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ABSTRACT

Glucocorticoids repressed the polycyclic aromatic hydrocar-
bon-dependent induction of Class 3 aldehyde dehydrogenase
(ALDH3) enzyme activity and mRNA levels in isolated rat hepa-
tocytes by more than 50 to 80%, with a concentration-depen-
dence consistent with the involvement of the glucocorticoid
receptor (GR). No consistent effect on the low basal transcrip-
tion rate was observed. This effect of glucocorticoids (GC) on
polycyclic aromatic hydrocarbon induction was effectively an-
tagonized at the mRNA and protein level by the GR antagonist
RU38486. The response was cycloheximide-sensitive, because
the protein synthesis inhibitor caused a GC-dependent super-
induction of ALDH3 mRNA levels. This suggests that the effects
of GC on this gene are complex and both positive and negative
gene regulation is possible. The GC-response was recapitu-
lated in HepG2 cells using transient transfection experiments
with CAT reporter constructs containing 3.5 kb of 5'-flanking

region from ALDH3. This ligand-dependent response was also
observed when a chimeric GR (GR DNA-binding domain and
peroxisome proliferator-activated receptor ligand-binding do-
main) was used in place of GR in the presence of the peroxi-
some proliferator, nafenopin. A putative palindromic glucocor-
ticoid-responsive element exists between —930 and —910
base pairs relative to the transcription start site. If this element
was either deleted or mutated, the negative GC-response was
completely lost, which suggests that this sequence is respon-
sible, in part, for the negative regulation of the gene. Electro-
phoretic mobility shift analysis demonstrated that this palin-
dromic glucocorticoid-responsive element is capable of
forming a specific DNA-protein complex with human glucocor-
ticoid receptor. In conclusion, the negative regulation of ALDH3
in rat liver is probably mediated through direct GR binding to its
canonical responsive element.

The aldehyde dehydrogenases are a family of homodimeric
enzymes, the function of which is to catalyze the oxidation of
a wide variety of aliphatic and aromatic aldehydes to their
corresponding carboxylic acids. They are classified according
to their sequence similarity (Lindahl, 1994). In the rat, one
family member, aldehyde dehydrogenase 3 (ALDH3), is in-
duced by polycyclic aromatic hydrocarbons (PAH) or chlori-
nated compounds, such as TCDD (Dunn et al., 1988). These
compounds are ligands for the aryl hydrocarbon (Ah) recep-
tor, a transcription factor that binds a canonical consensus
sequence [TNGCGTG; Ah responsive element (ARRE)] to fa-
cilitate gene transactivation (Whitlock et al., 1996). These
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compounds represent a major class of environmental pollut-
ants that produce a wide range of toxic and carcinogenic
effects. Rat genes that are activated by this Ah receptor
mechanism include CYP1 family members, ALDH3, GSTAZ2,
QOR, and UGT1A6. Multiple copies of the ARRE sequence
have been found in CYP1AI, although single copies have
been found in the 5’ flanking regions of the GSTA2 (Rush-
more et al., 1990), UGT1A6 (Emi et al., 1996) and QOR
(Favreau and Pickett, 1991) genes. Two sequences that have
significant similarity with the AAZRE core have been observed
near positions —3500 and —687 in the 5'-flanking region of
the rat ALDH3 gene (Takimoto et al., 1994; Xie et al., 1996).

Previous studies in our laboratory (Xiao et al., 1995;
Prough et al., 1996) have shown that several genes regulated
by the Ah receptor (namely, GSTA2, QOR, and ALDH3) are
negatively regulated by physiological levels of glucocorticoids

ABBREVIATIONS: PAH, polycyclic aromatic hydrocarbon; AhRE, aryl hydrocarbon receptor response element; ALDH, aldehyde dehydrogenase;
AP-1, activator protein-1; BA, 1,2-benzanthracene; bp, base pair(s); CAT, chloramphenicol acetyltransferase; CHX, cycloheximide; CMV,
cytomegalovirus; DEX, dexamethasone; DMSO, dimethyl sulfoxide; GC, glucocorticoid; GR, glucocorticoid receptor; GRE, glucocorticoid
response element; P-450, cytochrome P-450; PCR, polymerase chain reaction; pGRE, palindromic glucocorticoid response element; NF-1,
Nuclear Factor 1; PPAR, peroxisome proliferator-activated receptor; QOR, NAD(P)H:quinone acceptor oxidoreductase, SDS, sodium dodecyl

sulfate; SSC, standard saline citrate; UGT, UDP-glycosyltransferase
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(GCs) in primary cultures of rat hepatocytes and GSTA2 and
®OR in adrenalectomized rats (Sherratt et al., 1989) or neo-
natal rats whose circulating levels of GCs are negligible
(Linder and Prough, 1993). In contrast, other members of the
Ah gene family whose PAH-dependent induction are posi-
tively regulated by GCs, include CYP1AI and UGT1A6. We
have shown that in the case of GSTA2, the negative regula-
tion involves the GC receptor (GR) binding to a palindromic,
canonical binding sequence (TGTYCT) found in the 5'-flank-
ing sequence of that gene (Falkner et al.1998). The hypoth-
esis of the current study is that the regulation of ALDH3 by
GCs occurs at the transcriptional level and that it involves
the binding of the GR to its canonical consensus element in
the 5’ flanking region of this gene. In this article, we describe
the effects of GCs on ALDHS3 expression in primary rat he-
patocyte cultures and test our hypothesis using transient
transfection techniques in cultured HepG2 cells.

Experimental Procedures

Materials. Collagenase (type H), chlorophenol red-g-p-galactopy-
ranoside and random primed DNA-labeling kits were purchased
from Boehringer Mannheim (Indianapolis, IN). Benzaldehyde, 1,2-
benzanthracene (BA), bicinchoninic acid solution, chloramphenicol,
dexamethasone (DEX), Hanks’ modified balanced salts, and insulin-
transferrin-sodium selenite medium supplement were obtained from
the Sigma Chemical Co. (St. Louis, MO). Restriction endonucleases
and T4 ligase were purchased from either Promega (Madison, WI) or
New England Biolabs (Beverly, MA). pCR II cloning kits were ob-
tained from InVitrogen (San Diego, CA). Nafenopin was obtained
from Ciba Gigy Chemical Co. (Ardsley, NY) and RU38486 was ob-
tained from Roussel Uclaf (Romainville, France). n-Butyryl CoA and
poly dI-dC were obtained from Pharmacia (Piscataway, NJ).
[PH]Chloramphenicol and [*2P]dCTP were obtained from Du Pont
New England Nuclear (Boston, MA). Oligonucleotides were pur-
chased from National Bioscience Inc. (Plymouth, MN). The poly-
clonal antihuman GR antibodies (PA1-511) were obtained from Af-
finity Bioreagents, Inc. (Golden, CO). Dulbecco’s modified Eagle’s
medium (DME/High modified) was purchased from JRH BioSciences
(Lexena, KS). Premium grade fetal bovine serum was obtained from
Harlan Bioproducts for Science (Indianapolis, IN). Plasmid purifica-
tion was performed using kits from Qiagen (Chatworth, CA). Poly-
merase chain reaction (PCR) reagents were purchased from Perkin
Elmer Cetus (Norwalk, CT). Antibiotic-antimycotic solution, argi-
nine, arginine-free Eagle’s medium, and Luria broth base were pur-
chased from Life Technologies, Inc.(Gaithersburg, MD). Matrigel
was purchased from Collaborative Research Inc. (Bedford, MA). All
other reagents were of either American Chemical Society or molec-
ular biology grade.

Primary Rat Hepatocyte Cultures. Hepatocytes were routinely
prepared from male adult Sprague-Dawley rats (180 to 250 g, Hsd:
Sprague-Dawley) from Harlen Sprague-Dawley (Indianapolis, IN) by
in situ liver collagenase perfusion and cultured with a matrigel
overlay (Schuetz et al., 1988) with modifications (Xiao et al., 1995).
After 24 h in culture, inducing agents were added after fresh medium
was provided to the cells. Control cells received solvent alone. After
48 to 72 h in culture, the medium was removed by aspiration, the
cells were washed with phosphate-buffered saline, harvested by
scraping, and the protein/mRNA was stored at —80°C. Protein con-
centrations were determined using the bicinchoninic acid method
with bovine serum albumin as the standard (Smith et al., 1985).
Enzyme activity was stable in hepatocyte samples stored for up to 1
month and ALDHS3 protein was stable for more than 6 months at
—80°C when analyzed by Western blot analysis (data not shown).

Hepatoma Cell Culture. The human hepatoblastoma cell line
HepG2 was obtained from the American Type Culture Collection

tissue-culture cell collection (Rockville, MD). HepG2 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with
antibiotic-antimycotic solution, nonessential amino acids, and 10%
fetal bovine serum. The cells were incubated at 37°C in a humidified,
5% carbon dioxide environment and were subcultured every 2 to 3
days.

Enzyme Assays. Aldehyde dehydrogenase activity was deter-
mined by monitoring the increase in absorbance at 340 nm caused by
NADPH production during the oxidation of benzaldehyde as sub-
strate (Lindahl, 1977). 7-Ethoxyresorufin O-deethylase activity was
determined by the fluorometric assay described previously (Prough
et al., 1978).

Northern Analysis. Total RNA was isolated as described by
Chomezynski and Sacchi (1987) with minor modifications as de-
scribed previously (Xiao et al., 1995). Northern blot experiments
were performed after size fractionation of denatured RNA (25 ug) on
formaldehyde-containing 1% agarose gels (FMC Bioproducts, Rock-
land, ME) and transfer of RNAs to Zetaprobe membranes (Bio-Rad
Laboratories, Hercules, CA) by diffusion. Hybridization was carried
out overnight at 43°C in 0.25 M sodium phosphate buffer, pH 7.2,
containing 0.25 M NaCl, 7% sodium dodecyl sulfate (SDS), 0.5X
standard saline citrate (SSC), 1 mM EDTA, and 32P-labeled cDNA
probe. The hybridized membranes were washed sequentially for 15
min with 2X SSC and 0.1% SDS, 0.5X SSC and 0.1% SDS, or 0.1X
SSC and 0.1% SDS. Autoradiography was performed and the inten-
sity of relevant bands quantitated using a Bio-Rad model 620 video
densitometer.

Probes for mRNA Analysis. ALDH3 mRNA was measured us-
ing a EcoRI/HindIII ¢cDNA fragment of the plasmid pSelALDHX, the
ALDH3-specific clone (Dunn et al., 1988). Cytochrome P-450 (P-450)
1A1 mRNA was measured using a PstI fragment from the plasmid
pAS8 provided by R. N. Hines, Department of Pharmacology and
Toxicology, Wayne State University (Hines et al., 1985). As a control,
B-actin mRNA levels were measured using a mouse cytoskeletal
B-actin (Xiao et al., 1997). These nucleic acid probes were labeled
with [*?P]dCTP using the random primer labeling procedure.

Generation of PCR Products. To create reporter plasmids in
which the palindromic GRE in the 5'-flanking region of
pALDH3.5CAT was mutated, a wild-type upstream primer OKF11
(5'-GGAGGACAAAGTGTTGCTATG-3') and mutant primer OKF12
(5'-GGACGGCAAAGTGTTGCTATG-3') complimentary to base
pairs (bp) —930 to —910 were used in conjunction with the down-
stream primer OKF13 (5'-AGCTGCTGTTCTCTGAGTCC-3’) to pro-
duce a 605-bp product. The primers OKF11 and OKF12 differ in the
putative palindromic GRE, causing a AGGACA-to-ACGGCA muta-
tion in the perfect half site. PCR was performed in a Barnstead
Thermolyne Amplitron II thermal cycler (Dubuque, IA) with a Mg?*
concentration of 2 mM. The PCR products were produced through 20
cycles of annealing temperature of 55°C for 1 min, elongation at 70°C
for 1 min, and denaturing at 90°C for 30 s.

Plasmid Constructs. The 5’ flanking region construct of rat
ALDH3 (pALDH3.5CAT) has been described previously (Takimoto et
al., 1994). pCMVp was obtained from Clonetech (PaloAlto, CA). The
chimeric GR containing the ligand-binding domain for PPAR« was
generously provided by Thomas H. Rushmore, Merck Research Lab-
oratories, West Point, PA (Boie et al., 1993). pRSVGR, the expression
vector for the human GR, was a kind gift from Michael Mathis
(Louisiana State University Medical School, Shreveport, LA). E. coli
DH5a were routinely transformed with plasmids of interest for prep-
aration of transfection-quality plasmids. pCRII derived plasmids
were grown in the Escherichia coli strain provided (InVitrogen, San
Diego, CA.). The pA(—1057/—392)CAT construct was created by di-
gesting pALDH3.5CAT with Pstl and religating the parent frag-
ments; this created a deletion between position —1054 and —392 in
the 5'-flanking sequence. The pA(—1057/—930)CAT construct was
generated by initially subcloning the 605-bp PCR product produced
using OKF 11 and OKF 13 into the pCR II vector. Digestion of the
resulting plasmid with Ps¢I resulted in the liberation of a 568 bp
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fragment which was then subcloned in a vector made from PstI
digestion of pA(—1057/-392)CAT. The normal orientation of the frag-
ment was confirmed with EcoRI digestion of the resulting plasmid
PA(—=1057/—930)CAT. The pA(—1057/—930)MUTCAT construct was
produced in an identical fashion to pA(—1057/—930)CAT except
OKF12 and OKF 13 were used to generate the mutated pGRE PCR
product.

Transfection of HepG2 Cells. Cells were transfected, treated,
and harvested using methods described previously (Rushmore et al.,
1990; Xiao et al., 1997). The cells were approximately 40% confluent
when transfected. All cells were cotransfected with 2 ug of pCMV as
a transfection control. Routinely, 2 ug of cotransfected plasmids
(pGRPPAR or pRSVGR) and 4 ug of pALDH3.5CAT or related con-
structs were added per flask. The inducing agents BA, DEX,
nafenopin, and/or RU38486 were added as 500X concentrated stocks
in dimethyl sulfoxide (DMSO). Controls received DMSO alone.

Assays for p-Galactosidase and Chloramphenicol Acetyl-
transferase Activity. The chloramphenicol acetyltransferase assay
employed in this study was a variant of that described by Gorman et
al. (1982) and has been described previously (Xiao et al., 1997). For
the B-galatosidase assays, cell extracts (30 ug of protein) were incu-
bated at 37°C for 1 h. Activity was determined spectrophotometri-
cally in the presence of chlorophenol red B-galactopyranoside by
measuring absorbance formed at 595 nm on a Titretek Uniskan II
plate reader (Flow Laboratories, McLean, VA).

Electrophoretic Mobility Shift Assay Protocol. Nuclear ex-
tracts were prepared from either HepG2 or HepG2-GR4 cells by
methods described previously (Dignam et al., 1983), and were then
aliquoted and stored at —80°C until used. Cells from the HepG2-GR4
cell line are stably transfected with an expression vector for the
human GR and have been described previously (Falkner et al. 1998).
Nuclear extracts were incubated at 30°C for 30 min with either
competitor ds-oligonucleotides followed by incubation with radiola-
beled probe or with radiolabeled probe before addition and incuba-
tion with polyclonal-human anti-GR antibody before resolution on a
polyacrylamide gels using 0.5X Tris/borate/EDTA buffer. The gels
were dried and analyzed by exposure to a Phosphor Screen in a
Molecular Dynamics PhosphorImager (Molecular Dynamics, Sunny-
vale, CA).

Statistical Analysis. All data was analyzed using a Student’s ¢
test.

Results

Concentration-Dependent Effects of DEX on BA-De-
pendent Induction of ALDH3 Activity in Primary Rat
Hepatocytes. Previous experiments in our laboratory have
shown that GCs regulate the expression of many genes that
require the action of the Ah receptor (Xiao et al., 1995;
Prough et al., 1996). To examine whether the negative regu-
lation of ALDHS3 expression was mediated by GR, we initially
tested the concentration-dependence of the repression phe-
nomenon (Fig. 1A). As anticipated, aldehyde dehydrogenase
activity was induced 4.6-fold by inclusion of 50 uM BA in the
culture media. This result is consistent with the selective
induction of this activity via an Ah receptor mechanism
(Dunn et al., 1988). Addition of the synthetic GC DEX caused
a simple monotonic decline in PAH-inducible ALDH3 activity
in the concentration range between 10~ ¢ and 10~ 2 M, with
significant decreases (<50%) in activity being observed with
concentrations of 1078 M or greater. No significant effect was
observed on the very low level of basal ALDH activity of rat
hepatocytes, which may be caused by other constitutive
ALDH isoenzymes that also display low levels of catalytic
activity toward benzaldehyde. We observed a 2- to 3-fold in-
crease in PAH-inducible, P-450 1A1-dependent 7-ethoxyresorufin
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O-deethylation activity with addition of increasing amounts
of DEX (Fig. 1B), concomitant with the decrease in ALDH3
activity, similar to our past studies (Xiao et al., 1995; Prough
et al., 1996). Similar results at the mRNA and protein levels
were obtained from Northern and Western analysis, respec-
tively (data not shown). These results demonstrate that GCs
suppress the levels of ALDH3 enzyme activity and specific
mRNA levels in cultured rat hepatocytes exposed to PAH
with a concentration-dependence consistent with the involve-
ment of GR.

Effects of GR Antagonist RU38486 on the DEX-De-
pendent Repression of BA-Induced ALDH3 mRNA Lev-
els in Primary Rat Hepatocytes. To further characterize
the involvement of the GR in the DEX-dependent suppres-
sion of ALDH3 mRNA levels and activities, we examined the
effects of RU38486 to effectively antagonize the suppression
by GCs. As shown in Fig. 2, treatment of the hepatocytes
with BA caused a 14-fold induction in the mRNA level for this
gene. Administration of DEX suppressed BA-dependent in-
duction of this gene by 75%; the basal level of expression was
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Fig. 1. Effect of DEX on ALDH3 and P-450 1Al enzyme activity in
cultured adult rat hepatocytes. Primary rat hepatocytes were prepared as
described under Experimental Procedures and cultured with a Matrigel
overlay. Twenty-four hours after plating, the medium was changed and
cells were treated with either DMSO or with 50 uM BA in DMSO, 1 uM
DEX in DMSO, or combinations of the two agents for 72 h. Cells were
harvested by scraping and enzyme activity was determined. A, ALDH3
enzyme activity using benzaldehyde as substrate. B, P45 1A1 enzyme
activity using 7-ethoxyresorufin as substrate. *, statistically different
from control (p < .01).
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sufficiently low that no statistically significant effect of
RU38486 could be observed. RU38486 seemed to slightly
decrease the BA-dependent induction (11-fold compared with
14-fold for BA alone), but significantly reversed the DEX-
dependent repression of BA-induced expression of this gene.

Although the progesterone receptor also binds RU38486,
R5020, an agonist of the progesterone receptor, had no ob-
served effect on regulation of this gene in HepG2 cells co-
transfected with human GR (data not shown). Thus,
RU38486 was an effective antagonist of the GC-mediated
negative regulation of this PAH-inducible gene. Likewise, the
effect of GCs potentiating the BA-dependent induction of
P-450 1A1 mRNA levels was also effectively antagonized by
RU38486, as reported previously (Xiao et al., 1995). In con-
cert, these results are consistent with the involvement of GR
and support the conclusion that the effects of GC on ALDH3
expression occur at the pretranslation level.
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Fig. 2. Effect of the GR antagonist RU38486 on ALDH3 and P-450 1A1
mRNA levels. Primary rat hepatocytes were cultured as described under
Experimental Procedures. Twenty-four hours after plating, the medium
was changed and cells were treated with either DMSO, 50 uM BA in
DMSO, 1 uM DEX in DMSO, 10 uM RU38486 or combinations of the
three agents for 72 h. mRNA was harvested and Northern blotting
performed as described under Experimental Procedures, using ALDH3,
CYP1A1, and GADPH c¢DNA probes. The hybridization complexes were
recorded using X-ray film and quantified using a Bio-Rad model 620 video
densitometer and normalized to the level of GAPDH message. A, data for
ALDH3 and P-450 1A1 mRNA levels from three independent experi-
ments. B, data for representative experiment. *, statistically different
from control cells (p < .01); **, statistically different from BA-treated
cells (p < .04).

Effect of the Protein Synthesis Inhibitor Cyclohexi-
mide (CHX) on the DEX-Mediated Repression of BA-
Induced ALDH-3 mRNA Levels in Rat Hepatocytes.
Unlike other GR-regulated genes, the effects of GC on
ALDHS3 expression is negative. To test the hypothesis that
this effect might occur either through de novo synthesis of a
second transcription factor or interaction with an intrinsi-
cally labile protein, we tested the CHX sensitivity of the
DEX-dependent repression of ALDHS3 expression. As shown
in Fig. 3A, administration of CHX (5 ug/ml for 24 h) com-
pletely blunted the repressive effect of GC and actually re-
sulted in a GC-dependent superinduction of ALDH3 com-
pared with control hepatocytes. In addition, CHX caused an
increase in the level of P-450 1A1 mRNA induction by BA
(Fig. 3B). This superinduction phenomenon with CYPIAI
expression has been observed previously (Lusska et al.,
1992). Superinduction by CHX in the presence of DEX sug-
gests that the negative regulation of ALDH3 by GC most
likely involves a second, labile (i.e., CHX-sensitive) transcrip-
tion factor, because we would expect the level of expression
observed if de novo synthesis were involved to be the same as
that of cells treated with CHX and BA alone. Because the
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Fig. 3. Effect of the protein synthesis inhibitor CHX on GC repression of
ALDH3 mRNA levels. Primary rat hepatocytes were cultured as de-
scribed under Experimental Procedures. Twenty-four hours after plating,
the medium was changed and cells were treated with either DMSO, 50
uM BA in DMSO, 1 puM DEX in DMSO, 0.5 pg/ml CHX or combinations
of the three agents. As shown in Fig. 2, the data shown for ALDH3 and
P-450 1A1 mRNA levels was normalized to the level of GADPH message.
A, ALDH3 message levels. B, P-450 1A1 message levels. *, statistically
different than level of message in untreated cells (p < .01); **, statisti-
cally different from level of message induced by BA alone (p < .08); s,
statistically different from message in cells not treated with CHX (p <
.01).
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positive regulatory effect of DEX on CYPI1A1 expression was
unaffected, it is unlikely that the loss of negative regulation
is caused by a shortage of functional GR. The superinduction
observed is intriguing and indicates that the interaction of
ligand-activated GR with ALDH3 is complex, possibly allow-
ing for both positive and negative regulation depending on
the transcription factors present in a given cell type. Several
constitutive negative regulatory regions have been described
and are implicated in the regulation of this gene (Xiao et al.,
1995; Xie et al., 1996).

Effects of BA, DEX, and RU38486 on pALDH 3.5CAT
Expression. As anticipated, BA induced expression of
pALDH 3.5CAT approximately 20-fold when this reporter
construct was transiently transfected in HepG2 cells (Fig. 4).
Interestingly, we did not observe appreciable BA-induced
CAT activity when a plasmid containing a 5.5-kb portion of
the ALDHS3 5'-flanking region (pALDH5.5CAT) was trans-
fected (results not shown). This suggests that the distal neg-
ative response element of ALDH3, reported to reside between
—5.5 and —3.5 kb, acts more effectively in HepG2 cells than
in HIT4E cells used in studies reported by Takimoto et al.
(1994). Therefore, we used pALDH3.5CAT to elucidate the
role of GR in regulation of this gene. DEX suppressed the
BA-dependent induction of pALDH3.5CAT approximately by
40 to 50% in HepG2 cells transiently cotransfected with both
pALDH3.5CAT and a functional GR-expression plasmid,
pPRSVGR (Fig. 4). This is in good agreement with data ob-
served from both mRNA and enzyme activities in primary rat
hepatocyte cultures, supporting our hypothesis that GCs
suppress PAH-dependent induction of ALDH3 gene at the
transcriptional level. In primary hepatocytes and transiently
transfected HepG2 cells, the basal ALDH3 transcription rate

Effect of Ru38486 on GC Repression of ALDH3C mRNA Levels
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Fig. 4. Effects of RU38486 on CAT activity of HepG2 Cells transiently
transfected with p3.5ALDHCAT and treated with either BA, DEX, and/or
RU38486. CAT and B-galactosidase assays were performed on lysates
from HepG2 cells that had been transiently transfected with
p3.5ALDHCAT and the expression plasmids for pCMVB and pRSVGR
and then treated with either 50 uM BA, 1 uM DEX, 10 uM RU38486, or
combinations of these compounds for 24 h as described under Experimen-
tal Procedures. The normalized CAT activity is the percentage conversion
of chloramphenicol to its acetyl derivative relative to B-galactosidase
activity and is the mean of three flasks * standard deviation (S.D.). *,
statistically different from CAT activity of control cells (p < .001); **,
statistically different from CAT Activity of BA-treated cells (p < .005).
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of the native and reporter gene is low and no consistent effect
of DEX was noted on the low basal expression.

When HepG2 cells were cotreated with the GR antagonist
RU38486 (Fig. 4), no effect was observed on either the basal
or BA-induced levels of pALDH3.5CAT expression. In fact,
the levels of pALDH3.5CAT expression in HepG2 cells
treated with either BA or BA and DEX were identical in the
presence of the GR antagonist. RU38486 was an effective
antagonist of the DEX-dependent suppression of
pALDHS3.5CAT expression, implying that the response in-
volves GR.

Deletion Analysis of the Palindromic GRE Located
between bp —1057 and —380 in the 5’ Flanking Region.
From sequence analysis of the 5'-flanking sequence of
ALDHS3, we identified a imperfect pGRE sequence at approx-
imately —920 bp relative to the transcription start site. De-
letion of a PstI fragment (—1057 to —392) from the 5'-flank-
ing region of pALDH3.5CAT to form pA(—1057/—392)CAT
had dramatic effects on both the PAH-dependent induction of
CAT activity and the DEX-dependent suppression of induc-
tion (Fig. 5). With pA(—1057/—392)CAT, BA caused only a
4-fold increase in CAT activity relative to the 20-fold induc-
tion observed with the parent construct, whereas basal ac-
tivity was nearly identical between the two constructs. A
sequence related to the canonical ARRE consensus is located
within the PstI fragment (between bp —690 and —685 at the
5" end of the transcription start site). Our results are consis-
tent with the active involvement of this AhRE sequence in
determining the magnitude of the PAH induction of ALDH3
expression in HepG2 cells. Cotreatment of the cells with DEX
had no effect on the reduced BA-dependent induction of this
deletion construct, which suggests that sequences critical for
the GC effect may be located between bp —1057 and —390.
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Fig. 5. Effects of an ALDH3 5'-flanking region deletion construct on CAT
activity of transiently transfected HepG2 cells. CAT and B-galactosidase
assays were performed on lysates from HepG2 cells that had been tran-
siently transfected with either p3.5ALDHCAT or pA(—1057/—392)CAT
(deletion of sequences between position —1057 to —390) and the expres-
sion plasmids for pPCMVB and pRSVGR and then treated with either 50
uM BA, 1 uM DEX, or combinations of these compounds for 24 h as
described under Experimental Procedures. The normalized CAT activity
is expressed as the percentage conversion of chloramphenicol to its acetyl
derivative relative to B-galactosidase activity and is the mean of three
flasks = S.D. =, statistically different from CAT activity of control cells
(p < .002); ==, statistically different from CAT activity of BA-treated cells
(p < .003).
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This is consistent with the involvement of the pGRE located
—920 bp in the GC regulation of this gene.

Role of the Palindromic GRE Sequence in ALDH3
Expression. To test whether GCs act through the putative
pGRE, we used a PCR-based strategy to generate variant
PALDHS3.5CAT constructs that contained either a mutated
(AGGACA to ACGGCA) or wild-type sequence of the pGRE.
The PCR products were synthesized to span the region be-
tween —930 and —374 in the 5'-region of ALDH3. The ratio-
nale was to produce plasmids that had full BA-dependent
inducibility containing the AhRE sequences at —690 to —685
and the distal element at approximately —3.5 kb, but with
mutations in the —920 pGRE site. Because of the location of
restriction sites in the 5’-flanking region when PCR products
were reintroduced into pA(—1057/—392)CAT, the resulting
plasmids lack 127 bp of sequence located at —1057 to —930
from the transcription start site and immediately 5’ of the
putative pGRE. We reported previously that this deletion
resulted in a 5-fold increase in basal expression, but had no
affect on the PAH induction of this reporter construct (Xiao et
al., 1997). As shown in Fig. 6A, constructs pA(—1057/
—930)CAT and pA(—1057/—930)MUTCAT possessed all
other sequences from —3.5 kb through the transcription start
site. Both plasmids tested (wild-type and mutant GRE) were
induced approximately 20-fold by BA, nearly identical with
the induction observed with pALDH3.5CAT. When both BA
and DEX were coadministered, only pA(—1057/—930)CAT,
which contains the wild-type GRE, was repressed by approx-
imately 50 to 60%. DEX failed to significantly repress expres-
sion of pA(—=1057/—930)MUT CAT activity with a construct
which contains a 2-bp mutation in the GRE. We have subse-
quently performed transient transfection experiments with
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Fig. 6. Effects of mutation of the palindromic GRE in the 5’-flanking
region of p3.5ALDHCAT on CAT activity of transiently transfected
HepG2 cells treated with BA and DEX. CAT and B-galactosidase assays
were performed on lysates from HepG2 cells that had been transiently
transfected with p3.5ALDHCAT constructs containing either a native
core GRE (pA(—1057/—930)CAT) or a mutated core GRE (pA(—1057/
—930)MUTCAT) and the expression plasmids for pCMVB and pRSVGR
and then treated with either 50 uM BA, 1 uM DEX, or combinations of
these compounds for 24 h as described under Experimental Procedures.
The normalized CAT activity is expressed as the percentage conversion of
chloramphenicol to its acetyl derivative relative to B-galactosidase activ-
ity and is the mean of three flasks = S.D. *, statistically different from
CAT activity of control cells (p < .001); **, statistically different from CAT
activity of BA-treated cells (p < .0003).

CAT reporter constructs containing either a standard xeno-
biotic response element or multiple copies of a GRE en-
hancer. We examined the effects of either 1 uM DEX, 50 uM
BA, or combinations of both chemicals. BA had no effect
under any condition on the GRE enhancers and DEX had no
effect on either basal or PAH-induced expression through the
ARRE enhancers (data not shown). These results indicate
that there can not be a simple interaction between GR and
AhR working through their respective canonical responsive
elements. In conclusion, the palindromic GRE is functionally
involved in the negative regulation of the ALDHS3 gene and
neither GC nor GR affect the function of AhR.

Effect of a Chimeric GR on Negative Regulation of
PALDHS3.5CAT. In our previous studies on the rat glutathi-
one S-transferase A2 gene, we demonstrated that a chimeric
GR [GR DNA-binding domain and peroxisome proliferator-
activated receptor-a (PPAR«) ligand-binding domain] does
not regulate that gene, which suggests that a second tran-
scription factor must be required for the coregulation of that
gene (Falkner et al., 1998). Because the GSTA2 and ALDH3
genes may have conserved mechanisms for the negative reg-
ulation by GR, we used the chimeric GR-PPAR in transient
transfection experiments with pALDH3.5CAT. As seen in
Fig. 7, cotransfection of this chimeric receptor plasmid re-
sulted in a nafenopin-induced decrease in reporter expres-
sion, although nafenopin had no effect on the pALDH3.5CAT
expression when cotransfected with a plasmid that expresses
human GR. This result demonstrates that the binding of GR
to the canonical GRE of ALDHS3 is required for negative
regulation of this gene, independent of the ligand-binding
domain, which can interact directly with other transcription
factors, such as the CCAAT/enhancer-binding protein
(Nishio et al., 1993). Although there was some suppression of
BA-induced activity by DEX in the presence of cotransfected
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Fig. 7. Effects of a chimeric GR on pALDH3.5CAT Activity of transiently
transfected HepG2 cells treated with BA and either DEX or nafenopin.
CAT and B-galactosidase assays were performed on lysates from HepG2
cells that had been transiently transfected with p3.5ALDHCAT and
cotransfected with pCMV and plasmids expressing either human pRS-
VGR or the chimeric GR-PPAR. The HepG2 cells were treated with either
50 uM BA, 1 uM DEX, 50 uM nafenopin, or combinations of these
compounds for 24 h as described under Experimental Procedures. The
normalized CAT activity is expressed as the percentage conversion of
chloramphenicol to its acetyl derivative relative to B-galactosidase activ-
ity and is the mean of three flasks = S.D. *, statistically different from
CAT activity of BA-treated cells (p < .01). *x*, statistically different from
CAT activity of BA-treated cells transfected with GR (p = .04).
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GR-PPAR, this effect was not as large or reproducible as the
effect seen with cotransfected GR, which is consistent with
our observations that HepG2 cells express low and variable
levels of GR (Falkner et al., 1998). Because the GR-PPAR
functions to negatively regulate ALDH3 reporter gene ex-
pression, GR must regulate this gene’s expression, but in a
manner different than its action in GSTA2 expression.
Electrophoretic Mobility Shift Assay of the Palin-
dromic GRE. To establish that the putative GRE sequence
was capable of binding human GR, we performed electro-
phoretic mobility shift experiments with the ds-oligonucleo-
tides shown in Fig. 8A. Extracts from HepG2-GR4 cells,
which are stably transfected to express human GR, formed a
quantitatively larger amount of DNA-protein complex with a
ds-oligonucleotide with sequences identical with the ALDH3
pGRE than do extracts from HepG2 cells (Fig. 8B). Forma-
tion of the complex could be prevented by inclusion of either
excess unlabeled oligonucleotide or antibodies specific for
GR. The antibody was used under conditions identical with
those we have used previously to supershift a DNA-protein
complex formed with the pGRE derived from GSTAZ2
(Falkner et al., 1998). The diminished formation of the spe-
cific complex is consistent with our hypothesis that GR binds
to this pGRE sequence of ALDHS3 (Fig. 8B). To further char-
acterize the complex, we tested the ability of other ds-oligo-
nucleotides to prevent DNA-protein complex formation. In-
creasing concentrations of ds-oligonucleotides derived from
sequences either identical with the ALDH3 pGRE or a con-
sensus pGRE identical with that from the mouse mammary
tumor virus long terminal repeat caused clear, graded de-

A

ALDH3 pGRE Sequence
5-TATGTAAGGAGGACAAAGTGTTGCTATGTGAGCA-3

3-ACATTCCTCCTGTTTCACAACGATACACTCGTAT-S

GR~- va b

Mutated ALDH3 pGRE Sequence
5'-TATGTAAGGACGGCAAAGTGTTGCTATGTGAGCA-3'

3-ACATTCCTGCCGTTTCACAACGATACACTCGTAT-3'

MMTV pGRE Sequence
5-AGCTTGGTCGACATGGTTACAAACTGTTCTTAAAACAAGG-3
F-ACCAGCTGTACCAATGTTTGACAAGAATTTTGTTCCAGCT-5'
CYPIAI ARRE Sequence
5-AGCTTGAGCTCGGAGTTGCGTGAGAAGAGCCG-3'

3-ACTCGAGCCTCAACGCACTCTTCTCGGCAGCT-5'
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clines in complex formation consistent with their being spe-
cific competitors (Fig. 8C). However, no clear, graded declines
in specific protein-DNA complexes were observed with ds-
oligonucleotides containing either a mutated pGRE or the
unrelated oligonucleotide (such as the AARE from CYP1AI).
Thus, complex formation could be prevented with unlabeled
ds-oligonucleotides with sequence identity to the canonical
GR binding sequence, but not unrelated sequences. In con-
cert, these results are consistent with GR binding directly to
the putative GRE.

Discussion

Our results demonstrate that the negative regulation of
the ALDHS3 gene by GC occurs via a GR-dependent process.
The negative regulation was observed in both primary rat
hepatocytes and in transient transfection assays with
ALDH3 5'-flanking region reporter gene constructs. The ex-
pression of ALDHS3 is known to be under multiple regulatory
processes. AhRE sequences allow regulation of this gene by
xenobiotic compounds that are ligands for the Ah receptor.
Additionally, at least two other negative regulatory regions
have been described in the 5'-flanking region of ALDHS3
(Takimoto et al., 1994; Xie et al., 1996). These regions, in
part, may explain the marked differences in constitutive
Class 3 ALDH protein content; almost no constitutive expres-
sion is observed in liver, but high levels of expression are
seen in corneal epithelium, stomach, and heart. The presence
of the most distal negative regulatory region (Takimoto et al.,
1994) located between —5.5 and — 3.5 kb in the 5’ region
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Fig. 8. DNA-protein interactions at the palindromic GRE located at —920 bp in the 5'-flanking region of ALDH3. A, ds-stranded oligonucleotides used
for the ®?P-labeled ALDH3 pGRE probe and for competition are shown. Consensus nucleotides to the GRE palindrome (30) are marked in bold, and
mutated bases are underlined in bold. B, nuclear extracts from HepG2 or GR4 cells treated with 1 X 10~¢ M DEX were incubated with the radiolabeled
ALDHS3 pGRE probe and resolved using a low-ionic-strength polyacrylamide gel electrophoresis. The DNA-protein complexes were measured using a
Molecular Dynamics PhosphorImager. Lane 1, probe alone; lane 2, probe and extract from DEX-treated HepG2 cells; lane 3, probe and extract from
DEX-treated HepG2 cells with a 100-fold excess of unlabeled ALDH3 pGRE; lane 4, probe and extract from DEX-treated HepG2 cells with 6 pg of
anti-GR globulin; lane 5, probe and extract from DEX-treated GR4 cells; lane 6, probe and extract from DEX-treated GR4 cells with a 100-fold excess
of unlabeled ALDHS3 pGRE; lane 7. Probe and extract from DEX-treated GR4 cells with 6 pug anti-GR globulin. C, lane 1, probe alone; lanes 2 and 11,
probe and extract from DEX-treated GR4 cells; lanes 3 and 4, probe and extract from DEX-treated GR4 cells with a 50- and 100-fold excess of ALDHS3
pGRE, respectively; lanes 5 and 6, probe and extract from DEX-treated GR4 cells with a 50- and 100-fold excess of mutated ALDH3 pGRE, respectively;
lanes 7 and 8, probe and extract from DEX-treated GR4 cells with a 50- and 100-fold excess of MMTV pGRE, respectively; lanes 9 and 10, probe and
extract from DEX-treated GR4 cells with a 50- and 100-fold excess of the unrelated oligonucleotide AhRE, respectively.
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results in loss of both basal and BA-inducible expression of
reporter constructs transfected into HepG2 cells. The more
proximal negative regulatory region (Takimoto et al., 1994;
Xie et al., 1996) spans bp —1057 to —390, where multiple
transcription factor binding sites have been suggested. A
negative-acting cAMP responsive element is located between
bp —1057 and —991 (Xiao et al., 1997). Binding sites for the
Nuclear Factor 1(NF-1)-like transcription factors, the con-
sensus sequences of which lie at positions —899 to —886 and
—844 to —831, are also implicated in the negative regulation
of this gene. The data presented here indicates that the
PGRE located at —910 to —930 bp is responsible for GC-
mediated suppression of PAH-induction of ALDH3.

Although the negative regulation by GC is CHX-sensitive,
the pGRE must be involved in at least one mode of negative
regulation. GC-dependent superinduction of mRNA levels for
ALDHS3 in hepatocytes grown in defined GC-free media can-
not be explained merely by the loss of a GC-inducible repres-
sor protein. The effects of CHX or CHX plus GC on the level
of gene expression would be identical if that were the case.
The positive effects are most likely the result of GR interact-
ing with other transcription factors by a non-CHX-dependent
mechanism. This positive interaction must be suppressed
under normal conditions, possibly by switching GR interac-
tion from one with a non-CHX-dependent transcription factor
that elicits a positive response to one with a CHX-sensitive
repressor protein resulting in negative regulation.

In both isolated hepatocytes and in transient transfection
studies, no significant regulation by GCs was observed in the
basal expression of ALDH3, which suggests that the mecha-
nism of negative GC regulation of PAH-induction of ALDH3
protein requires direct involvement with events/processes
mediated by AhR. In hepatocytes, basal expression of ALDH3
is low and the inability to observe a negative effect may be
caused in part by the closeness of the activities to the limits
of detection for the assays employed. As potentiation of PAH-
induction via GR-GRE interactions in genes such as CYPIA1
was shown in this article, it is unlikely that a simple inhibi-
tion of Ah receptor action or decreases in AhR levels is in-
volved in repression of ALDHS3 expression in the presence of
PAH. The role of the ligand-activated Ah receptor in induc-
tion of CYPIA]I expression may involve chromatin remodel-
ing (Whitlock et al., 1996) and an alteration in the manner in
which constitutive transcription factors interact. Hines et al.
(1988) suggested that PAH-dependent induction of P-450
1A1 involves a de-repression event in which the actions of
negative regulatory elements are ameliorated, as well as the
active recruitment of transcription factors required for gene
activation. Likewise, the mode of negative regulation ob-
served for ALDHS3, which apparently involves a CHX-sensi-
tive transcription factor, may not be observed until the gene
is induced. This suggests a complex interplay between the
various transcription factors, including the GR and AXR,
regulates the expression of ALDHS3.

Several modes of negative regulation have been described
that involve GR (Starr et al., 1996). The simplest involves
squelching caused by the removal of essential factors from
the nucleus before receptor binding. This mode of negative
regulation (Mukaida et al., 1994) does not require a GRE and
RU38486 often acts as an agonist rather than an antagonist
in such situations. This mechanism is thus clearly different
from the mode of GC repression of expression observed with

the ALDHS3 gene. Other modes of repression mediated by GR
involve competition for binding sites, as seen with the osteo-
calcin gene (Stromstedt et al., 1991), in which a palindromic
GRE overlaps the TATA box. In ALDH3, the area in which
the pGRE resides has not been implicated in the positive
regulation of this gene, because basal activity does not
change when this region is mutated and there do not seem to
be any other significant DNA-protein complexes formed in
the electrophoretic mobility shift experiments.

More complex modes of GR regulation involve interaction
with other transcription factors, presumably either through
protein-protein interaction or by remodeling of chromatin
structure in areas immediately adjacent to a second tran-
scription factor. The best example of complex interaction of
GR with other transcription factor is at the composite acti-
vator protein-1 (AP-1)/GRE found in the proliferin gene (Min-
er and Yamamoto, 1992), in which both positive and negative
GC-responses may be observed depending on the nature of
the AP-1 dimers (e.g., jun-jun or fos-jun) that bind to the site.
Other examples of this composite mechanism include the
phosphoenopyruvate kinase gene (Imai et al., 1993) in which
transcription factors are clustered to elicit a maximal posi-
tive GC response. Several groups have described CHX-sensi-
tivity of GC responsiveness in genes, such as the al-acid
glycoprotein gene (Klein et al., 1988), in which protein-pro-
tein interaction via CCAAT/enhancer-binding proteins and
other unidentified transcription factors are thought to play a
role in forming GC-responsive elements. Because the action
of many ligand-activated receptors is modulated by other
transcription factors through protein-protein interaction, we
used an expression plasmid for a chimeric GR (GRPPAR) in
which the GR DNA-binding domain is present, but contains
the ligand-binding domain of murine PPARa. Our results
with GRE mutation and chimeric receptor offers solid proof
that the negative regulation of ALDHS3 is a GR-dependent
process involving DNA binding to the 5'-flanking region of
this gene. In ALDHS3, the effect of GC is complex, but the
negative regulation involves GC acting as ligand for its re-
ceptor which then binds a canonical pGRE consensus se-
quences. In the 5'-flanking region of ALDH3, several other
putative negative element sequences exist either immedi-
ately 5' or 3’ of the pGRE, including putative cAMP respon-
sive element and NF1 sites. Because plasmids constructs
PA(—1057/—930)CAT and pA(—1057/—930)MUTCAT lack
the cAMP-responsive element, but pA(—1057/—930)CAT re-
tains GC-sensitivity nearly identical with the intact gene, the
negative cAMP responsive element does not seem to be oblig-
atorily involved with the GC regulation of ALDH3. Immedi-
ately 3’ of the pGRE are binding sites for NF-1 or NF-1-like
factors (Xie et al., 1996), which have also been implicated as
negative regulators of ALDHS3. Furthermore, this negative
regulation is distinct from that seen with glutathione S-
transferase A2 for which the chimeric GR-PPAR was unable
to regulate the 5'-flanking reporter construct (Falkner et al.,
1998). Our results are consistent with a hypothesis that GR
works in coordination with other transcription factors, which
will be the focus for further study.

References

Boie Y, Adam M, Rushmore TH and Kennedy BP (1993) Enantioselective activation
of the peroxisome proliferator-activated receptor. J Biol Chem 268:5530-5534.
Chomeczynski P and Sacchi N (1987) Single-step method of RNA isolation by acid

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

guanidinium thiocynate-phenol-chloroform extraction. Anal Biochem 162:156—
159.

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

Dunn TJ, Lindahl R and Pitot HC (1988) Differential gene expression in response to
2,3,7,8,-tetrachlorodibenzo-p-dioxin (TCDD): Noncoordinate regulation of a
TCDD-induced aldehyde dehydrogenase and cytochrome P-450c in the rat. o/ Biol
Chem 263:10878-10886.

Emi Y, Ikushiro S-I and Iyanagi T (1996) Xenobiotic response element-mediated
transcriptional activation in the UDP-glucuronosyltransferase family 1 gene com-
plex. J Biol Chem 271:3952-3958.

Falkner KC, Rushmore TH, Linder MW and Prough RA (1998) Negative regulation
of the rat glutathione S-transferase A2 gene by glucocorticoids involves a canonical
glucocorticoid consensus sequence Mol Pharmacol 53:1016-1026.

Favreau LV and Pickett CB (1991) 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.

Gorman CM, Moffat LF and Howard BH (1982) Recombinant genomes which express
chloramphenicol acetyltransferase in mammalian cells. Mol Cell Biol 2:1044—
1051.

Hines RN, Levy JB, Conrad RD, Iversen PL, Shen M-L, Renli AMJ and Bresnick E
(1985) Gene structure and nucleotide sequence for rat cytochrome P-450c. Arch
Biochem Biophys 237:465—476.

Hines RN, Mathis JM and Jacob CS (1988) Identification of multiple regulatory
elements on the human cytochrome P450IA1 gene. Carcinogenesis 9:1599-1605.

Imai E, Miner JN, Mitchell JA, Yamamoto KR and Granner DK (1993) Glucocorti-
coid receptor-cAMP response element-binding protein interaction and the re-
sponse of the phosphoenolpyruvate carboxykinase gene to glucocorticoids. JJ Biol
Chem 268:5353-5356.

Klein ES, DiLorenzo D, Posseckert G, Beato M and Ringold GM (1988) Sequences
downstream of the glucocorticoid regulatory element mediate cycloheximide inhi-
bition of steroid induced expression from the rat al-acid glycoprotein promoter:
Evidence for a labile transcription factor. Mol Endocrinol 2:1343-1351.

Lindahl R (1977) Aldehyde dehydrogenase in 2-acetamidoflourene-induced rat hep-
atomas. Biochem J 164:119-123.

Lindahl R (1994) Mammalian aldehyde dehydrogenase: Regulation of gene expres-
sion. Alcohol Alcohol Suppl 2:147-154.

Linder MW and Prough RA (1993) Developmental aspects of glucocorticoid regula-
tion of polycyclic aromatic hydrocarbon-inducible enzymes in rat liver. Arch Bio-
chem Biophys 302:92-102.

Lusska A, Wu L and Whitlock JP Jr (1992) Superinduction of CYP1A1 transcription
by cycloheximide: Role of the DNA binding site for the liganded Ah receptor. o/ Biol
Chem 267:15146-15151.

Miner JN and Yamamoto KR (1992) The basic region of AP-1 specifies glucocorticoid
receptor activity at a composite response element. Genes Dev 6:2491-2501.

Mukaida N, Morita M, Ishikawa Y, Rice N, Okamoto S-I, Kasahara T and Matsus-
hima K (1994) Novel mechanism of glucocorticoid-mediated gene repression nu-
clear factor-«B is target for glucocorticoid-mediated interleukin 8 gene repression.
J Biol Chem 269:13289-13295.

Negative Regulation of ALDH3 by Glucocorticoids 657

Nishio Y, Isshiki H, Kishimoto T and Akira S (1993) A nuclear factor for interleu-
kin-6 expression (NF-IL6) and the glucocorticoid receptor synergistically activate
transcription of the rat a;-acid glycoprotein gene via direct protein protein inter-
action. Mol Cell Biol 13:1854-1862.

Prough RA, Burke MD and Mayer RT (1978) Direct fluorometric methods for mea-
suring mixed-function oxidase activity. Methods Enzymol 52:372-3717.

Prough RA, Xiao G-H, Pinaire JA and Falkner KC (1996) Hormonal regulation of
xenobiotic drug metabolizing enzymes. FASEB J 10:1369-1377.

Rushmore TH, King RG, Paulson KE and Pickett CB (1990) Regulation of glutathi-
one S-transferase Ya subunit gene expression: Identification of a unique xenobi-
otic-responsive element controlling inducible expression by planar aromatic com-
pounds. Proc Natl Acad Sci USA 87:3826-3830.

Schuetz EG, Li D, Omiecinski CJ, Muller-Eberhard U, Kleinman HK, Elswick B and
Guzelian PS (1988) Regulation of gene expression in adult rat hepatocytes cul-
tured on a basement membrane matrix. JJ Cell Physiol 134:309-323.

Sherratt AJ, Banet DE, Linder MW and Prough RA (1989) Potentiation of 3-meth-
ylcholanthrene induction of rat hepatic cytochrome P450IA1 by dexamethasone in
vivo. J Pharmacol Exp Ther 249:667—672.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD,
Fujimoto EK, Goeke NM, Olson BJ and Klenk DC (1985) Measurement of protein
using bicinchoninic acid. Anal Biochem 150:76—85.

Starr DB, Matsui W, Thomas JR and Yamamoto KR (1996) Intracellular receptors
use a common mechanism to interpret signaling information at response elements.
Genes Dev 10:1271-1283.

Stromstedt P-E, Poellinger L, Gustafsson J-A and Carlstedt-Duke J (1991) The
glucocorticoid recepter binds to a sequence overlapping the TATA box of the
human osteocalcin promoter: A potential mechanism for negative regulation. Mol
Cell Biol 11:3379-3383.

Takimoto K, Lindahl R, Dunn TJ and Pitot HC (1994) Structure of the 5’ flanking
region of the Class 3 aldehyde dehydrogenase in the rat. Arch Biochem Biophys
312:539-546.

Whitlock JP Jr, Okino ST, Dong L, Ko HP, Clarke-Katzenberg R, Ma Q and Li H
(1996) Induction of cytochrome P4501A1: A model for analyzing mammalian gene
transcription. FASEB oJ 10:809—-818.

Xiao G-H, Falkner KC, Xie Y, Lindahl RG and Prough RA (1997) cAMP-dependent
negative regulation of rat aldehyde dehydrogenase Class 3 gene expression. J Biol
Chem 272:3238-3245.

Xiao G-H, Pinaire JA, Rodrigues AD and Prough RA (1995) Regulation of the Ah
gene battery via Ah receptor-dependent and independent processes in cultured
adult rat hepatocytes. Drug Metab Dispos 23:642—650.

Xie YQ, Takimoto K, Pitot HC, Miskimins WK and Lindahl R (1996) Characteriza-
tion of the rat class 3 aldehyde dehydrogenase gene promoter. Nucleic Acid Res
24:4185-4195.

Send reprint requests to: R.A. Prough, Ph.D., Department of Biochemistry
& Molecular Biology, University of Louisville School of Medicine, Louisville,
Kentucky 40292. E-mail: russ.prough@louisville.edu

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

