Printed in Great Britain. All rights reserved

Biochemical Pharmacology, Vol. 49, No. 3, pp. 275-282, 1995.
Pergamon Copyright © 1995 Elsevier Science Ltd
0006-2952/95 $9.50 + 0.00

0006-2952(94)00544-3

RAPID COMMUNICATION

INVOLVEMENT OF NF- xB IN THE INDUCTION OF NAD(P)H:QUINONE
OXIDOREDUCTASE (DT-DIAPHORASE) BY HYPOXIA, OLTIPRAZ AND MITOMYCIN C

KANG-SHEN YAO and PETER J. O'DWYER*

Fox Chase Cancer Center, Philadelphia, PA 19111, U.S.A.
(Accepted 9 December 1994)
ABSTRACT - The activity of the two-electron bioreductive enzyme DT-diaphorase (DTD) is induced by heat shock,
hypoxic stress, oltipraz, and mitomycin C (MMC). Transcriptional induction is associated with nuclear factor binding to
elements mediating immediate early responses including AP-1, though the DTD mRNA peaks at 24 hr. Electrophoretic
mobility shift assays revealed that nuclear protein extracts from hypoxia-, oltipraz-, and MMC-treated cells bound a specific
oligonucleotide probe: corresponding to the NF-xB transcriptional binding site in two human cancer cell lines, HT29 and
HepG2. The binding activity for the NF-xB site was induced with a time-course similar to that of the induction of DTD,
and was delayed in comparison to the induction of AP-1 binding proteins. The time-courses of the NF-kB binding response
to MMC, oltipraz and hypoxic treatment were similar, and binding was most pronounced at 24 hr. All three stimuli were
associated with the 1ate appearance of a higher molecular weight complex in HT29 but not in HepG2 cells, suggestive of
the participation of additional rel family proteins in DNA binding in this cell line. Competition experiments indicated that
the bound protein complex was specific for the NF-xB binding site. An immunodepletion assay showed that in each case
the bound complex consisted of a heterodimer of the NF-xB proteins p50 and p65. These data suggest that hypoxia,
oltipraz and MMC may each induce the overexpression of DTD through 2 mechanism involving the NF-xB response
element in the DTD 5’-flanking region, and support a role for this element in the control of detoxication responses to

environmental changes.
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Bioreductive enzymes are responsible for both the activation and the detoxication of xenobiotics under oxic and
hypoxic conditions [1]. The cellular pharmacology of MMC in oxic cells depends on the generation of reactive oxygen
intermediates as a result of two-electron reduction of the quinone by DTD [2]. The sensitivity of tumor cell lincs to MMC
has been related to their DTD activity {2,3]. Under other circumstances, two-electron reduction may protect the ccll from
toxic agents {4]. One of the effects of the chemoprotective agent oltipraz is the elevation of colon DTD activity in vitro and
in vivo, through a mechanism that appears to involve transcriptional induction [5,6]. The enhanced capacity to metabolize
mutagens through the action of this and other detoxication enzymes has been associated with the chemopreventive action of

oltipraz. Thus, biorecluctive enzymes play a central role in the metabolic transformation of reactive compounds.
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Tel. (215) 728-2674; FAX (215) 728-2741.

* Abbreviations: MMC, mitomycin C; DTD, DT-diaphorase; PCR, polymerase chain reaction PMSF,
phenylmethylsulfony] fluoride; and DTT, dithiothreitol.
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Among the best characterized of these enzymes at a molecular level is DTD, the gene for which has been cloned in
both rats [7] and humans [8]. In both species, the promoter regions have been sequenced, and particular response elements
have been characterized. These include particularly the xenobiotic response element and the antioxidant response element.
The former is common to both species and appears to respond to a variety of structures [8-10]. The latter is similar in both
species, and is responsive to antioxidants such as B-napthoflavone and phenolic antioxidants [9,11]. The human DTD
promoter region, however, contains a consensus AP-1 sequence that is absent in the rat gene [8]. This ubiquitous DNA
element, also known as the TRE, binds the transactivating protein families Fos and Jun, as Jun homodimers or Jun-Fos
heterodimers [12,13]. We have demonstrated previously the involvement of the AP-1 element in the induction of DTD
activity that follows either treatment with MMC [14] or an 8-hr exposure to hypoxic conditions [15,16].

Examination of the sequence of the DTD promoter reveals another element in proximity to the AP-1 binding site. The
NF-xB element was identified as a binding site for nuclear transactivating factors in the immunoglobulin light chain
enhancer [17]. Subsequent work has shown that target genes for the NF-xB protein include immunomodulatory cytokines,
immunologically relevant cell surface receptors, and acute phase response proteins [18]. NF-xB consists of two proteins
(p50 and p65), which in unstimulated cells reside in the cytoplasm bound to a specific inhibitor of their DNA binding, I-xB
[19]. Upon activation, p50 and p65 dissociate from I-xB, translocate to the nucleus, and bind DNA as a pS0 homodimer or
a p50-p65 heterodimer {20]. In light of recent data implicating NF-xB in the response to redox processes [21,22], we
sought to investigate the possible role of NF-«B in the response of DTD to disparate stimuli that result in its
overexpression. We found that MMC, oltipraz and hypoxia all elicited binding to the NF-kB element in the DTD 5’-
flanking region, and that the time-course was consistent with that of the induction of DTD mRNA.

MATERIALS AND METHODS

Cell culture. Human HT29 colon adenocarcinoma and HepG2 hepatoma cells were maintained by growing cells in
Dulbecco's modificd Eagle's medium supplemented with 10% (v/v) fetal bovine serum in 75-cm? flasks or S00-mL milk
dilution glass bottles with 1.0 x 10° cells in a humidified atmosphere of 95% air in 5% CO,, and were exposed to hypoxia
or drug 2 days later.

Hypoxia, drug treatment. To study the effects of hypoxia, the glass bottles were rendered hypoxic by passage of oxygen-
poor 95% N,-5% CO, over the cells for 2 hr. The bottles were then sealed for a further 6 hr, after which oxic conditions
were restored. This treatment resulted in O, concentrations substantially less than 1%; further evidence of profound
hypoxia was provided by a 2 orders of magnitude decrease in the IC, of the hypoxic toxin SR4233 under these conditions
(O’Dwyer PJ, unpublished results). As previously noted [15], this duration of hypoxic exposure resulted in only 14% loss
of viability by trypan blue exclusion; when total protein values were used, the mean loss of viability at 48-72 hr after
treatment was 28%. Drug-treated cells were exposed to 1.25 uM MMC for 4 hr at 37°, or to 100 uM oltipraz (dissolved in
DMSO) for 24 hr at 37° after which cells were maintained in fresh medium. This concentration of MMC is an ICy, for
HT29 cells, whereas oltipraz at this concentration is not cytotoxic (by clonogenic assay). The cells were harvested before
and at 24 and 48 hr after treatment.

DTD gene expression. Total cellular RNA was prepared from the cell by the acid guanidinium isothiocyanate phenol-
chloroform extraction method described by Chomczynski and Sacchi [23]. An aliquot equivalent to 20 g of each RNA
preparation was subjected to northem blotting. The blot was hybridized with a 32P-labeled 1.4 kb human DTD ¢cDNA
After the blot was washed in 1x SSC, 0.1% SDS for 20 min at room temperature, in 0.2x SSC, 0.1% SDS for 20

-

probe.

-

Yao K-S and O’Dwyer PJ, manuscript in preparation.
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min at 55° and in 0.1x SSC, 0.1% SDS for 20 min at 55°, autoradiography was carried out at -70° for 3-7 days (1x SSC is
0.15 M NaCl, 0.01 M NaH,PO,H,0, 0.001 M EDTA, pH 7.6). The intensity of B-actin labeling was used as an internal
normalizing value.

As an additional means of quantitating DTD gene expression, the reverse transcriptase PCR assay was used based on a
method previously described [24]. A 100 ng sample of HepG2 total RNA for each time point was used for cDNA
production. Further PCR amplication was carried out with 35 cycles at 94° for 1 min with the following DTD PCR primers
containing the T, polymerase promoter sequence attached to their 5’ ends: DTD-54-T; - "GGAG"
AGGCTGGTTTGAGCGAGTGTTC (bases 392-413 of the DTD coding sequence) [25]; and DTD-56
ATTTGAATTCGGGCGTCTGCTG (bases 640-661 of the DTD gene coding sequence) [25). The B-actin gene primer BA-
67 T;-"GGGAGA" GCGGGAAATCGTCGTGCGTGACATT (bases 2104-2127 of the f-actin genomic sequence) [26) and
BA-68 GATGGAGTTGAAGGTAGTTTCGTG (bases 2409-2432 of the B-actin genomic sequence) [26] were used for an
internal control. For T, polymerase transcription, 3 pL of PCR product was used with 0.25 pL [y-32P]CTP (3000
Ci/mmol), and 50 units of T; RNA polymerase solution. The transcription mixture was electrophoresed on an 8% urea-
denatured polyacrylamide gel at 200 V for 3 hr. The results were quantified by liquid scintillation counting [24]. The
relative activity of DTD gene expression was normalized to the internal control of B-actin activity.

Nuclear extract preparation. The nuclear extracts were prepared according to the procedure of Dignam et al. {27), as
modified by Benjamin and coworkers [28]. The cells were lysed in buffer containing 25 mM HEPES, pH 7.5, 70 mM KCl,
1.5 mM MgCl,, 0.5 mM Na;VO,, 0.4 mM NaF, 0.5 mM PMSF, and 1.0 mM DTT on ice for 20 min followed by extraction
in buffer containing 25 mM HEPES, pH 7.5, 0.5 mM EDTA, 20% glycerol, 1.66 M KCl, 0.4 mM NaF, 0.4 mM Na,VO,,
0.1 mM PMSF and 1.0 mM DTT with constant shaking at 4° for 4 hr. After centrifugation of the samples at 55,000 g for 1
hr at 4°, the supernatant was dialyzed in buffer containing 20 mM HEPES, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 10%
glycerol, 0.4 mM NaF, 0.4 mM Na;VO,, 0.1 mM PMSF, and 1.0 mM DTT. The protein content of the samples was
assayed by the Bradford assay (Bio-Rad, Richmond, VA).

NF-kB element oligonucleotide labeling. The NF-xB element oligonucleotides were synthesized by the Oligonucleotide
Synthesis Facility at Fox Chase Cancer Center. A 33 base pair oligonucleotide located at 808-841 upstream (containing
NF-xB consensus sequence) of the DTD 5'-flanking region (see Fig. 1), searched from the Gen Bank database of the DTD
gene 5’-flanking region [8], was used.

DT-Diaphorase Gene 5' Region Fig. .Transcription factor binding

g elements in DTD gene 5’-flanking region.

gl The position of the NF-xB binding site is
-3xB 1638 -1525 -1510_-1497 830 820  -461 455 157 -i49 37 33 I shown in detail. The nucleotide sequences

HSE HSE_— NF=Bl—{ Ap-1 |—{ Ap-2 }—{ TATA ——

of the normal and mutant NF-xB binding
site (denoted by underline) are shown.

-841 TCAGTACAGACGGGGCTTCACCAGGTTGGCCAG -808
Normal NF-x8

-841 TCAGTACAGACCTCGCTTCACCAGGTTGGCCAG -808
Mutant NF-<B

A mutant NF-xE was constructed by altering the NF-xB sequence (see Fig. 1). Complementary DNA strands were
purified and annealed according to standard procedure [29]. The double-strand oligonucleotides were end-labeled with
[7-32P]ATP using T, polynucleotide kinase, followed by ethanol precipitation 10 remove the bulk of the unincorporated
radioactivity.

Electrophoretic mobility shift assay. The end-labeled NF-xB oligonucleotide probe (20,000 cpm) corresponding to 0.25 ng

of probe was mixed with 1.0 pug of poly(dI-dC) and 15 pg of nuclear extracts in a 30-uL final volume of binding buffer (20
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mM HEPES, pH 7.5, 60 mM KCl, 1.0 mM MgCl,, 0.1 mM EGTA, 0.5 mM DDT, 0.01% Nonidet P-40, 0.1 mg/mL BSA,
and 4% Ficoll). After incubation at room temperature for 25 min, the complexes were resolved by electrophoresis at 4° for
1 hr 45 min at 200 V. The gel was dried under vacuum and autoradiographed ovemight at -80°.

Immunodepletion assay. Immunodepletion assay was carried out according to a standard procedure (30]. The nuclear
extract was incubated with NF-xB p50 or p65 rabbit anti-serum (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 4° for
1 hr. The immune complexes were removed by immunoprecipitation and used for SDS-PAGE analysis; the supernatant
was used in the electrophoretic mobility shift assay for stimulation of NF-xB DNA binding activity as described above.

RESULTS AND DISCUSSION

Resistance 1o cytotoxic therapy has been associated with hypoxia [1,31,32]. In studies to explore the biological basis

for this phenomenon, we found that the expression of several detoxication enzymes was increased as a direct response to
hypoxic exposure [15]. The time-courses of the increase in enzyme activity and in mRNA expression were similar, and
were delayed for some 24-48 hr after treatment. The time-course of induction of DTD is illustrated in Fig. 2. A similar
time-course is observed in the induction of DTD by the dithiolthione oltipraz (Fig. 2A). This agent, a structural analogue of
substances contained in cruciferous vegetables, is being developed as a chemoprotective drug. Davidson and colleagues
[33] have shown that oltipraz administration results in the induction of transcription of GSH transferase genes. The
administration of oltipraz to humans has been shown to induce transcription of DTD in peripheral mononuclear and colon
mucosal cells in a clinical trial [34]. The mechanism of transcriptional induction by oltipraz has not yet been elucidated.
The time-course observed following a 4-hr treatment with MMC, which also resulted in DTD mRNA accumulation,
resembled that following hypoxia and oltipraz. We have found that message accumulation following MMC treatment may
also result from transcriptional induction, and that altercd expression of the immediate-early genes jun and fos, and binding
to the AP-1 element are associated phenomena (Hageboutros A, Yao K-8, Ford PA and O’Dwyer PJ, manuscript in
preparation). The effect, which may be similar to jun-mediated response of the cell to DNA damage from UV radiation
[35], was manifest within 4 hr of treatment and continued for 48 hr (Fig. 2A). The quantitative changes induced by each

stimulus were similar at 24 hr, and represented an approximately 5-fold elevation in steady-state mRNA content (Fig. 2B).

Relative expression of DT-D/Bactin

0.51
C 0 24 48 C 0 24 48 C 0 24 48
Hypoxia/
A Reoxygenation MMC OoLP B

Fig. 2. Effects of hypoxia (8 hr), MMC (1.25 uM) and oltipraz (OLP, 100 uM) treatment on expression of DTD gene in
human HT29 cells. The figure (A) shows 20 ug of cellular RNA from control (C), MMC- and OLP-treated cells hybridized
to a human DTD ¢DNA probe that detects the 1.2 kb message shown. The control lanes (C) represent RNA from untreated
cells, The B-actin probe was used as an internal control. The duration of treatment in hypoxia was 8 hr, followed by
reoxygenation for 0, 24, or 48 hr; the MMC treatment was for 4 hr, and the OLP treatment was for 24 hr, followed by
recovery in drug-free medium for the times indicated. The graph (B) shows the quantitative changes in expression as
measured by laser densitometry, and normalized to the B-actin signal.
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Whereas in HT29 cells a 5-fold elevation of DTD mRNA was observed during the period of reoxygenation following
hypoxia [15), a more pronounced elevation occurred in the hepatoma-derived cell line HepG2 (Fig. 3). A 10-fold induction
of DTD was observed, with a peak at 48 hr. The similarity of the time-course to that in HT29 cells was evident. We have
described previously the involvement of AP-1 in the transcriptional response to both hypoxia/reoxygenation and MMC
[16,36). However, the induction of AP-1 binding (and of the transcription of jun and fos family members) is an early event
during and after a hypoxic exposure, whereas the induction of DTD is delayed, with a peak at about 24 hr. Therefore, the
involvement of additional promoter elements (possibly activated during the reoxygenation phase) was sought. The apparent
redox responsiveness of NF-kB was potentially relevant to the action of each of these stimuli [18]. Others have identified
the participation of both AP-1 and NF-xB in cellular responses to redox stress [37]; a synergistic interaction between NF-
kB and other transcription factors has also been described [38).

Fig. 3. Expression of DTD mRNA in HepG2 cells
—O— Controt (oxic) under oxic (o) or hypoxic (¢) conditions. Cells were
—e— Hypoxic rendered hypoxic for 8 hr, and subsequently cultured
under oxic conditions (reoxygenation) for the times
indicated (hr). Quantitation was achieved by the
reverse transcriptase-polymerase chain reaction
method, and results are expressed relative to the
expression of B-actin. Values are means + SD, N =
4.

12

10

Relative Expression of DT-D (x10"2) in HepG2 cells
(o2
T

) 1 L L

0 24 48 72 (hour)
8h HypoxiG | Reoxygenation —————4-]
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The 5’-flanking regions of the DTD gene in both rats and humans contain a single NF-kB-like element located -1035
bases and -820 bases upstream of the start site, respectively. The double-strand probe used in our studies was constructed
using the human sequence derived from HepG2 cells (Fig. 1). The mutant probe altered the highly conserved guanine and
cytosine residues at either end of the response element. Nuclear extracts from HT29 colon adenocarcinoma cells treated
with hypoxia (followed by reoxygenation), oltipraz or MMC were found to contain proteins that retarded the NF-xB probe,
with an intensity and time-course that were concordant with the northern analysis (Fig. 4). In both hypoxic and MMC-
treated cells, the development of a slower mobility complex at 48 hr after the stimulus may reflect the participation of other
rel family members in the NF-xB dimer. However, their late appearance does not suggest that their induction is a direct
consequence of the inducing stimulus. Oltipraz-treated HT29 cells contained a complex with similar mobility, which was

induced earlier (24 hr) and disappeared by 48 hr.

Ht2e —Heps2_ Fig. 4. Time-course of effects of hypoxia/reoxygenation, MMC and
: MG P MMC oe oltipraz (OLP) treatment on NF-kB element binding activity in
o o “ nuclear extracts from cultured human HT29 and HepG2 cells. The

times and experimental conditions are identical to those in Fig. 2.
Electrophoretic mobility shift assays were carried out using a 33 bp
double-strand oligomer containing the consensus DTD NF-kB
element as the probe. The unbound probe is indicated at the bottom
(frec probe). The hypoxia, MMC and OLP-inducible DNA-protein
complexes formed are indicated (arrow).
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In contrast, in the HepG2 cells, there were two bands observed in control extracts. In MMC-treated cells, there was a
loss of the lower band at 24 hr, and induction of both at 48 hr. The MMC response increased to a maximum at 48 hr, but
there was no evidence of the induction of the slower mobility complex in HT29 cells. The peak oltipraz effect in HepG2
cells was also delayed to 48 hr, and the slower mobility complex was not seen clearly. This liver-derived cell line had
higher constitutive DTD levels than HT29, and it exhibited a more florid elevation of steady-state DTD mRNA content
following oltipraz treatment than that observed in HT29 cells (Fig. 3). It is possible that the late appearing, slower mobility
complex is a negative regulator of transcription, since its appearance is followed by attenuation of the steady-state mRNA
levels.

The specificity of the binding for NF-xB is shown by the competition experiment (Fig. 5). A mutant probe (Fig. 1)
failed to show retardation by nuclear proteins. Competition for the DTD NF-xB element by unlabeled native NF-xB
sequences eliminated protein binding to the labeled probe, showing that at a 1:10 ratio (pmol/pmol) the 32p.1abeled NF-xB
activity fell partially and at a 1:100 ratio, no binding activity was detected (Fig. 5) in MMC-treated nuclear extracts.

The p50 and p65 that constitute NF-kB bind DNA as dimers, either as pSO homodimers or pS0-p65 heterodimers [20].
The nature of the proteins that comprise the nuclear extracts was investigated using antibodies specific for both pS0 and p65
(Fig. 6). Preincubation of HT29 nuclear extracts with both antibodies resulted in depletion of the binding activity following
each of the treatments. Thus, both proteins participated in the observed DNA-binding activity. The slower mobility band
was not observed in this experiment, but its degree of retardation suggests the participation of additional peptides.
Alternative higher molecular weight forms of p65 have been described [39]. A higher molecular weight complex would
have the appearance of the slower mobility complexes identified above (Fig. 4).

These data indicate that the NF-xB response element may participate in the cellular response to various stimuli that
result in the induction of detoxicating enzyme expression in both HT29 and HepG2 cells. The later induction of NF-xB
binding is more closely related to the elevation of DTD activity than is the appearance of AP-1 binding, which is an early
event occurring within 4 hr ([16], and unpublished data). The frequent finding of both elements in the promoter regions of

detoxication and other protective genes suggests that there may be an interaction between them. We have demonstrated

i”nmg 1
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Fig. 5. Competition for NF-xB-binding activities in MMC-treated cells. The control lane represents nuclear extract from
MMC-treated HT29 cells incubated with the NF-xB oligonucleotide probe. MMC-inducible DNA binding activity was not
abolished by an identical concentration of a 33 bp oligomer containing a mutant DTD-NF-xB binding element (mutant), but
eliminated completely with a 100-fold, and partially with a 10-fold molar excess of unlabeled natural NF-xB
oligonucleotide (1:100, 1:10). (left figure)

Fig. 6. Inmunodepletion assay of hypoxia, MMC and oltipraz (OLP) treatment on DTD NF-xB binding activity in HT29
nuclear extracts. The control lane contained 15 pg nuclear extract from unstimulated HT29 cells incubated with the 33 bp
DTD NF-xB oligonucleotide. Preincubation of anti-pS0 and anti-p65 sera with 15 pg nuclear extract from HT29 cells
treated with hypoxia, MMC and OLP followed by precipitation of immunocomplexes was carried out before mobility shift
assay analysis. The supernatant after removal of the immunocomplex was used for electrophoretic mobility shift assays
and resulted in depletion of the NF-xB binding activity. (right figure)
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that these stimuli induce the overexpression of other detoxicating enzymes, including in particular y-glutamylcysteine
synthetase in HT29 cells [6,15]. Studies to further characterize the possible interactions between these transcription factors
are in progress.

In contrast to AP-1, transcriptional activation by NF-xB represents an effect exerted through cytoplasmic proteins.
The major NF-xB subunits pS0 and p65 exist in an inactive form in the cytoplasm bound to I-xB. As pointed out by
Devary et al. [40], the cytoplasmic location of NF-xB implicates a plasma membrane- rather than a nucleus-initiated
response. Koong et al. ‘41] have demonstrated recently the activation of NF-xB in Jurkat T cells exposed to only 3 hr of
hypoxia. They demonstrated the degradation of cytoplasmic I-kBo as NF-xB binding activity increased, and associated the
effect with tyrosine phosphorylation on the I-xB. Pretreatment of the cells with tyrosine kinase inhibitors, and transfection
with a dominant negative mutant of raf-1 (a serine-threonine kinase) abolished I-xB degradation. Therefore, the hypoxic
response in this instance appears to involve protein phosphorylation. The relevance of such a signal transduction pathway
for the action of oltipraz and MMC is of interest, and its interruption may have therapeutic implications.

These investigators also point out that such a pathway may contribute to the response of tumors and other cells to
hypoxia or to the cytokines that may be elaborated. In addition, the induction of protective enzymes, as demonstrated here,
may enable the cells to survive hypoxic or other stress. It is of some interest that oltipraz and MMC appear to avail of the
same pathway to generate a similar level of protection. The results therefore support the possibility that NF-xB may have a
regulatory role in controlling the induction of protective genes in response to changes in the ambient environment. The

elucidation of the pathways involved may provide novel avenues for both the treatment and the prevention of cancer.

ACKNOWLEDGEMENTS - The authors gratefully acknowledge the expert secretarial assistance of Catherine Thompson.
This work was supported, in part, by Grants CA49820 and CA06972 from the National Cancer Institute and by an
appropriation from the Commonwealth of Pennsylvania.

REFERENCES
1. Kennedy KA, Teicher BA, Rockwell S and Sartorelli AC, The hypoxic tumor cell: A target for selective cancer
chemotherapy. Biochem Pharmacol 29: 1-8, 1980.
2. Siegel D, Gibson NW, Preusch PC and Ross D, Metabolism of mitomycin C by DT-diaphorase: Role in mitomycin
C-induced DNA damage and cytotoxicity in human colon carcinoma cells. Cancer Res 50: 7483-7489, 1990.
3. Traver RD, Horikoshi T, Danenberg KD, Stadlbauer TH, Danenberg PV, Ross D and Gibson NW,
NAD(P)H:quinore oxidoreductase gene expression in human colon carcinoma cells: Characterization of a mutation
which modulates DT-diaphorase activity and mitomycin C sensitivity. Cancer Res 52: 797-802, 1992.
. Riley R and Workman P, DT-diaphorase and cancer chemotherapy. Biochem Pharmacol 43: 1657-1669, 1992.
. Ansher SS, Dolan P and Bueding E, Biochemical effects of dithiolthione. Food Chem Toxicol 24: 405-415, 1986.
6. Clayton M, Clapper ML, Halbherr T and O’Dwyer PJ, Effect of oltipraz upon the survival and detoxication pathways
of human colon adenocarcinoma cells. Proc Am Assoc Cancer Res 33: 286, 1992.
7. Favreau LV and Pickett CB, Transcriptional regulation of the rat NAD(P)H:quinone reductase gene. Identification
of regulatory elements controlling basal level expression and inducible expression by planar aromatic compounds
and phenolic antioxidants. J Biol Chem 266: 4556-4561, 1991.
8. Jaiswal AK, Human NAD(P)H:quinone oxidoreductase (NQO,) gene structure and induction by dioxin.
Biochemistry 30: 10647-10653, 1991.
9. Favreau LV and Pickett CB, Transcriptional regulation of the rat NAD(P)H:quinone reductase gene.
Characterization of a DNA-protein interaction at the antioxidant responsive element and induction by 12-0-
tetradecanoylphorbol 13-acetate. J Biol Chem 268: 19875-19881, 1993.
10. Talalay P, DeLong MJ and Prochaska HJ, Identification of a common chemical signal regulating the induction of
enzymes that protect against chemical carcinogenesis. Proc Natl Acad Sci USA 85: 8261-8265, 1988.

11. Li Y and Jaiswal AK, Regulation of human NAD(P)H:quinone oxidoreductase gene: Role of AP-1 binding site
contained within human antioxidant response element. J Biol Chem 267: 15097-15104, 1992.

12. Curran T and Franza BR, Fos and Jun: the AP-1 connection. Cell 55: 395-397, 1988.

13. Angel P and Karin M, The role of Jun, Fos and the AP-1 complex in cell proliferation and transformation. Biochim
Biophys Acta 1072: 129-157, 1991.

14. Ford PA, Yao K-S and O’Dwyer PJ, Effects of mitomycin C on the expression of DT-diaphorase in cytochrome
P450 reductase in human colon adenocarcinoma cell lines. Proc Am Assoc Cancer Res 34: 306, 1993,

15. O’Dwyer PJ, Yac K-S, Ford P, Godwin AK and Clayton M, Effects of hypoxia upon detoxicating enzyme activity
and expression in HT29 colon adenocarcinoma cells. Cancer Res 54: 3082-3087, 1994,

wn A



282

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

Rapid communication

Yao K-S, Xanthoudakis S, Curran T and O’Dwyer PJ, Activation of AP-1 and of a nuclear redox factor, Ref-1, in the
response of HT29 colon cancer cells to hypoxia. Mol Cell Biol 14: 5997-6003, 1994.

Sen R and Baltimore D, Inducibility of ¥ immunoglobulin enhancer-binding protein NF-xB by a post-translational
mechanism. Cell. 47: 921-928, 1986.

Baeuerle PA, The inducible transcription activator NF-xB: Regulation by distinct protein subunits. Biochim
Biophys Acta 1072: 63-80, 1991.

Bacuerle PA and Baltimore D, IxB: A specific inhibitor of the NFxB transcription factor. Science 242: 540-546,
1988.

Bacuerle PA and Baltimore D, A 65-KD of active NF-xB is required for inhibition of NF-xB by IxB. Genes Dev 3:
1689-1698, 1989.

Israel N, Gougerot-Pocidalo MA, Iallet F and Virelizier J-L, Redox status of cells influences constitutive or induced
NF-xB translocation and HIV long terminal repeat activity in human T and monocytic cell lines. J Immunol 149:
3386-3393, 1992.

Matthews JR, Wakasugi N, Virelizier J-L, Yodoi J and Hay RT, Thioredoxin regulates the DNA binding activity of
NF-xB by reduction of a disulphide bond involving cysteine 62. Nucleic Acids Res 20: 3821-3830, 1992.
Chomczynski P and Sacchi N, Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 162: 156-159, 1987.

Yao K-S, Godwin AK, Ozols RF, Hamilton TC and O’Dwyer PJ, Variable baseline y-glutamylcysteine synthetase
messenger RNA expression in peripheral mononuclear cells of cancer patients and its induction by buthionine
sulfoximine treatment. Cancer Res 53: 3662-3666, 1993.

Jaiswal AK, McBride WO, Adesnik M and Nebert DW, Human dioxin-inducible cytosolic NAD(P)H:menadione
oxidoreductase. cDNA sequence and localization of gene to chromosome 16. J Biol Chem 263: 13572-13578, 1988.
Ng S-Y, Gunning P, Eddy R, Ponte P, Leavitt J, Shows T and Kedes L, Evolution of the functional human B-actin
gene and its multi-pseudogene family: Conservation of non-coding regions and chromosomal dispersion of
pseudogenes. Mol Cell Biol 5: 2720-2732, 1985.

Dignam JP, Lebowitz RM and Roeder RG, Accurate transcription initiation by RNA polymerase II in a soluble
extract from mammalian nuclei. Nucleic Acids Res 11: 1475-1489, 1983.

Benjamin 1J, Kroger B and Williams RS, Activation of the heat shock transcription factor by hypoxia in mammalian
cells. Proc Natl Acad Sci USA 87: 6263-6267, 1990.

Sambrook J, Fritsch EF and Maniatis T, Molecular Cloning, A Laboratory Manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, 1989.

Cohen DR and Curran T, fra-1: A serum-inducible, cellular immediate-early gene that encodes a Fos-related antigen.
Mol Cell Biol 8: 2063-2069, 1988.

Sakata K, Kwok TT, Murphy BJ, Laderoute KR, Gordon GR and Sutherland RM, Hypoxia-induced drug resistance:
Comparison to P-glycoprotein-associated drug resistance. Br J Cancer 64: 809-814, 1991.

Teicher BA, Holden SA, Al-Achi A and Herman TS, Classification of antineoplastic treatments by their differential
toxicity toward putative oxygenated and hypoxic tumor subpopulations in vivo in the FSalIC murine fibrosarcoma.
Cancer Res 50: 3339-3344, 1990.

Davidson NE, Egner PA and Kensler TW, Transcriptional control of glutathione-S-transferase gene expression by
the chemoprotective agent 5-(2-pyrazinyl)-4-methyl-1,2-dithiole-3-thione (oltipraz) in rat liver. Cancer Res 50:
2251-2255, 1990.

O’Dwyer PJ, Szarka CE, Gallo JM, Yao K-S, Hum ST, Greene F, Halbherr TC, Brennan J, Pfeiffer GR, Frucht J,
Goosenberg RB, Engstrom PF and Clapper ML, Phase I/pharmacodynamic trial of the chemopreventive agent
oltipraz. Proc Am Soc Clin Oncol 12: 144, 1994,

Devary Y, Gottlieb RA, Lau LF and Karin M, Rapid and preferential activation of the c-jun gene during the
mammalian UV response. Mol Cell Biol 11: 2804-2811, 1991.

Hageboutros A, Yao K-S and O’Dwyer PJ, Involvement of AP-1 and NF-xB in the induction of DT-diaphorase in
colon cancer cell lines treated by mitomycin C. Proc Am Fed Clin Res 42: 122A, 1994.

Meyer M, Schreck R and Baeuerle PA, H,0, and antioxidants have opposite effects on activation of NF-«kB and
AP-1 in intact cells: AP-1 as secondary antioxidant factor. EMBO J 12: 2005-2015, 1993.

Du W, Thanos D and Maniatis T, Mechanisms of transcriptional synergism between distinct virus-inducible
enhancer elements. Cell 74: 887-898, 1993.

Hooft van Huijsduijnen R, Pescini R and DeLamarter JF, Two distinct NF-xB complexes differing in their larger
subunit bind the E-selectin promoter xB element. Nucleic Acids Res 21: 3711-3717, 1993.

Devary Y, Rosette C, DiDonato JA and Karin M, NF-kB activation by ultraviolet light not dependent on a nuclear
signal. Science 261: 1442-1445, 1993.

Koong AC, Chen EY and Giaccia AJ, Hypoxia causes the activation of nuclear factor xB through the
phosphorylation of IxBa on tyrosine residues. Cancer Res 54: 1425-1430, 1994.



