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Abstract-We have studied three Phase II genes in the mouse dioxin-inducible [Ah] battery: Nmol [encoding 
NAD(P)H:menadione oxidoreductase], AM4 (encoding the cytosolic aldehyde dehydrogenase ALDH3c). and 
Ugtl*06 (a UDP glucuronosyltransferase). Oxidant-induced Nmol gene expression in the c’4c%?4c”s mouse 
appears likely to be caused by homozygous loss of the fumatylacetoacetate hydrolase (Fah) gene on Chr 7 and 
absence of the enzyme (FAH), which leads to increased levels of endogenous tyrosine oxidative metabolites. We 
show here that increases in [Ah] Phase II gene expression in the 14CoSI14CoS mouse are correlated with an 
AP-l-like DNA motif called the electrophile response element (EpRE), which has been found in the 5’ flanking 
regulatory regions of all murine [Ah] Phase II genes. Aromatic hydrocarbon response element (AhREs) are 
responsible for dioxin-mediated upregulation of all six [Ah] battery genes, and one or more AhREs have been 
found in the 5’ flanking regulatory regions of all of these [Ah] genes. Gel mobility shift assays, with a synthetic 
oligonucleotide probe corresponding to the EpRE, show that EpRE-binding proteins are more than twice as 
abundant in 14&S/14CoS than in the wild-type chkh nuclear extracts. Competition studies of EpRE-specific 
binding with an excess of EoRE, mutated EDRE, AP-1, AhRE3, mutated AhRE3. and UEBPa olirzonucleotides 
suggest that several common transcriptional factors bind to the EpRE and AhRE3 motifs. Two monospecific 
antibodies to the Ah receptor (AHR) protein block formation of an EpRE-specific complex on gel mobility 
electrophoresis. These data suggest that AHR (or AHR-related protein) might be an integral part of the EpRE- 
binding transcriptional complex associated with the oxidative stress response. To our knowledge, this is among 
the first reports of the same transcription factor operating at two different response elements upstream of a single 
gene. 

Key words: [Ah] gene battery; Ah receptor. oxidative stress; hereditary tyrosinemia; binding of transcription 
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t Abbreviations: c, the murine albino locus encoding tyros- 
inase; Chr, chromosome; FAH, fumarylacetoacetate hydrolase 
encoded by the Fah gene; Cafe, allele in which there is a 
3,8OO-kb deletion on mouse chromosome 7, including the 
c locus and the Fah gene; cch, wild-type allele; TCDD, 2,3,- 
7,8-tetrachlorodibenzo-p-dioxin or dioxin; AHR, Ah receptor; 
pHPP, p-hydroxyphenylpyruvic acid; HGA, homogentisic acid, 
tBHQ, ferf-butylhydroquinone; NMOI, the TCDD-inducible 
NAD(P)H:menadione oxidoreductase (DT diaphorase, azo dye 
reductase) encoded by the murine Nmol gene; ALDH3c. the 
TCDD-inducible cytosolic aldehyde dehydrogenase encoded by 
the murine Akd4 gene; UGTl*O6. the TCDD-inducible UDP 
glucuronosyltransferase encoded by the murine Ugrl*O6 gene; 
GSTAl, the TCDD-inducible glutathione transferase Ya en- 
coded by the murine Gstal gene; EpRE, electrophile response 
element (also termed antioxidant response element, ARE); 
AhRE, aromatic hydrocarbon response element (also termed 
xenobiotic response element, XRE, and dioxin response ele- 
ment, DRE). By convention, murine genes include lower-case 
letters and italics, and other mammalian genes include all cap- 
ital letters italicized, whereas the mRNA or enzyme (gene prod- 
uct) of all mammals including mouse are all capital letters and 
not in italics. 

Mice having homozygous deletions near the ct locus on 
Chr 7 have been found to die in utero or shortly after 
birth, apparently as the result of hypoglycemia [ 11. Sub- 
sequent studies of more than 3 dozen inbred mouse 
strains with overlapping radiation-induced chromosomal 
deletions around the albino (c) locus have suggested that 
one or more regulatory genes involved in different stages 
of development are located within this Chr 7 region (re- 
viewed in [2-71). Although some studies have focused 
on mutations that cause death at preimplantation stages 
of development [6], work in our laboratory has centered 
on the c’~O’ mutation-which has the smallest deleted 
region of all mutant lines studied [2, 3, 71. 

Loss of both copies of a dominant positive regulatory 
gene would lead to decreases in expression of those 
genes under its control. For example, in contrast to the 
cch/cch wild-type and the c~~/c’~“~ heterozygote, the 
C 14c0s/c’4c0s mouse-homozygous for a 3800-kb dele- 
tion on Chr 7 around the c locus-fails to activate a 
battery of genes involved in neonatal liver functions and 
dies during the first day postpartum [2, 3, 71. 

One locus, believed to be necessary for survival be- 
yond birth and proposed to play an important role in 
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perinatal differentiation of the hepatocyte [2], has been 
variously designated hsdrl (hepatocyte-specific devel- 
opmental regulator-l) [2,5] and alf(albino lethal factor) 
[8]. This phenotype fails to activate several hepatic en- 
zymes involved in gluconeogenesis. For example, there 
are decreases in glucose-6-phosphatase, tyrosine ami- 
notransferase, phosphoenolpyruvate carboxykinase, glu- 
cokinase, and CYP2El [l, 9-121, presumably due to loss 
of the alf gene, which might encode a putative positive 
truns-acting factor. However, I4CoSI14CoS mice also 
show decreases in albumin, a-fetoprotein, transfer& 
and metallothionein [4, 131, altered expression of genes 
encoding the urea-cycle enzymes [14], and changes in 
tubule cell development in the fetal kidney [8]. In addi- 
tion, mRNA levels for three transcription factors--C/ 
EBPa, HNF-la and HNF-4-are all strikingly de- 
creased in the 14CoSI14CoS deletion homozygotes [5,8, 
12, 151. It should be emphasized that, on average, ap- 
proximately 30 genes would be expected to occupy a 
3800-kb region of genomic DNA [16, 171. In summary, 
these data suggest that multiple signal transduction path- 
ways and numerous genes might be affected as the result 
of this 3800-kb deletion on mouse Chr 7. 

In contrast to the loss of positive regulation described 
above, there is evidence for increases in the activity of 
some genes [7]. Expression of three growth arrest- and 
DNA damage-inducible @add) genes [18], plus four 
genes in the murine aromatic hydrocarbon-responsive 
[Ah] battery [7, 19-251 is markedly increased, rather 
than decreased, in the I4CoSII4CoS homozygote. The 
murine [Ah] gene battery comprises at least six dioxin- 
inducible genes: two Phase I cytochrome P450 genes, 
Cyplal and Cypla2, and four Phase II genes: Nmol, 
Ahd4, Ugtl*O6, and Gstal (reviewed in [23,24]). All six 
genes are inducible by environmental chemicals that are 
AHR ligands such as TCDD. The induction process re- 
quires a functional AHR, acting through a transcriptional 
complex binding to the DNA motif called the AhRE. 
The chromosome 7-mediated pathway appears to affect 
principally the [Ah] Phase II genes [7, 241. 

Recent studies implicate the loss of a murine Chr 7 
gene as the cause of an oxidative stress response. Be- 
sides the four [Ah] Phase II genes (which are believed to 
be protective against oxidative stress [7]), superoxide 
dismutase, glutathione reductase, glutathione peroxi- 
dase, and glucose-6-phosphate dehydrogenase activi- 
ties-enzymes not in the dioxin-inducible [Ah] battery 
but important in the redox cycling of oxidants-are also 
elevated in newborn liver of the untreated 14CoSII4CoS 
mouse [25]. Interestingly, newborn liver or SV40-trans- 
formed hepatocyte cultures from the 14CoSII4CoS 
mouse exhibit elevated NADPH and GSH levels, pros- 
taglandin A, induction, and enhanced arachidonic acid 
release, as compared with that from the chlch or chl 
14CoS mouse [25-271. Several other enzymes and pro- 
teins not associated with oxidative stress were shown to 
be the same in 14CoSl14CoS and chlch mice [2, 251. 

The fumarylacetoacetate hydrolase (Fuh) gene is lo- 
cated in the region on Chr 7 that is deleted in 14CoSI 
14CoS mice [28, 291. Two laboratories studied 14CoSI 
14CoS mice that received the Fuh transgene [30] and 
C57BU6 wild-type mice that have a homozygous dis- 
ruption in the Fah gene [31]. They have shown that, not 
only can the lethal phenotype of 14CoSl14CoS newborns 
be corrected by insertion of the Fah gene, but also the 
Nmol and gadd induction appears to be caused by ab- 

sence of the Fah gene and Fuh gene insertion into 
14CoSf14CoS mice restores the Nmol and gaa?i gene 
expression to basal wild-type levels. 

The upstream regulatory regions of all four murine 
[Ah] Phase II genes (but not Cyplal or Cypld) contain 
at least one EpRE [22]; (reviewed in [24]). The EpRE 
has an AP-l-like DNA motif [32, 331 that responds to 
oxidative stress, (i.e. endogenous or exogenous lipid per- 
oxidation, quinones, and other electrophilic metabolites) 
[34]. In the absence of FAH or in the presence of ex- 
cessive amounts of endogenous or exogenous oxidative 
metabolites, therefore, the cell appears to undergo an 
oxidative stress response, inducing the [Ah] Phase II 
genes as well as other genes in the appropriate signal 
transduction pathways-including c-fos [29]-to com- 
bat the oxidative stress. In the present report, we have 
used gel mobility shift and antibody supershift assays to 
examine for the presence or absence of specific EpRE- 
binding proteins in 14CoSi14CoS and chlch cell lines. 
We also demonstrate an interrelationship between DNA- 
binding proteins that interact with both the AhRE and 
the EpRE DNA motifs. 

MATERIALS AND METHODS 

Mouse colony 

In 1986, male and female chll4CoS mice were gen- 
erous gifts of Liane B. Russell (Oak Ridge, TN), and 
breeding has been carried out in the mouse colony of this 
laboratory since that time. The three genotypes can eas- 
ily be identified from their phenotypes in utero or after 
birth: the 14CoSIl4CoS has no eye pigmentation and 
dies during the first 24 hr postpartum, the wild-type 
chlch has dark eye pigmentation and chinchilla coat 
color, and the ch/llCoS is completely viable and has 
intermediate eye pigmentation and dilute brown coat 
color [2, 71. 

Cell culture conditions 

The mouse hepatoma Hepa-l wild-type (wt) cell cul- 
ture [35] has been characterized in this laboratory for 
more than two decades [36]; the Hepa-l wt clone, Hepa- 
1~1~7, and its CYPlAl metabolism-deficient ~37 mu- 
tant [37] were generous gifts of No11 Hankinson (UCLA, 
Los Angeles, CA). The wt cell line was routinely grown 
in modified Eagle’s a-medium containing 5% fetal calf 
serum. 

Development and characterization of the chkh, ch/ 
14CoS, and 14CoSI14CoS simian virus (SV40)-trans- 
formed cell lines have been detailed previously [27]. 
With regard to elevated Nmol, Ahd4, and Ugtl*O6 gene 
expression in the 14CoSI14CoS but not in the chll4CoS 
or chlch cell lines, these phenotypic differences have 
remained stable for more than 8 years. The 14CoSI 
14CoS, chlllCoS, and chlch cell lines are routinely 
grown at 34°C in 75-cm* flasks containing 15 mL of 
Dulbecco’s Modified Eagle’s Medium (DMEM) supple- 
mented with 5% fetal bovine serum, 0.1% gentamycin, 
and 26 mM NaHCO,, under 95% air:5% CO,. Cells in 
exponential growth (about 70% confluent) were used for 
these studies. When needed, cells were treated with 
TCDD (10 nM) or tert-butylhydroquinone (tBHQ) (25 
or 50 pM) for 6 or 12 hr; controls received the vehicle 
p-dioxane or dimethylsulfoxide (0.25%) alone. 
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RNA extraction and Northern blots 

RNA was extracted by the acid guanidinium thiocy- 
anate method [38]. Total RNA (20 pg) was separated in 
formaldehyde-agarose gels and transferred to Nytran 
membranes. Prehybridizations and hybridizations were 
carried out at 42°C in a solution containing 50% deion- 
ized formamide, 6 x SSC, 2.5 x Denhardt’s solution, 
0.5% sodium dodecylsulfate (SDS), and denatured 
salmon sperm DNA (0.1 mg/mL). After hybridization 
for 16-20 hr, the filters were washed twice in 2 x SSC 
and 0.1% SDS for 10 min at room temperature and then 
twice in 0.1 x SSC and 0.1% SDS for 30 min at 45°C. 
The filters were then exposed for 24-48 hr to Kodak 
XAR-5 film at -70°C with intensifying screens. Probes 
included the mouse NM01 [22], ALDH3c [20, 211, and 
UGTl*O6 [39] full-length cDNAs. 

Determination of p-hydroxyphenylpyruvic acid (pHPP) 
and homogentisic acid (HGA) concentrations in 
newborn liver and in cell cultures 

pHPP, HGA, and tert-butylhydroquinone (tBHQ) 
were obtained from Sigma. Both were stored at 0°C in a 
desiccator until stock solutions were made for use as 
standards. o-Phosphoric acid (99% purity) was obtained 
from Fluka Chemical, Buchs, Switzerland. ASTM Type 
I water [40] was used for making aqueous solutions of 
these reagents. Optima-grade(R’ solvents for high perfor- 
mance liquid chromatography (hplc) were obtained from 
Fisher Scientific. All other chemicals were of reagent 
grade or better and obtained from Fisher Scientific. 

Both hepatic homogenates and cell suspensions were 
examined for pHPP and HGA concentrations. Newborn 
I4CoS/14CoS and chlch liver samples (lOO-mg aliquots) 
were homogenized in 10 volumes (10% w/v) of 20 mM 
Tris buffer (pH 7.5) containing 1 mM dithiothreitol and 
20% (v/v) glycerol. A 500~FL aliquot of homogenate 
was combined with 50 pL 5.8 M perchloric acid, and the 
samples were vortexed vigorously for 30 sec. The 
14CoSII4CoS and chlch cell cultures were treated with 
trypsin and resuspended in growth medium. For each 
lOO+L aliquot of cells, 10 pL 5.8 M perchloric acid was 
added, and the samples were vortexed as above. The 
newborn liver and cell culture samples were then cen- 
trifuged at 1000 x g for 10 min, following which the 
aqueous supematant fluid was removed and the volume 
recorded. If sample analysis could not be performed im- 
mediately, supematant fluids were stored at -4’C until 
time of analysis. For analysis, a 200- to 300~pL aliquot 
of the supematant fluid was pipetted into a 4.0-mL am- 
ber WISPR vial (Sun Brokers Inc., Wilmington, NC) 
which had been fitted with a LO-volumeR insert. 

Sample analysis was performed via a modification of 
the method of Bory et al. [41] using principles described 
by Tabor [42]. Standards plus the samples were analyzed 

using a Waters Associates hplc system consisting of the 
following configuration: model M712 WISPR autoinjec- 
tor, two model M590 pumps, a model M680 gradient 
controller, and a M99Ot photodiode array detector with 
a NEC APC IV Powermate 2 data system. Chromato- 
graphic separation of the analytes was accomplished uti- 
lizing a p130ndapakR C,, radial compression module 
column (8 mm x 10 cm) with an isocratic mobile phase 
of 70% aqueous 12 mM o-phosphoric acid:30% metha- 
nol (v/v), at a flow rate of 1 .OO mUmin. Eluate detection 
was carried out by continuous scanning from 200 to 400 
nm with an average sampling time of 70 msec per scan. 
pHPP and HGA were quantitated at 302 and 293 nm, 
respectively, using standard curves generated from au- 
thentic standards dissolved in the hplc mobile phase, 
which represented concentrations from 1 nM to 10 PM. 
Solutions of standards were stored at 2°C in foil- 
wrapped amber WISPR vials and were determined to be 
stable (i.e., with changes in concentrations of ~3% over 
a IO-day period). 

Determination of pHPP, HGA, and tBHQ toxicity in 
cell cultures 

The wt mouse hepatoma cell line Hepa-lclc7 and the 
SV40-transformed 14CoSI14CoS and chlch cell lines 
were treated for 6-24 hr with pHPP, HGA, or tBHQ 
(ranging from 1 nM to 5 mM). All three chemicals were 
first dissolved in DMSO; final DMSO concentrations 
were <0.25% which caused no toxic effects. The 
amount of toxicity was assessed by light microscopy, 
cell counts, and trypan blue dye exclusion. 

Gel mobility shift/antibody supershift analysis 

Nuclear extracts from untreated I4CoSI14CoS, chl 
I4CoS, and chlch cells were prepared by procedures 
described elsewhere [43]. Double-stranded synthetic 
41-mers containing the EpRE [32] and a mutant EpRE 
were prepared. The sense strand of the murine EpRE 
used in this study was: S’TAGC’ITGGAAATGACAT- 
TGCTAATGGWACTTT-3’, where the 
underlined bases are regarded as the consensus EpRE 
sequence [33]. The sense strand of the mutant EpRE 
(mEpRE) was also used: 5’-TAGCTTGGAAATGA- 
CATTGCTAATGTCrTCAClCICTAAACTTT-3’. where 
the underlined bases show deviation from the consensus 
EpRE sequence. 

These oligos were end-labeled by T4 polynucleotide 
kinase and [Y-~*P]ATP for use in the gel mobility shift/ 
antibody supershift assays. The binding reactions were 
carried out by incubating 10 pg of crude nuclear extract 
with 0.1 ng of the labeled probe (10,000 to 15,000 cpm) 
in a buffer containing 10 mM Hepes, 50 mM KCl, 1 mM 
EDTA, 1 mM dithiothreitol, 5 mM MgCI,, 10% glyc- 
erol, and 50 mg/mL poly(dI-dC) for 20 min at room 

Table 1. Oligonucleotides used in the present study 

Gstal EpRE: -754 TAGCTTGGAAATGACATTGCTAATGGTGACAAAGCAACTTT-714 
Gstal mEpRE: -744 ATGACATTGCTAATGTGTCACCCTAAACTTT -714 

AP-1: CTAGTGATGAGTCAGCCGGATC 

Cyplal AhRE3: -977 TGCCCCGGAGTTGCGTGAGAAGAGGCCTGGA-1066 

Cyplal mAhR3: TGCCCCGGATGGTATGTCTCCGAGGCCTGGA 

Ott-1: GATCGAATGCAAATCACTAGCT 
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Fig. 1. Tyrosine degradation pathway. Tyr, tyrosine; PHPP, p-hydroxyphenylpyruvate; HGA, homogentisic acid; 
MAA, maleylacetoacetate; FAA, fumarylacetoacetate; F, fumarate; AA, acetoacetate; SAA, succinylacetoace- 
tate; SA, succinylacetone. Dashed lines denote metabolic steps in which the exact enzymes and mechanisms 
involved are not known. FAA hydrolase, encoded by the Fah gene, has been shown to be absent in the 

I4CoSI14CoS mouse r28.291. 

Table 2. pHPP and HGA metabolite concentrations in the 14CoS/14CoS and chlch newborn 
liver and in the cell culture lines 

Sample 

Newborn liver: 
I4cosI14cos 
chlch 

pHPP <O.lO 
4.10 

I4cosI14cos HGA 7.2 f 1.2 
chlch 4.4 * 0.9 

Cell culture lines: 
I4cosI14cos 
chlch 

pHPP 4.10 
4.10 

I4cosI14cos 
chlch 

HGA 4.1 f 0.6 
3.1 * 0.5 

Metabolite 
Concentration* 

in homogenate (mM) 
Concentration 
(pmoles/cell) 

<O.Ol 
<O.Ol 

0.80+0.14 
0.65 +0.16 

<O.Ol 
co.01 

1.1 +0.13 
0.74f0.11 

Values are expressed as the means &SD (N = duplicate determinations from three separate 
experiments). 

* Protein concentrations of newborn liver homogenates or of pelleted cell homogenates, 
ranged between 2.5 and 6.0 mg per mL. 
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Fig. 2. Northern hybridization analysis. NMOl, ALDH3c, and UCiTl*O6 mRNA levels were determined in 
untreated I4CoSI14CoS cells, in I4CoSI14CoS and chkh cells after pHPP or HGA treatment, in I4CoSI14CoS 
cells after 25 @I tBHQ treatment, and in the untreated CYPlAl metabolism-deficient ~37 cells. Treatments 
were for 12 hr in the experiments shown. Levels of fi-actin mRNA are included to standardize the amount of 

RNA loaded per lane. 

temperature. In the competition experiments, a 200-fold 
molar excess of unlabeled (EpRE, or mutant mEpRE) 
DNA was preincubated with the reaction mixture for 10 
min before the addition of the labeled probe. The binding 
reactions were separated by 6% polyacrylamide gel elec- 
trophoresis at 20 mA in 0.5X TBE (89 mM Tris, 89 mM 
boric acid, 2 mM EDTA, pH 8.3). The gel was then dried 
and exposed to XAR-5 film (Kodak). 

Double-stranded synthetic oligonucleotides contain- 
ing the AhRE3 and the mutant AhRE3, previously de- 
scribed [44], the AP-1 motif 1331, and the CIEBPa rec- 
ognition sequence [45] were used as nonlabeled compet- 
itors at several concentrations of fold excess. The 
oligonucleotides used in these studies are summarized in 
Table 1. Preimmune serum and immune rabbit antibod- 
ies to the murine AHR bHLH region (PI bHLH and 
abHLH, respectively) and glutamine-rich region (PI QR 
and aQR, respectively) [46] were developed by immu- 
nization with bHLH (amino acids l-347) or QR (amino 
acids 418-804) peptides that had been expressed in bac- 
teria from recombinant cDNA clones. Immune IgG was 
purified by affinity chromatography on an antigen COI- 
umn, followed by a protein A-sepharose column, using 

standard purification techniques. An antibody to Ah re- 
ceptor nuclear translocator (ARNT) was a generous gift 
of Gary Perdew (Purdue University). Preimmune serum 
or antibody (ranging from 1.5 to 6.0 pg) was added to 
the nuclear extracts and stirred for 15 min at room tem- 
perature prior to gel electrophoresis. 

RESULTS AND DISCUSSION 

Measurement of pHPP and HGA concentrations in 
newborn liver and cell cultures 

We have previously shown that mRNA levels of the 
[Ah] Phase II genes are markedly elevated in the 14CoS/ 
14CoS, but not in the chlch or ch/ldCoS, newborn liver 
or cell lines derived from these livers [7, i9-241. Al- 
though one possibility is that these genes are putatively 
“depressed” due to deletion of a repressor [7, 241, an- 
other possibility is that these genes are induced by en- 
dogenous electrophilic metabolites. The fumarylacetoac- 
etate hydrolase (Fah) gene, encoding an enzyme in- 
volved in tyrosine metabolism (Fig. l), is present in the 
deleted region of Chr 7 and, therefore, missing in the 
14CoSl14CoS mouse [28,29]. It now appears that FAH 
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nnn 

FREE 
PROBE - 

Fig. 3. Gel mobility shift analysis of Hepa-l wt nuclear extracts probed with the radiolabeled Gsk~l EpRE. Cells 
were treated with 10 nM TCDD, 50 pM tBHQ or vehicle alone for 6 hr. The EpRE-specific band (denoted by 

arrow) was competed with 150-fold excess of nonlabeled AP-1 or AhRE3 oligonucleotides. 

deficiency might cause the accumulation of toxic tyro- 
sine metabolites, which play a role in an oxidative stress 
response. We attempted to detect elevated levels of two 
metabolites in the tyrosine degradative pathway, pHPP 
and HGA. 

Table 2 shows that no striking differences in pHPP or 
HGA levels were found, between 14CoSl14CoS and chl 
ch newborn liver samples or between the 14CoSI14CoS 
and chkh established cell lines. Interestingly, pHPP was 
not detectable in either the intact liver or the cell cul- 
tures, suggesting that pHPP levels might be negligible 
due to relatively high levels of PHPP dioxygenase for 
which pHPP is the substrate (Fig. 1), or due to its high 
reactivity and, therefore, relatively short half-life. On the 
other hand, HGA was detectable at concentrations be- 
tween 3.1 to 7.2 mM in the homogenates; this was cal- 
culated to range between 0.65 and 1.1 pmoles per cell. If 
HGA is also highly unstable and were to react covalently 
and rapidly with subcellular macromolecules, this might 
explain why no striking differences were found between 
the I4CoSI14CoS and chlch. 

Our negative results can likely be explained on the 
basis that these metabolites are highly reactive and have 
relatively short half-lives, as discussed in detail by 

Grompe and coworkers [31]. In humans, FAH defi- 
ciency causes hereditary tyrosinemia type I (HTl), a 
severe autosomal recessive inborn error of metabolism 
[47]. Succinylacetone (Fig. 1) is the hallmark metabolite 
of human tyrosinemia; yet, although usually detected in 
plasma and urine, succinylacetone is often not detected 
in human liver [48]. Succinylacetone was measured in 
I4CoSI14CoS newborn liver and elevated levels were 
not detected [49]. If increases in this major metabolite 
from FAH deficiency cannot be detected, perhaps it is 
not surprising that we were unable to find (Table 2) 
significant differences in pHPP or HGA between 14CoSI 
14CoS and chic/z newborn liver, as well as between the 
two cell lines in culture. 

Many of the defects and the symptomatology between 
human HTl and the 14CoS/14CoS mouse are similar, 
although them are some phenomena that differ (re- 
viewed in [31]). Interestingly, there is evidence for de- 
pletion of intracellular reducing compounds, such as re- 
duced glutathione (GSH), in red cells of HTl patients 
[50]. In contrast, GSH levels are approximately 3 times 
higher in 14CoSl14CoS than in chlch cells [27]. Further 
work is needed to understand the regulation of GSH 
levels in these cells. 
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Fig. 4. Gel mobility shift analysis of untreated chkh nuclear extracts probed with the radiolabeled Gsral EpRE 
in the presence of 50-, and 125fold excess of nonlabeled EpRE, AP-I, or AhRE3 oligonucleotides. The 

EpRE-specific band is denoted by the arrow. 

Toxicity in 14CoS/14CoS and chlch cells after pHPP 
or HGA treatment 

We next determined whether addition of pHPP or 
HGA to the growth medium, up to concentrations caus- 
ing toxicity and cell death, might induce NMOl, 
ADLH3c, and UGTl*O6 mRNA levels. Treating 14CoSI 
14CoS and chlch cells with pHPP or HGA concentra- 
tions between 1 nM and 5 mM, we observed no toxicity 
below 0.5 mM. We found that pHPP treatment for 12 
hr-at concentrations of 0.5 mM, 1.0, and 5.0 mM- 
produced about O%, 5%. and ~10% cell death in 14CoSI 
14CoS cells, respectively, and about O%, lo%, and 30% 
in chlch cells, respectively. We determined that HGA for 
12 hr-at concentrations of 0.5 mM, 1 .O, and 5.0 mM- 
produced about 5%, lo%, and ~30% cell death in 
I4CoSI14CoS cells, respectively, and about 25%, 50%, 
and >95% in chkh cells, respectively. We also found 
BP 50: ,2-E 

that tBHQ for 12 hr-at 25 pM caused ~5% cell death in 
14CoY14CoS cells but >90% cell death in chlch cells 
(data not shown). We believe that these observations of 
increased protection in the 14CoSII4CoS line are related 
to the 3-fold elevated GSH levels that have been found 
in 14CoSIl4CoS cells [27]. 

NMOI, ALDH3c, and UGTI *06 mRNA levels in 
14CoSl14CoS and chlch cells after pHPP or 
HGA treatment 

Would the addition of tyrosine oxidative metabolites 
cause the chkh wild-type cell line to behave like the 
FAH-deficient I4CoSI14CoS line? Fig. 2 shows that, 
when near-toxic and toxic levels of pHPP and HGA had 
been added to the 14CoSI14CoS and chlch cell lines, 
there were no concentrations of either tyrosine metabo- 
lite that induced NM01 or ALDH3c mRNA in the wild- 
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Table 3. Densitometric analysis: Competition of EpRE-specific 
band with nonlabeled EpRE, AP-1 and AhRE3 oligonucleotides 

Competitor Fold excess 

None 
EpRE 

AP-1 

AhRE3 

5o:l 
loo:1 
125: 1 
5o:l 

loo:1 
1251 
5o:l 

loo:1 
125:l 

% EpRE-specific 
band 

100% 
23 
10 
Cl 
Cl 
Cl 
<l 
90 
80 
50 

Values are expressed as the EpRE-specific band divided by 
the Ott-1 band, as estimated from densitometric analysis of 
three separate experiments (i.e. nuclear extracts from three dif- 
ferent cultures of each cell line). 

type chlch line, to levels that approach those seen in the 
untreated 14CoSl14CoS line. On the other hand, 1 .O mM 
pHPP and both 0.5 and 1.0 mM HGA appeared to in- 
crease UGTl*O6 mRNA levels, which already have a 
high constitutive level in the chkh cells (but which are 
much higher in the untreated 14CoS114CoS line). 

Competitor: 

FREE 
PROBE - 

Fig. 5. Gel mc 
radiolabeled G: 
EpRE, mutated 

NM01 and ALDH3c mRNA levels appeared to be 
slightly diminished in pHPP- and HGA-treated 14CoSI 
14CoS cells, as compared with that in untreated 14CoSI 
14CoS cells; we do not know the reason for this obser- 
vation nor can we offer reasonable speculation. An ex- 
ception was the dose of 5.0 mM HGA given to 14CoSI 
14CoS cells, in which some increase in ALDH3c mRNA 
was consistently seen. 

The CYPl Al metabolism-deficient c37 mutant exhib- 
its higher NMOl, ALDH3c, and UGT1*06 mRNA lev- 
els, compared with that of the untreated 14CoS/14CoS 
line; these mRNA levels in c37 are very much higher 
than that of the untreated chlch line (Fig. 2). This labo- 
ratory has previously demonstrated these data for the 
NMOl, ALDH3c, and UGT1*06 mRNAs [20-221. 

tBHQ is a potent electrophilic oxidant. tBHQ treat- 
ment of wt and c37 cells has been shown to cause small 
increases in ALDH3c mRNA concentrations [51]. 
NM01 mRNA was strikingly increased by tBHQ in 
14CoS/14CoS cells (Fig. 2) and in chlch cells (data not 
shown), whereas tBHQ had little or no effect on 
ALDH3c and UGT1*06 mRNA induction. These find- 
ings underscore the fact that different [Ah] Phase II 
genes respond differentially to oxidative chemicals- 
perhaps due to variations in the levels of electrophiles, 
redox factors, and/or transcription factors in specific cell 
types or in subcellular compartments 1311. 

14c0s/14c0s ch/ch 

I- 

ability shift analysis of untreated I4CoSIMCoS and chlch nuclear extracts probed with the 
rtal EpRE in the presence of 150-fold excess of the following nonlabeled oligonucleotides: 
EpRE (mEpRE), AP-1, AhRE3, mutated AhRE3 (mAhRE3). and C/EBPa. The EpRE-specific 

band is denoted by the arrow. 
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Table 4. Relative intensity of the EpRE-specific band in un- 
treated chkh and 14CoSI14CoS cells 

Cells EpREKkt- 1 Ratio* 

chlch 
l4cosI14cos 

0.32 + 0.10 
0.80+0.18t 

* Values are expressed as the means f. SD of the relative 
band intensity (EpRE band divided by the Ott-1 band), as es- 
timated from densitometric analysis of 5 separate experiments 
(i.e. nuclear extracts from 5 different cultures of each cell line). 

t Relative intensity of the EpRE-specific band in f4CoSI 
14CoS cells is significantly higher (P < 0.001) than that in chlch 
cells. 

Interestingly, the Fig. 2 data also demonstrate that 
14CoSI14CoS, although having the 3800-kb deletion on 
Chr 7 and exhibiting a constitutive oxidative stress re- 
sponse, are capable of even higher levels of oxidative 
stress response when challenged by tRHQ. This finding 
is inconsistent with the hypothesis [7] of a repressor 
gene (Nmoln) proposed to be located in the Chr 7 de- 
leted region, 

Competition of EpRE-binding protein(s) by the AP-I 
or AhRE DNA motif 

The rat and human homologous NM01 genes, and the 
rat and mouse homologous GSTAl genes contain an AP- 
l-like EpRE in their 5’flanking regulatory regions [32- 

PROBE: 

AHR-Ah’s: 

TCDD: 

A+ 

B- 

AhRE3 

34, 521. We have cloned and sequenced the murine 
Nmol [22], AM4 (ALDH3c) [53], and Ugtl*06 [38] 
genes, and found one or two EpRE motifs in the 5’- 
flanking regulatory regions of all three genes. We have 
previously reported [54] that the oxidative stress re- 
sponse in the 14CoSI14CoS mouse-leading to elevated 
NMOl, ALDH3c, and UGTl*O6 mRNA levels-is as- 
sociated with the EpRE recognition sequences. 

Is there any interaction between proteins binding to 
the EpRE and to the AhRE? Fig. 3 shows that both 
TCDD and tRHQ treatment (4th and 7th lanes) caused 
increases in the EpRE-binding protein band, compared 
with that of untreated cells (1st lane). An excess of un- 
labeled AP-1 was able to compete with the EpRE, caus- 
ing the EpRE-specific band to disappear (2nd, 5th, and 
8th lanes); these data are consistent with the data of Li 
and Jaiswal [33] who studied the human NM01 gene. 
Interestingly, an excess of unlabeled AhRE3 was also 
able to compete with the EpRE (though to a lesser de- 
gree than did AP-l), causing decreases in the EpRE- 
specific band (3rd, 6th, and 9th lanes). These experi- 
ments with Hepa-l wt cells (Fig. 3) were repeated with 
the chlch cells and standardized with the control probe, 
Ott-1 (Fig. 4, Table 3). The results suggest that proteins 
binding to the AhRE are competing with proteins bind- 
ing to the EpRE transcriptional complex. 

This possibility was further supported by results from 
experiments with mutant DNA motifs. Figure 5 shows 
that unlabeled EpRE and AP-1 oligonucleotides were 
able to compete completely for the EpRE-specific band 
(lanes 2,4,9, & 1 l), whereas the other oligonucleotides 

EpRE 

I I 
PI bHLH abHLH PIQR aQR 

nn 
OOY!i?!Z9 
ggoooo 
zzc6cbtict5 

uaoov)oo 

FREE 
PROBE - 

2 4 6 6 10 12 14 16 16 20 

Fig. 6. Gel mobility shift analysis of Hepa-l wt nuclear extracts probed with the radiolabeled Gsral EpRE, and the effect of 
antibodies to the AHR. Cells were treated with 10 nM TCDD or vehicle alone for 6 hr. PI represents preimmune serum; a represents 
antibody. Band B denotes the AhRE-specific TCDD-inducible band. Band A denotes the antibody-supershifted AhRE-specific 

band. Band C denotes the EpRE-specific band. 
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decreased EpRE binding to a lesser degree, in the order 
of EpRE > mEpRE > AhRE3 > mAhRE3 > C/EBPa 
(standardized to the negative control, Ott-1). The mu- 
tated EpRE oligonucleotide, thus, competes less effec- 
tively than the wild-type EpRE sequence, and the mu- 
tated AhRE oligonucleotide competes less effectively 
than the wild-type AhRE sequence. These data suggest 
further that proteins binding to the AhRE are competing 
with proteins that bind to the EpRE DNA motif. The 
same competition was also found with C/EBPa (Fig. 5). 

It should be pointed out that, within the mEpRE, there 
is a 9-bp sequence that contains the EpRE core binding 
site (TGACNNNGC; as in Table 1). Hence, we conclude 
that either both TGACNNNGC cores in the upstream 
region of the Gstal gene are necessary for the EpRE- 
specific band or both sites are able to bind the same, or 
different, protein complexes. This can be resolved by 
using shorter oligonucleotide probes, as well as the 
longer probe having mutations in both core binding sites; 
these additional experiments are underway. 

Differences in EpRE-binding protein(s) behveen the 
chlch and 14CoS/14CoS cells 

Figure 5 shows that there is a qualitative increase in 
the EpRE band in nuclear extracts from untreated 
14CoSI14CoS (lane l), as compared with that in un- 
treated chkh (lane 8) cells. We, again, quantitated the 
difference by studying an Ott-l-specific band in the 
same extracts, determining that untreated I4CoSI14CoS 
cells have more than twice as much EpRE-specific pro- 
tein than untreated chkh cells (Table 4). These data 
show that there is a correlation between the increased 
oxidative stress response found in 14CoSl14CoS cells 
and the increase in EpRE-binding protein(s). Interest- 
ingly, these results with untreated cells suggest that ox- 
idative stress, to some degree, is occurring all the time as 
the result of endogenous metabolism. 

Possible involvement of the Ah receptor in the 
EpRE-binding complex 

The fact that the AhRE3 is able to compete partially 
with the EpRE-specific band (Figs. 3-5) suggested to US 
that the AHR, or other AhRE-binding protein, might 
participate in the EpRE-binding complex. Figure 6 (left) 
shows that an antibody to the AHR glutamine-rich re- 
gion (aQR) was more effective than an antibody to the 
AHR bHLH region (abHLH) in supershifting the 
AhRE3-specific band. The antibody supershifts increase 
as a function of increasing antibody. These data confirm 
that these antibodies, developed against two different 
portions of the AHR protein, are capable of supershifting 
and eliminating the gel mobility electrophoretic band 
that represents the AhRE-binding protein complex. 
More specifically, the TCDD-inducible band (B), negli- 
gible in lane 1, increases strongly after TCDD treatment 
of the cells (lane 2). Band B is markedly diminished in 
lanes 5 & 6 with appearance of the supershifted band A 
following incubation with the antibody aQR, whereas 
incubation with the antibody abHLH had little effect 
(lanes 3 & 4). 

Table 5 and Fig. 6 (right) show that both AHR anti- 
bodies are capable of blocking the interaction of EpRE- 
binding proteins with the EpRE motif, whereas incuba- 
tion of preimmune serum with these nuclear extracts 
does not diminish formation of the EpRE-specific band 
C. We also found that an antibody to ARNT 1551 did not 

Table 5. Densitometric analysis: Effect of the AHR antibodies 
on the EpRE-specific band, using nuclear extracts from Hepa- 1 

wt cells 

% EpRE-specific 
Antibody (a) or Preimmune serum (PI) bend 

None 100% 

PI- 1 1.5 pg 120 
PI- 1 3.0 pg 120 
PI-l 6.0 pg 105 

a-ARNT 3.0 Wg 110 

a-bHLH 1.5 pg 66 
a-bHLH 3.0 c18 50 
a-bHLH 6.0 Fg 31 

PI-2 1.5 pg 118 
PI-2 3.0 w 106 
PI-2 6.0 pg 103 

a-QR 1.5 M 57 
a-QR 3.0 pg 42 
a-QR 6.0 pg 36 

Values expressed are the average of 3 independent experi- 
ments, again, standardized by the negative control, Ott-1, as 
described in Tables 3 and 4. 

cause a supershift of the EpRE band, although anti- 
ARNT was effective in causing a supershift of the AhRE 
band (Table 5). Furthermore, the AHR antibody-induced 
decreases in the EpRE band were proportional to the 
amount of antibody added. Qualitative changes seen in 
Fig. 6 were quantitated in three individual experiments; 
these results (Table 5) strongly suggest that the AHR, or 
a related protein, participates in the EpRE-binding com- 
plex. 

CONCLUSIONS 

In summary, in the deleted region of Chr 7 of 14CoSI 
I4CoS mice, this laboratory had postulated the presence 
of a “master switch” repressor gene-Nmoln, a nega- 
tive effector of Nmol and the other [Ah] Phase II genes 
[7, 241. The generation of endogenous oxidative stress, 
caused by the absence of a gene in this deleted region, 
was also considered a possibility [25]. From studies of 
transgenic and knockout Fah mouse lines [30, 311, it 
now appears likely that the latter hypothesis is the cor- 
rect one and that the putative Nmoln [7, 241, hsdrl [2, 
51, and aIf[8, 171 genes are one and the same. Using an 
inhibitor of an enzyme in the tyrosine degradation path- 
way in Fah(-l-) knockout mice, however, the expected 
downregulation of Nmol was not found [56], indicating 
that not all answers are in yet, concerning the attempts to 
equate the I4CoSt14CoS and Fah(-l-) mouse lines. 

Whereas at least six genes in the [Ah] battery are 
upregulated by dioxin, the four [Ah] Phase II genes-but 
not the two [Ah] Phase I genes-are upregulated in re- 
sponse to endogenous or exogenous oxidative stress. 
From the work presented here, we suggest that oxidative 
stress occurs (via endogenous metabolism) in untreated 
cells, and the oxidative stress response can be increased 
by either endogenous or exogenous metabolites. The 
data shown in the present study also suggest the likeli- 
hood that the AHR participates in both the TCDD-in- 
ducible AhRE-mediated response and the oxidative 
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stress-inducible EpRE-mediated response. To our 
knowledge, this might be the first report in which the 
same transcription factor participates in two distinct 
transcriptional complexes, at hvo different response el- 
ements, upstream of a single gene. This is also the first 
incidence in which AHR might participate in a transcrip- 
tional complex in the absence of ARNT. A recent report 
has shown the converse: that ARNT, but not AHR, binds 
to the erythropoietin gene enhancer in response to hyp- 
oxia [57]. 

Furthermore, our findings show that, although further 
definitive experiments are needed, C/EBPa also appears 
to participate in the oxidative stress-inducible EpRE- 
mediated response. The possible competition of the same 
transcriptional factor (AHR), involved in two very dif- 
ferent enhancers/DNA motifs upstream of the same gene 
(Nmol, Ahd4, Ugtl*O6, and Gstal), upregulated by dis- 
tinctly different signals, is intriguing and suggests many 
further experiments to explore this interrelationship. Is 
the role of the AHR in oxidative stress absolutely essen- 
tial, or is it a redundant pathway? What is(are) the en- 
dogenous ligand(s) for the AHR? What other, and how 
many, proteins bind to the EpRE and to the AhRE? How 
does hypoxia-induced ARNT-mediated gene expression 
affect AHR-mediated gene expression? These questions 
are being pursued in our laboratories. 
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