vector of the HIV-1 transactiｭ
vator protein (tat) pcDEBtat were obtained from P. Berg 
(Stanford University, Stanford, CA). These plasmids were 
previously described [25], and the pcDEBtat expression vecｭ

tor was previously shown to stimulate HIV-1 L TR activity 
through the Tat-responsive element (TAR). The effect of 
AP-1 subunits or Tam67 or Tat on HIV-1 LTR activity was 
measured. Briefly, 5 ｵg of the CAT reporter construct was 

co-transfected by electroporation with 5 ｵg of the test plas-
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mid. Total DNA was kept constant by adding pucl9 plasｭ
mid DNA. Similar studies were done with a 4 X AP-lCAT 
plasmid [41] in which CAT expression was shown to be deｭ
pendent on four AP-1 recognition sequences. 
To evaluate whether the effect of PDTC induced a sttmuｭ
latory effect mediated through the KB elements in the 
HIV-1 L TR, a 4 X KBCA T construct containing four KB 
binding sites or HIV-1 L TR constructs with site-specific 
mutations in the KB or AP-2 sites [26] were used. The 4 X 
KBCA T, wild-type HIV-1 CAT plasmid and mutant conｭ

structs were obtained from G. Nabel (University of Michiｭ
gan, Ann Arbor, MI). HIV-1 CAT with wild-type KB 
elements (9GGGACTITCCGCTGGGGACTITCC3'; 

KB elements underlined) or mut-KB (ICTACIITCCGCｭ
T~) were described previously [27]. The 
site-directed mutagenesis of the HIV-1 CAT plasmid was 

previously described for the mut-3'KB (5'-~ 
こGCTAGATCTTTTCC-3') or mut-玖B + S'Spl (5'ｭ
~GCT~-3'; the S'Spl site 
(underlined) was changed from QAQQCQIQQCC to 
~CC) [28] ormut-AP-2 (5'-G..QQA.CIIL 
~ATA~-3') construct [26]; boldface 
type identifies the mutated sites. To determine the minimal 
KB sequence elements required for the stimulatory effect of 
PDTC, we evaluated BCA T reporter constructs (obtained 

from G. Nabel, University of Michigan, Ann Arbor, MI) 
regulated by two (KB/KB) elements [29] or one (KB/Spl) KB 
element [28]. The sequences of the oligonucleotides used 
were: KB厄B, 5'-GA TCCGCTG~AGG D..:: 
QQACIIJIX:CTGA-3'(the KB elements are underlined) 
anむB/Sp l, 5 にCGCTG~AGG~
IQ_QCCTGA-3'(the transcription factor binding sites are 
underlined. Cells were electroporated with each construct, 
and 24 h posじelectroporation duplicate wells were treated 

with TPA or with TNF心 alone or after a 1-h pre-incubaｭ
tion with PDTC. CAT protein was determined after 24 h 
by measuring CAT activity with radiolabelled 14C-chloramｭ

phenicol (the CAT ELISA could not be used, because of 
the lower activity of the mutant constructs). In some experｭ
iments, triplicate samples of cells were treated, and changes 
in CAT activity were evaluated by Student's t-test for 
paired samples. Values of P < 0.05 were accepted as signifiｭ
candy different. CAT activity values were expressed as perｭ
cent conversion of 14C-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. 

Electroporation and Treatment of U937 Cells 
Cells (4 x 10り wereharvested from stock cultures, pelleted 
and washed once in PBS and then once in seru皿freeRPMI 
1640 (RPMI。);thecell pellet was re-suspended in 0.4 mL of 
RPMI。.The cell suspension (0.4 mL) was then transferred 
to the electroporation cuvette (Gene Pulser cuvette with 
0.4-cm electrode; Bio-Rad, Hercules, CA). Cells were elecｭ
troporated at 250 ｵF and 300 V with 10 ｵg of the indicated 

plasmid. Ten minutes after electroporation, cells were di-
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luted into medium and aliquoted 1 ml per well (8 X 105 
cells/ml) into 24-well multiwell plates. Twenty-four hours 
later, cells were pre-treated with PDTC or NAC (1 ml) for 
1 h and then stimulated with TPA or TNF-cx for 24 h. Cells 

were harvested, cell extracts were prepared by three cycles 
of freeze thawing and protein was determined by the 
method of Bradford (Bio-Rad). The amount of CAT proｭ
tein in cellular extracts was determined by 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 normalised to 
100 ｵg of protein. In some experiments, the amount of CAT 
activity was determined with radiolabelled 『C]chloram­
phenicol [30]. 

Nuclear Extracts and Electrophoretic Mobility Shift Assay 

Nuclear extracts were prepared from U93 7 cells and electroｭ
phoretic mobility shift assays (EMSA) carried out as preｭ
viously described [30]. For competition experiments, the 
unlabelled competitor oligonucleotides were added to the 
binding reactions before the addition of radiolabelled oligoｭ
nucleotide. The oligonucleotides KB, HIV and AP-1 were 

previously described [41]. For measuring AP-2 DNA-bindｭ
ing activity, a previously described AP-2 oligonucleotide 
S'-GA TCCGAACTGACCGCCCGCGGCCCCGT-3' 
(AP-2 binding site is underlined) was used [26]. For experiｭ
ments using antibodies, 1 ｵL of pSO, p52, p65, c-Fos, Fra-1, 
Fra-2, c-Jun, JunB or AP-2 antibody (Santa Cruz Biotechｭ
nology, Santa Cruz, CA) was added to the nuclear extract, 

and a 15-min pre-incubation on ice was carried out before 
the addition of radiolabelled oligonucleotide. 

RESULTS 
Effect of PDTC on TNF-a-induced 
HN-1 LTR and 咄dependent Gene Expression 

A transient expression assay was used to investigate the ef、

feet of PDTC pre-treatment on TNF心induced HIV-1 
LTR-or 4 X KB (containing four KB binding sites)-directed 

expression of the chloramphenicol acetyltransferase reporter 
gene with the use of the U937 pro-monocytic cell line. 
U93 7 cells were electroporated with the pHIVCA T plasｭ
mid, 24 h after electroporation cultures had been preｭ
treated with PDTC for 1 h, then various concentrations of 
TNF心 were added and CAT protein was determined after 
an additional 24-h incubation. Increasing concentrations of 
TNF心induced HIV-1 L TR-directed CAT protein, which 

reached a maximum of >40-fold with 乏 1 ng/mL of TNF 
(Table 1). The TNF心mediatedincrease in CAT protein was 
further stimulated maximally 2、to3-fold by 2:50 ｵM PDTC. 
We next evaluated the effect of PDTC on a 4 X KBCA T 
construct containing four binding sites for NF-KB. The 4 X 
KB-directed CAT protein was induced > 100和ld with 2:: 1 
ng/mL of TNF-a (Table 1). The TNF心mediated increase 
in CAT protein was further stimulated approximately 2-to 
4-fold by PDTC. Notably, in contrast with the HIV-1 L TR 
construct, the stimulatory effect of PDTC with TNF心 on

the 4 X KBCA T construct increased in a dose-dependent 
manner. This finding suggested that the HIV-1 L TR con、

struct was more sensitive to lower concentrations of PDTC. 
PDTC was shown to induce AP-1 DNA七indingactivity 

(17-19], and AP-1 was shown to interact with the 
p65(RelA) subunit of NF-KB (31]. In U937 cells, TNF心
had no effect on AP-1 DNA-binding activity in nuclear exｭ
tracts after a 1-h treatment by EMSA or AP-1-dependent 
reporter-gene expression after a 24-h treatment (data not 
shown). Therefore we evaluated the effect of a 1-h pre、

treatment with PDTC on TPA-induced AP-1 DNA-bindｭ

ing activity in nuclear extracts after a 1-h treatment by 
EMSA. As shown in Figure 1, 50, 100 or 200 ｵM PDTC 
alone induced AP-1 DNA-binding activity in U937 cells. 
Of interest, PDTC in combination with TPA stimulated 
AP-1 DNA-binding activity more than TPA alone (Fig. 1) 
and potentiated the effect of TP A on AP-1-dependent (4 X 
AP-lCAT) reporter-gene expresion (data not shown). Noｭ
tably, in the absence ofTPA, 20 ｵM PDTC had little effect 
on AP-1 activity. However, the effect of 20 ｵM PDTC on 
AP-1 activity was markedly increased in a manner dependent 
on the concentration of TP A. Interestingly, as shown in Figｭ
ure 1, the effect of PDTC on AP-1 activity was dependent on 
the concentration of TP A and PDTC. These data suggest that 
AP-1 activity became more sensitive to PDTC with increasing 

concentrations of TP A, from O to 2 to 4 ng/mL. 

Effect of PDTC on the TNF-a-induced 
Sigrwlling Pathway Depends on the Concentration of TPA 
We next evaluated the interrelation between the TPA-and 
TNF-a-induced signalling pathways and the effect of 
PDTC on HIV-1 L TR activity. U93 7 cells were electropoｭ
rated with the pHIVCA T plasmid and pre-treated with 200 
ｵM PDTC for 1 h; increasing concentrations of TP A were 
added alone or with 10 ng/mL of TNF-a, and CAT protein 
was determined after a 24-h incubation. Figure 2 shows the 
following results: (1) PDTC increased the amount of CAT 

protein approximately 3-fold in the absence of TPA, and 
TNF-a alone increased the amount of CAT protein 31-fold 
over the untreated control; (2) TNF-a in combination with 
increasing concentrations of TP A (< 1 ng/mL) resulted in 
a synergistic response that changed to a more additive reｭ
sponse with concentrations of TPA > 1 ng/mL; (3) PDTC 
stimulated the effect of TPA at concentrations < 1 ng/mL 
and inhibited it at > 1 ng/mL (notably, PDTC had no effect 
on CAT protein with 1 ng/mL ofTPA). Thus, the effect of 
PDTC with TNF-a changed from stimulation to inhibition 
in a manner that was dependent on the TP A concentraｭ
tion, functionally defining a threshold. 

Effect of PDTC and the AP-1 Subunits c-Fos 
a叫 c』Jun on p65 (RelA) ヽstimulatedHN-1 LTR Activity 

An expression vector encoding the p65(RelA) subunit of 
NF-KB was used to stimulate HIV-1 L TR activity and evalｭ
uate the effect of PDTC in the absence of TP A or TNF心
treatment. Initial studies demonstrated that CAT protein 
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TABLE 1. Effect of PDTC on TNF心induced HIV-1 L TR and 4 X KBCAT activity 

Treatment' HIV-lCAT activityb 4 X KBCA T activity 

PDTC TNF心
(ｵM) (n'dmL) Mean S.D. FoldC Mean S.D. Fold 

゜
0.00 0.02 0.01 1.0 0.01 0.01 1.0 
0.05 0.18 0.01 9.0 0.08 0.01 8.0 
0.20 0.39 0.01 19.5 
0.25 0.39 0.08 39.0 
0.50 0.72 0.03 72.0 
1.00 0.79 0.10 39.5 1.02 0.08 102.0 
2.00 0.89 0.06 44.5 
10.00 0.90 0.06 45.0 1.26 0.07 126.0 

50 0.00 0.05 0.01 2.5 0.02 0.01 2.0 
0.05 0.39 0.08 19.5 0.14 0.02 14.0 
0.20 0.82 0.06 41.0 
0.25 0.54 0.01 54.0 
0.50 0.74 0.12 74.0 
1.00 1.55 0.25 77.5 0.96 0.03 96.0 
2.00 1.74 0.08 87.0 
10.00 1.67 0.19 83.5 1.57 0.06 157.0 

100 0.00 0.06 0.01 3.0 0.05 0.01 5.0 
0.05 0.51 0.03 25.5 0.24 0.01 24.0 
0.20 0.99 0.10 49.5 
0.25 0.85 0.02 85.0 
0.50 1.26 0.16 126.0 
1.00 1.66 0.10 83.0 1.36 0.05 136.0 
2.00 1.62 0.09 81.0 
10.00 1.89 0.16 94.5 1.64 0.09 164.0 

200 0.00 0.06 0.01 3.0 0.03 0.01 3.0 
0.05 0.42 0.06 21.0 0.31 0.01 31.0 
0.20 0.84 0.05 42.0 
0.25 0.98 0.01 98.0 
0.50 1.65 0.02 165.0 
1.00 1.47 0.11 73.5 1.96 0.06 196.0 
2.00 1.49 0.09 74.5 
10.00 1.43 0.12 71.5 1.90 0.05 190.0 

"U93 7 cells were electroporated wtth the pH IV CAT or p4 X KBCA T plasmid and duplicate wells were 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 incubanon. 
bThe values represent the mean CAT protein (ng/mL) determined by CAT ELISA and normalized co 100 
ｵ,g of cellular protein土the sample standard deviations. 
'The values represent the fold-induction with the data normalized to the untreated control. 

increased in a manner dependent on the amount of the 

p65(RelA) plasmid electroporated and increased from a 

mean of0.19 to 0.52 ng/mL with a 24-h treatment with 200 

ｵM PDTC. To evaluate the potential role of AP-1 activity 

in mediating the effect of PDTC, U93 7 cells were electroｭ

porated with the pHIVCA T plasmid and expression vectors 

for the AP-1 subunits c-Fos and c-Jun, individually or toｭ
gether, in combination with an expression vector encoding 

the p65(RelA) subunit of NF-KB. In addition, some samples 

were electroporated with a Tat expression vector to stimuｭ

late HIV-1 L TR activity through the TAR element [25]. 

Twenty-four hours after electroporation, cells were treated 

with control or 200 ｵM PDTC, and CAT protein was deｭ

termined after 24 h by CAT ELISA. Because of differences 
in the basal level of CAT protein between multiple electroｭ

porations, the CAT protein values shown in Figure 3 are 

also shown normalised to the untreated controls. PDTC 

treatment had a stimulatory effect on the basal (3.2-fold)-, 
p65(RelA) (l.6-fold)-or Tat (2.4-fold)-induced HIV-1 
L TR activity. 

Co-transfection of the AP-1 subunit c-Fos or c-Jun reｭ
duced the effect of PDTC on the basal level of CAT proｭ
tein. Co-transfection of c-Fos and c-Jun reduced the stimuｭ
latory effect of PDTC observed with p65(RelA), but not 

Tat-induced HIV-1 L TR activity. These data were consisｭ

tent with the effect of PDTC mediated through an interacｭ
tion with p65(RelA). To further evaluate the effect of the 

AP-1 subunits c-Fos or c-Jun on the stimulatory effect of 
PDTC on p65-induced HIV-1 L TR activity, similar electroｭ

poration studies were carried out, but cells were stimulated 

with either control, 200 ｵM PDTC or 0.5 ng/mL of TP A. 
In addition, some samples were electroporated with an NH2 
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FIGURE 1. PDTC stimulates AP-I DNA-binding activity and potentiates the effect of TPA. U937 cells were pre-treated for 1 h with 
the indicated concentrations of PDTC and then stimulated with 0, 2 or 4 ng/mL of TP A for 1 h, and nuclear extracts were prepared. 
The AP-I DNAふinding complex was supershifted by the c-Fos antibody (data not shown). Non-specific binding (NS) indicated. 

terminally truncated (deletion of amino acids 3—122) domiｭ
nant negative mutant of c-Jun (Tam67). Tam67 is defective 
in transactivation, but the intact leucine zipper of Tam67 

binds to leucine zippers of Jun and Fos family proteins, thus 
altering AP-1 complexes. As shown in Figure 4, in agreeｭ

ment with the results shown in Figure 3, the combination 
of c-Fos and c-Jun had the greatest effect in reducing the 
stimulatory effect of PDTC on p65 (RelA)-mediated HIV-1 
LTR activity. To control for differences in the basal level of 
CAT protein, the CAT protein values shown in Figure 4 

are also shown normalised to the untreated controls for 
each electroporation. Notably, cells co-transfected with the 

c-Jun mutant Tam67 showed a greater PDTC-mediated 
stimulation (2.8、fold) of HIV-1 L TR activity than that of 

the control (1.9-fold), and the effect ofTam67 was reduced 
by wild-type c-Jun (1.9-fold). These data provide evidence 
that the Tam67 mutant increased the stimulatory effect of 

PDTC on p65(RelA)-induced HIV-1 LTR activity. This efｭ

fect may be mediated by changes in AP-1 complexes. Interｭ
estingly, Tam67 stimulated the effect of PDTC (2.8-fold) or 

0.5 ng/mL ofTPA (4.1-fold) versus 1.9-and 2．詞oldfor the 
control, respectively. Co-transfection of c-Jun with Tam67 
inhibited the stimulatory effect ofTam67 with PDTC (l.9-
fold) compared with that of the control (1.9-fold). Howｭ
ever, the combination of c-Jun with Tam67 had marginal 
effect with 0.5 ng/mL of TPA (3.8-fold vs. the control of 
4.1-fold). 

Effect of Tam67 on TPA-induced AP-1 or HN,1 、
Dependent Reporter-gene Expression a叫 Effect of PDTC 

The preceding results were obtained from studies comparing 
multiple electroporations and, because of obvious limitaｭ
tions, need to be interpreted with caution. Therefore, to 
further evaluate the effect ofTam67 and the effect of PDTC 

on HIV-1 L TR activity, U93 7 cells were electroporated 
with the pHIVCAT plasmid with or without Tam67 and 

pre-treated with 200 ｵM PDTC for 1 h; increasing concenｭ
trations of TPA were added and CAT protein was deter-

—•,- control 

'配iji '• ｷ • •”. • •” iji 5 ] -0-200 ｵM PDTC 
「―c`•..■· 10 ng/ml TNF 

器--0- 200 ｵM PDTC 
E 4 + 10 ng/ml TNF 

喜 3
I凸•;-i` c: 晋 2 d1 ク:----〗a.. 

1--<(Q 1 . 
゜

0.0 0.5 1.0 4.0 6.0 8.0 10.0 

TPA (ng/ml) 

FIGURE 2. The effect of PDTC on the TNF心induced signalｭ
ling pathway is dependent on the concentration of TP A. U93 7 
cells were electroporated with the pHIVCAT plasmid and preヽ
treated with 200 ｵM PDTC for 1 h; increasing concentrations 
of TP A were added alone or with 10 ng/mL of TNF-ix, and CAT 
protein was determined after a 24-h incubation. The results 
shown represent the mean CAT protein value (normalised to 
100 ｵg of cellular protein) 士the sample deviation of duplicate 
cultures. 
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FIGURE 3. Effect of the AP-1 subunits c-Fos and c-Jun and 
PDTC on basal and p65(Re!A)-or Tat-stimulated HIV-1 LTR 
activity. Cells were electroporated with 5 ｵg of the indicated 
plasmids (same amount of DNA was added using pucl9), and 
cells were aliquoted into 4 wells of 24-multiwell dishes. Twentyｭ
four hours post-electroporation, duplicate wells were treated 
with medium or 200 ｵM PDTC, and CAT protein was deterｭ
mined after 24 h. The results are from a representative experiｭ
ment and represent the mean CAT protein value (normalised to 
100 ｵg of cellular protein) 土the sample deviation of duplicate 
cultures. The fold-stimulation resulting from PDTC treatment 
is shown. 

mmed after a 24-h incubation. An identical study was done 

with an AP土dependent (4 X AP-lCAT) reporter gene to 
define the effect of Tam67 on the AP-1 signalling pathway. 
As show in Figure SA, Tam67 markedly stimulated the efｭ

fect of TP A on HIV-1 L TR-dependent CAT protein. N otaｭ

bly, Tam67 also markedly stimulated the effect of PDTC. 
Moreover, and most significant, in the absence of Tam67, 

the effect of PDTC was inhibitory with TPA; but, with 

Tam67, PDTC stimulated with 1 ng/mL ofTPA. The samｭ

ple with 10 ng/mL of TPA with PDTC treatment showed 

a marked inhibition of CAT protein that was also inhibited 

with Tam67. Thus, these data suggest that Tam67 potentiｭ

ated the effect of PDTC and shifted the functional threshｭ

old that was previously shown to be dependent on the TPA 

concentration. Tam67 also inhibited the effect ofTPA on 

an AP土dependent (4 X AP-1 CAT) reporter gene (Fig. 

5B). Notably, the inhibitory effect ofTam67 was reduced in 

a manner dependent on the TPA concentration. Of interｭ

est, the stimulatory effect of PDTC on the basal level of 

AP土dependent gene expression was only slightly reduced 
by Tam67. In contrast, Tam67 increased the effect of 

PDTC on TPA-induced CAT protein. In addition, the reｭ

sults shown in Figure 5B also demonstrate that 10 ng/mL of 

TNF心 had no effect on AP土dependent CAT protein. 
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FIGURE 4. Effect of c-Fos, c-Jun or Tam67 on PDTC-or TPA、
induced HIV-1 L TR activity. Cells were electroporated as deｭ
scribed in Figure 3 but aliquoted into 8 wells, and duplicate wells 
were treated with medium, 200 ｵ,M PDTC or 0.5 ng/mL of 
TP A. The results are from a representative experiment and repｭ
resent the mean CAT protein value (normalised to 100 ｵ,g of 

、 cellular protein) 土the sample deviation of duplicate cultures. 
The fold-stimulation resulting from PDTC or TP A treatment is 
shown over the respective bar. Notably, the combination of 
c-Fos and c-Jun produced a marked decrease in the effect of 
PDTC, a result consistent with the results shown in Figure 3, 
and Tam67 potentiated the effect of PDTC or TPA. However, 
co-expression of c-Jun with Tam67 reduced the stimulatory efｭ
fect of Tam67 with PDTC but not with TPA. 

Moreover, the effects of PDTC and Tam67 on unstimulated 

or TNF-a-treated cells were essentially identical. These 

data, taken together, demonstrate that Tam67 provided a 

means to strengthen the hypothesis that PDTC induces a 

change in the transcriptional activity of the HIV-1 L TR. 

Further, the findings suggest that PDTC altered the AP-1 

composition of the transcription factor complex of 
p65(RelA) at the NF-KB DNA-binding site. Of note, 

Tam67 was previously shown to stimulate the activity of a 

KB-dependent luciferase reporter gene when stimulated 

with TPA [32]. 

An Intact AP-2 Binding Site between the 
Two 咄 Elements of the HN-1 LTR Is Required 
for the Stimulatory Effect of PDTC with TNF-a 
HIV-1 L TR constructs with site-specific mutations in the 

KB or AP-2 sites (26] were used to evaluate the effect of 

PDTC. The AP-2 site located between the two KB elements 
(Fig. 6) was shown to be important in the transcriptional 

activity of the HIV-1 LTR in Jurkat T cells [26]. Disruption 
of the AP-2 site prevented AP-2 protein binding, without 
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FIGURE 5. (A) Tam67 potentiates the effect of PDTC and prevents the inhibitory effect of PDTC on TPA-induced HIV-1 LTR activｭ
ity. (B) PDTC stimulates and Tam67 inhibits the effect of TPA, but Tam67 potentiates the effect of PDTC on AP、 I-dependent re、
porter、gene expression. Cells were electroporated with the (A) pHIVCAT or (B) 4 X AP-lCAT plasmid and Tam67, pre-treated 24 
h later with 200 ｵM PDTC for 1 hand treated with the indicated concentrations of TPA or with 10 ng/mL of TNF心； CATprotein 
was determined after a 24-h incubation. The results are from a representative experiment and represent the mean CAT protein value 
(normalised to 100 ｵg of cellular protein)::!::the sample deviation of duplicate cultures. Treatment with TNF-0'. had no significant 
effect on AP-1 DNA-binding activity (data not shown) or AP-I-dependent reporterヽgene activity. 

affecting NF-KB binding or responsiveness to TPA, TNF心
or cotransfected NF-KB subunits [26]. Cells were electropoｭ

rated with each construct, and 24-h pos-telectroporation 
triplicate wells were treated with 0, 0.25 or 10 ng/mL of 

TNF心， alone or after a 1-h pre-incubation with PDTC (0, 
50, 100 or 200 ｵM). CAT enzyme was determined after 24 
h by measuring CAT activity with rad iolabelled 『C]chlor­
amphenicol. 
Compared with the wild type, the HIV-1 L TR construct 

containing mutations in both of the NF-KB binding sites 
was unresponsive to TNF心 or PDTC (data not shown). A 

construct with only the 3'NF-KB-binding site mutated 
(mut-玖B) remained responsive to TNF-a and the stimuｭ

latory effect of PDTC with TNF心(Fig. 6 and Table 2). 
However, a construct with a mutation of the 3'NF、KB­

binding site and 5'Spl-binding site remained responsive to 

TNF-a but showed a marginal response to PDTC with 
TNF心 (Fig. 6 and Table 2). Notably, a construct with a 

mutation of the AP-2 site located between the two KB ele 、

ments remained responsive to TNF-a but was unresponsive 
to the stimulatory effect of PDTC with TNF心 (Fig. 6 and 

Table 2). 

To determine the minimal KB sequence elements re 、

quired for the stimulatory effect of PDTC, we evaluated 
BCAT constructs (see the Materials and Methods section) 

regulated by two (KB/KB) or one (KB/Spl) KB element. 
Only the KB/KB construct was responsive to TNF心 and the 

stimulatory effect of PDTC (Fig. 6; data not shown for the 

KB/Spl construct). Notably, an AP-2 element (CCN3GG) 

is located between the KB elements of the KB/KB construct. 
The role of the AP-2 protein in the effect of PDTC is un、

clear because we failed to detect any AP-2 DNA-binding 

activity in U937 cells. This failure suggests that the AP-2 

protein may not be the important requirement for the effect 
of PDTC (Miller, unpublished results). Thus, our overall 
data showed that the substitution of AT AT for the wildｭ
type sequence in the spacer region between the two KB eleｭ
ments in the HIV-1 L TR had little effect on the response 
to TP A or TNF-a but decreased the stimulatory effect of 
PDTC with TNF-cv.. Evidence that a mutation of the AP-2 
binding site in the HIV-1 L TR is associated with the loss of 
the PDTC-mediated potentiation of TNF心induced HIV」

L TR activity is consistent with the possibility that PDTC 

induced AP-1 activity that participated in a transcription 

factor complex with p65(RelA). 

No Effect of PDTC on 
TNF心induced NF-KB DNA-binding Activity 

We characterised NF-KB DNA-binding activity to the KB 

(single site) versus the HIV (two KB sites) probe in nuclear 

extracts prepared from cells pre-treated for 1 h with 200 ｵM 
PDTC or treated for 1 h with 10 ng/mL of TNF心． The
NF-KB complex was shown to contain the NF-KB subunits 

p50 (NF、直） and p65(RelA). As shown in Figure 7, the 

KB-specific binding complex was completely supershifted 
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FIGURE 6. An AP-2 binding site located between the two KB elements is required for the stimulatory effect of PDTC with TNF心
The AP-2 site defined as CCN3GG (CCGCTGG sequence framed by box) located between the two KB elements (KB sites shown in 
boxed regions) was shown to be important in the transcriptional activity of the HIV-1 LTR in Jurkat T cells [26]. Cells were electropo、
rated with 10 ｵ,g of the indicated construct, and 24-h post-electroporation duplicate wells were treated with 10 ng/mL of TNF心， alone
or after a 1-h pre-incubation with PDTC (200 ｵ,M). CAT protein was determined after 24 h by measuring CAT activity with radiolaｭ
belled 『C]chloramphenicol.For each construct, the percent conversion of chloramphenicol into the acetylated form in the treated cells 
was divided by the percent conversion in untreated cells to obtain the values for fold、induction. The HIV-1 L TR construct with siteｭ
specific mutations (mutations shown in bold and underlined) in the 3'KB site (mut-3'KB) Was responsive to TNFa stimulation and 
PDTC (*samples that were significantly different at P < 0.05). Mutation of the AP-2 site (mut-AP2) resulted in a normal response 
to TNF-a, but the stimulatory effect of PDTC was reduced compared with the wild、typesequence. Two (KB/KB) elements in a BCAT 
construct (see the Materials and Methods section) define the minimal KB sequence elements required for the stimulatory effect of 
PDTC. A KB/Spl element was unresponsive to TNF心 or PDTC stimulation (data not shown). 

into two bands by incubation with the p65 antibody. A 

slight smearing was observed with the pSO antibody, but no 

shift in mobility was detectable with the p52, c-Fos, Fra-1, 

Fra-2, c-Jun, JunB or AP、2 antibodies (data not shown). 

The EMSA studies showed no difference between NF紐

activity binding to the single KB probe versus the HIV 

probe. As shown in Figure 7, PDTC pre-treatment had no 

detectable effect on the non-specific binding complex or on 

the induction of NF-KB by TNF心in nuclear extracts preｭ

pared from cells treated with 10 ng/mL of TNF心 alone or 

with PDTC at various times up to 25 h after treatment (data 

not shown). 

The concentration of dl/dC used in the EMSA binding 

reaction was shown to be important in the detection of p65 

homodimers [33]. As shown in Figure 8, a 10和ld decrease 

in the concentration of dl/dC used in the standard EMSA 

reaction resulted in the detection of two NF、KB binding 

complexes induced by TNF心． The TNF心induced com、

plexes were weakly decreased by a 1-h pre-treatment with 

30 mM  NAC but not with 200 ｵ,M PDTC. In addition, 200 

ｵ,M PDTC had no detectable effect on the TNF心induced

complexes throughout a 25-h incubation (data not shown). 

Thus, with the use of EMSA, we were unable to demonｭ

strate that PDTC altered the AP-1 composition of the tranｭ

scription factor complex of p65(RelA) at the N恥BONA­

binding site. 

Effect of PDTC Pre-incubation Time 
on TNF-a-induced HN-1 LTR Activity 

To further define the conditions required for the stimulaｭ
tory effect of PDTC with TNF心 on HIV-1 LTR activity, 

we evaluated the effect of increasing the pre-incubation 

time with PDTC (200 ｵM) for 1, 4 or 17 h (Oh defined as 

24 h posじelectroporation). Samples treated with PDTC 
(200 ｵM) for 1 h in the absence of TNF心 showed an inｭ

crease in CAT protein from a mean of 0.01 in the untreated 
control to 0.03 ng/mL. CAT protein further increased to 
0.10 ng/mL with the 17-h PDTC pre-incubation. As shown 

in Figure 9, increasing the PDTC pre-incubation time to 17 

h before the addition of TNF-a markedly stimulated the efｭ

fect of 10 ng/mL ofTNF-a by as much as 虹old. In contrast, 

pre-treatment for 1 to 1 7 h with the antioxidant NAC only 

inhibited, in a concentration-dependent manner, the in-
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TABLE 2. Effect of PDTC on TNF心induced CAT activity of wild-type and mutant HIV-1 L TR constructs 

Treatmentb CAT activity' 

PDTC TNF心 HIV-l(wt)' mut-3'KB mut-3'KB + S'Spl mut-AP-2 

(ｵM) (ng/mL) Mean S.D. pd Mean S.D. p Mean S.D. p Mean S.D. p 

゜
0.00 5.17 1.33 18.39 1.12 2.44 0.81 1.26 0.10 

゜
0.25 42.45 2.47 43.20 8. 2 2 5.12 0.77 7.65 0.29 

50 60.89 5.89 73.58 8.31 7.34 0.28 0.038 7.17 2.22 
100 54.24 6.19 0.036 87.48 17.91 9.82 3.13 7.16 0.77 
200 60.00 7.94 85.43 6.13 0.001 7.62 1.53 8 96 0.89 

゜
10.0 75.84 7.72 94.24 13.01 14.33 0.72 14.18 0.95 

200 94.20 0.93 0.049 130.98 16.07 0.025 13.78 0.27 11.79 2.22 

℃AT activity values represent the mean:!:the S.D. from triplicate samples. The percent conversion of『C]chloramphenicol into its acetylated derivatives 
was normalized co 200 ｵ,g of cellular protein and an 8-h CAT enzyme reaction. 
心937 cells were electroporated with 10 ｵ,g of the indicated plasmid, and triplicate wells were pre-treated for 1 h with the indicated concentrations of 
PDTC, then stimulated with various concentrations of TNF-cx for 24-h and CAT activity was determined. 
'HIV-1 CAT with wild-type KB elements (5' 、~GCTG~-3'(KBelementsunderl ined)ormu t-3'KB(~GC­
TA~)ormut、3'KB+ 5'Spl (~GCTA~; the 5'Spl site (underlined) was changed from~CC 
to ~CC) or mut-AP-2 (~ATAT~); boldface type identifies the mutated sites 
dStatistical analysis by Student's t-test for paired samples. Values of P < 0.05 are shown. 

duction of HIV-1 L TR-directed CAT protein by TNF心

(data not shown). Therefore, it is unlikely that the antioxi、

dant activity ofNAC or PDTC is responsible for the potenｭ
tiation of TNF心induced signalling. 

DISCUSSION 

As shown here, the U93 7 model system provides a cellular 
environment in which the TPA and TNF心 signalling

pathways regulating NF-KB function are parallel pathways 

with selective sites of regulation by PDTC. It should be em、

phasised that the results described here were generated with 

U93 7 cells obtained directly from the A TCC. For these 

studies, these cells were expanded, and frozen stocks were 

prepared. Cells were thawed, grown and used for experiｭ
ments for approximately 1 month before new cultures were 
initiated from frozen stocks. In these cells, AP-1 DNA bindｭ

ing and reporter-gene activity were induced by TPA or 

PDTC but not by TNF心treatment.Notably, these cells are 
completely resistant to TNF心induced apoptosis, in conｭ

trast with U93 7 cells from other sources (Miller, unpub、

lished results). Our efforts to understand the molecular 

mechanisms responsible for the resistance to TNF心induced
apoptosis led us to the unexpected finding that PDTC po-
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FIGURE 7. Characterisation of NF-KB binding activity in U937 cells induced by TNF心to KB or HIV probe containing two KB bindｭ
ing sites. Cells were pre-treated for 1 h with 200 ｵM PDTC and treated for 1 h with IO ng/mL of TNF-a, and nuclear extracts were 
prepared. PDTC treatment had no effect on NF-KB activity or on TNF心inducedNF-KB mobility detected by antibodies (Ab). The 
TNF心inducedNF-KB DNA-binding complex (solid arrow) was supershifted weakly by the pSO (lane 5) and strongly by the p65 (lane 
6 for KB and lane 13 for HIV probe) antibodies (double arrows indicate DNA-binding activity with mobility shift by p65). Doubling 
the amount of p50 antibody (p50 2X) increased the detection of the pSO protein with the KB probe (lane 7). However, the supershift 
of the pSO antibody was markedly increased with the HIV probe (lanes 12 and 14). There was no detectable effect of the antibodies 
on the upper non-specific band shown with the HIV probe (lanes 8-10) or with any of the AP-1 subunit specific antibodies tested 
(see the Materials and Methods section; data not shown). 



380 K. Watanabe et al. 

Probe: KB 

dI/dC (mg/ml): ー 0.1 

TNF (ng/ml): 

Pretreatment：八八釘八⇔亙訊笠亙訊笠亙

゜ 10 ゜ 10 

. ノ

•• 

｢i NS 

1 2 3 4 5 6 7 8 9 10 11 12 

FIGURE 8. Effect of the antioxidant NAC versus PDTC on TNF心induced NF、KB DNAふindingactivity. The concentration of di/ 
dC used in the EMSA binding reaction was shown to be important in the detection of p65 homodimers [33]. Increasing the time of 
electrophoresis and using our standard dl/dC (lanes 1-6) concentration resulted in the detection of two NF-KB binding complexes inｭ
duced by TNF心（lanes 4-6). The solid arrows indicate the NF、KB DNA-binding activity that was supershifted by the p65 antibody 
(data not shown). A 10、folddecrease in the concentration of dl/dC (lanes 7-12) resulted in an increased detection of two NFぷB bind、
ing complexes induced by TNF心(lanes 10-12). Both TNF心inducedcomplexes were weakly sensitive to pre-treatment with 30 mM 
NAC but not 200 ｵM PDTC. 

tentiated the effect of TNF-a on the NF-KB signalling 
pathway. 
Four lines of evidence are consistent with the hypothesis 
that the stimulatory effect of PDTC on KB-dependent gene 
expression is mediated through a PDTC-induced activity 

interacting with the NF-KB signalling pathway induced by 

TNF心． Firs t, PDTC potentiated the effect ofTNF心 onthe 

HIV-1 LTR-, 4 X KB-and KB/KB-directed CAT reporter 
constructs. Second, the stimulatory effect of PDTC in the 
absence or presence of TP A or TNF心 was not observed 

with an HIV-1 L TR reporter construct containing two muｭ

tated KB-binding sites. However, a construct with a single 

mutant 3'KB site was stimulated by PDTC with TNF心

Notably, a construct with a mutant 3'KB and mutant S'Spl 

site or a construct with a disruption of the AP-2 site located 
between the two KB elements resulted in HIV-1 L TR activｭ

ity that remained responsive to TPA and TNF-a but reヽ

duced the stimulatory effect of PDTC with TNF心． Evi­

dence that the stimulatory effect of PDTC was dependent 
on an intact AP-2 site is consistent with the hypothesis that 

this intact site is required for a critical functional proteinｭ
protein interaction between NF-KB subunit p65(RelA) and 

unknown partners. Third, PDTC inhibited the activation 

of NF-KB DNA-binding activity by TPA but had little efｭ
fect on the activation of NF-KB by TNF心． Thus, two disｭ

tinct signalling pathways, one mediated by TPA and the 

other by TNF心， were shown to stimulate HIV-1 L TR acｭ

tivity in a manner consistent with the hypothesis that the 
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FIGURE 9. Effect of PDTC pre-incubation time on TNF心
stimulated HIV-1 L TR activity. U93 7 cells were electroporated 
and treated as previously described, but the PDTC pre-incubaｭ
tion time was varied for 1, 4 or 17 h before TNF-<X was added 
at O h (defined as 24 h post-electroporation) for a 24-h incubaｭ
tion. The results shown are from a representative experiment 
and represent the mean CAT protein value (normalised to 100 
ｵg of cellular protein) 土the sample deviation of duplicate culｭ
tures. 

concentration of TPA defines a threshold sensitive to reguｭ

lation by PDTC. TPA-induced signals below this threshold 
were stimulated by PDTC. In contrast, TPA-induced sigｭ
nals above this threshold were inhibited by PDTC. Fourth, 
the p65(RelA) expression vector provided a means to actiｭ
vate HIV-1 L TR activity and evaluate the effect of PDTC 

without stimulating cells with TPA or TNF心． Co-transfec­

tion of the expression vectors for the AP-1 subunits c-Fos 
and c-J un resulted in a decrease in the stimulatory effect of 
PDTC on p65(RelA)-induced HIV-1 LTR activity. Of inｭ

terest, Tam67 stimulated the effect of PDTC, an effect that 

was reduced by c-Jun. 
The effect of PDTC in potentiating TNF心induced 虚

dependent gene expression was unexpected. The experiｭ

ments presented here and in a study by Watanabe et al. [41] 
define the conditions associated with demonstrating this efｭ

fect of PDTC and show evidence for a threshold indicative 
of the activity of a TPA-induced signalling pathway. It is of 

interest that Tam67 increased the effect of PDTC on the 

basal level of HIV-1 L TR activity but that Tam67 had little 

effect on the basal level of AP土dependent reporter-gene 

activity. As expected for a mutant defective in transactivaｭ
tion, Tam67 inhibited the effect of TPA on the AP-1 reｭ

porter gene. Notably, increasing the concentration of TPA 
overcame the inhibitory effect ofTam67 on the TPA path、

way. In contrast, Tam67 increased the effect of PDTC on 

the TPA-induced pathway. One interpretation of these 

data is that the results show evidence for an interaction of 
Tam67 with AP-1 complexes induced through the TPA 

pathway but for poor interaction with AP-1 complexes reｭ
suiting from a PDTC-induced pathway. Tam67 has been 
shown to bind specifically to leucine zippers (bZip domains) 

of endogenous Jun and Fos family of proteins resulting in 
low activity AP-1 complexes. It remains to be seen whether 

the bZip domain of Tam67 or of p65 (RelA) are important 

for the effect observed with PDTC. Of note, Tam67 was 
previously shown to stimulate the activity of a KB-depenｭ

dent luciferase reporter gene when stimulated with TPA 
[32]. More studies are needed to address the mechanism reｭ

sponsible. 
Although the nature of the threshold was not addressed 

in this study, it is significant that Tam67 affected the 

threshold, defined functionally by the ability of PDTC to 

make the transition from a stimulatory to an inhibitory efｭ
fect on the TPA-induced HIV-1 LTR activity. We have evｭ
idence that this threshold correlated functionally with a 
Ca巳dependent co-signal required for PDTC to selectively 
inhibit IKB-a degradation and activation of NFヽKB by the 
TPA but not the TNF心ーinducedsignalling pathway (Kaza、

kova et al., in preparation). 

Our data are consistent with the hypothesis that an AP-1 

family member may be responsible for the stimulatory effect 
of PDTC on TNF心induced 虚dependent gene expresｭ
sion. Other investigators showed that AP-1 DNA-binding 
activity and AP土dependent transcriptional activity were 

stimulated by PDTC [17-19]. This effect was independent 

of PKC activation, involved newly synthesised AP-1 comｭ

ponents c-Jun and c-Fos [17, 18] and may be due to an oxiｭ
dant effect of PDTC [16]. Interestingly, diethyldithiocarbaｭ
mate (DDTC) was shown to stimulate the synthesis of 

TNF心 [34, 35]. Our results raise the possibility that this efｭ
fect of DDTC on TNF心gene expression may be mediated 
through NF-KB. 
PDTC has been shown to stimulate the transcription facｭ

tor AP-1 through the JNK pathway [21]. The combined 
treatment of PDTC with TPA resulted in the persistent 

phosphorylation of extracellular signal-regulated kinase 
type 2. In this context, the results presented here strongly 

suggest that the ultimate effect of PDTC is dependent on a 

TPA-induced pathway. We speculate that the strength of 

signals in the regulation of a PKC-dependent activity may 
be critical. Interestingly, in a JB6 mouse tumour-promoｭ
tion-sensitive cell line, both NF-KB-and AP土dependent

reporter-gene expression were inhibited by PDTC [22]. In 

this model system, TP A or TNF心induced both NF-KBｭ
and AP土dependent reporter-gene expression and cellular 
transformation, and both were inhibited by PDTC. Of inｭ
terest, Tam67 also inhibited both NF、 KB- and AP土depen­

dent reporter-gene expression and cellular transformation. 
In contrast, in U93 7 cells, we have shown that Tam67 stimｭ

ulated TPA-induced NF-KB-dependent reporter-gene exｭ
pression and that Tam67 inhibited AP-1-dependent reporter-



382 

gene expression with concentrations of TPA :'.'S 1 ngmL; 

Tam67 had little effect with 10 ng/mL of TPA. 
An important role of AP-1 in mediating the effect of 

PDTC on the regulation of the NF-KB signalling pathway 

is supported by data showing evidence of protein-protein 

interactions between AP-1 and NF遥family members 

(31]. Functional protein-protein interactions with the 

HIV-1 LTR was shown for NF-KB family members [24] and 
Spl [28, 29], p53 (36], AP-2 [26], and C/EBP (37]. 
Perhaps one of the most unexpected findings of this study 

was obtained with the HIV-1 L TR construct with a mutaｭ

tion of the AP-2 site located between the two KB elements. 

In agreement with previous work [26], the mutant AP-2 

construct remained responsive to TPA and TNF-a but, as 

described here, showed a decreased response to the stimulaｭ

tory effect of PDTC with TNF心． Interestingly, a construct 

with a mutant 3'KB element remained responsive to PDTC 

but a construct with a mutant 3'KB element and a mutant 

S'Spl site was not. The minimal sequence element required 
for the response to PDTC was found to consist of an eleｭ
ment composed of an AP-2 site between two KB sites (the 

K恥B BCA T construct). It will be of interest to define the 
role of the AP-2 site and the effect of PDTC further. For exｭ

ample, mutational analysis of the AP-2 site in the KB/KB 

BCA T construct is needed to serve as a source of important 

insight into the assembly of the p65(RelA) transcription 

complex. Recent work showed that the cAMP response eleｭ

ment binding protein (CREB), a CREB-binding protein 

and p300 are co-activators of the NF-KB signalling pathway 

through interactions with p65(RelA) [38]. PDTC may stimｭ

ulate NF-KB activity through increasing the phosphorylaｭ

tion and transcriptional activity of p65(RelA) [39]. Other 

investigators showed that the combined treatment of 

PDTC with TPA resulted in the persistent phosphorylation 

of extracellular signal-regulated kinase type 2 and stimuｭ
lated the transcription factor AP-1 through the JNK pathｭ
way [21]. This finding raises the possibility that PDTC may 

be acting through the CREB pathway, because the interacｭ

tion between the transcriptional activator and the co-actiｭ

vator is phosphorylation dependent for CREB. Alternaｭ
tively, a change in the redox state of the cell may be 

important, as shown for AP-1 [40]. In this context, in the 
U937 cell model, PDTC is a potent inhibitor of the generaｭ

tion of intracellular reactive oxygen intermediates (ROis), 

and PDTC treatment results in a rapid increase in intracelｭ

lular glutathione levels (Miller, unpublished results). 

In summary, an understanding of the molecular mechaｭ
nisms responsible for the stimulatory effect of PDTC with 
p65(RelA) may help to define additional regulatory pathｭ

ways controlling signal integration important in the NF、 KB

signalling pathway. 
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