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region contains a regulatory element which is responsive to
/3-naphthoflavone and 3-methylcholanthrene but has no sequence identity to the XRE core sequence. We have tentatively termed this region of the glutathione S-transferase Ya
subunit gene the P-naphthoflavone-responsive element (1).
The regulatory region containing the p-naphthoflavone-responsive element also contributes to maximum basal level
expression of the Ya subunit gene (1, 2).
In this article, we demonstrate that the P-naphthoflavoneresponsive element can be distinguished functionally from the
XRE by its responsiveness to phenolic antioxidants such as
t-butylhydroquinone in cells that lack functional Ah receptors. However, functional receptors as well as a functional
cytochrome P-450 IA1 protein are required before this xenobiotic regulatory element is responsive to P-naphthoflavone.
These data suggest that the /3-naphthoflavone-responsive element

represents

a novel

xenobiotic-responsive

element

and

confirm previous studies by Talalay et al. (8-11) who have
suggested that an Ah receptor-independent mechanism can
account for induction of phase II drug metabolism enzymes
by phenolic antioxidants.
MATERIALS

AND

METHODS

Chemicals-TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin)
was a
kind gift of Dr. Alan Poland, University of Wisconsin. 3-Methylcholanthrene was from Tridom Chemical Inc. @Naphthoflavone,
tertbutylhydroquinone,
and 3,5-di-tert-butylcatechol
were obtained from
Aldrich Chemical Co. All other reagents were of the highest quality
available.
Human hepatoma cells, HepG2, were maintained in Eagle’s minimal essential medium with nonessential amino acids, sodium pyruvate, 10% fetal bovine serum, penicillin (10 units/ml), and streptomycin (10 units/ml) at 37 “C in humidified 7% CO,, 93% air. In
induction studies the cells were treated with the appropriate chemical
for 24 h. The concentrations used were described previously (1).
The wild type mouse cell line, Hepa lClC7, and two variant mouse
cell lines, B15IBVi2 and Class II, were obtained from Oliver Hankinson (UCLA) and Jim Whitlock (Stanford University), respectively.
These cell lines were maintained in a-minimal essential medium with
L-glutamine (Hazelton Labs), 10% fetal bovine serum, penicillin (10
units/ml). and streptomvcin (10 units/ml) at 37 “C in humidified 7%
COn,‘03% air. In &d&on
studies the cells were treated with the
appropriate chemical for 24 h. The concentrations used were as
described previously (12).
Construction
of Deletion
Mutants-Deletion
mutants of the glutathione S-transferase Ya subunit promoter-CAT
fusion gene construct, pGTB 1.6 CAT, were prepared as previously described (1).
Briefly, 5’ deletions of the Ya subunit gene were produced using the
exonuclease &z/31 (IBI) as described by the manufacturer. Clone
pGTB 1.6 CAT was linearized with restriction enzyme NcfeI and
digested with Ba/31 for 1, 2, and 4 min at 30 “C. After termination of
the reaction, the deleted flanking region was released from the vector
by digestion with AvaI, blunt-ended with Klenow fragment, and
ligated with T4 DNA ligase into the blunt-ended Hind111 site of
pSV,CAT. An aliquot of the ligation mixture was used to transform
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We have identified
previously
a xenobiotic-responsive element,
which we termed
the &naphthoflavoneresponsive
element,
between
nucleotide
-722
and
-682
in the 5’-flanking
region
of the rat glutathione
S-transferase
Ya subunit
gene (Rushmore,
T. H., King,
R. G., Paulson,
K. E., and Pickett,
C. B. (1990) hoc.
Natl. Acad. Sci. U. S. A. 87,3826-3830).
The &naphthoflavone-responsive
element
is responsible
for part
of the transcriptional
activation
of the Ya subunit gene
by planar aromatic
compounds
but has a sequence
distinct from the xenobiotic-responsive
element
found in
multiple
copies in the cytochrome
P-450 IA1 gene and
as a single copy in the Ya subunit
gene. In the present
study, we demonstrate
that the &naphthoflavone-responsive
element
is required
for the transcriptional
activation
of the Ya subunit
gene by phenolic
antioxidants such as t-butylhydroquinone
through
a mechanism that does not require
functional
Ah receptors.
Furthermore,
we present
evidence
that planar
aromatic
compounds
must be metabolized
before
they
transcriptionally
activate
the Ya subunit
gene through
the fi-naphthoflavone-responsive
element.
The transcriptional
activation
of the Ya subunit
gene by planar
aromatic
compounds
requires
a functional
Ah receptor.
These data provide
evidence
that transcriptional
activation of the glutathione
S-transferase
Ya subunit gene
can be mediated
by a novel xenobiotic-responsive
element which is directly
responsive
to phenolic
antioxidants such as t-butylhydroquinone.
Hence we have
named this new xenobiotic-responsive
element
the antioxidant-responsive
element
or ARE.

In previous work from our
two regions of the 5’-flanking
transferase
Ya subunit gene
involved in the regulation
of
matic compounds
(1, 2). One
tains the xenobiotic-responsive

Ya
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competent
Escherichia
coli cells, strain
SCS-1 (Stratagene).
Colonies
were screened
by hybridization
and the positive
clones purified
by a
double
C&l
spin method
(13, 14). The extent
of deletion
in each
clone was confirmed
by sequencing
using the Sequenase
enzyme
(United
States Biochemical)
exactly
as described
by the manufacturer.
Fragments
containing
the different
cis-acting
xenobiotic-responsive elements
were isolated
from the 5’-flanking
region of the Ya
subunit
gene by restriction
enzyme
digestion.
A 332 base pair fragment containing
the XRE sequence
and basal element,
HNFl,
was
recovered
by digestion
with PuuII and NlaIV
(nucleotides
-1128
to
-796).
A fragment
of 229 base pairs containing
the basal element,
HNFl,
and the fl-naphthoflavone-responsive
element
was recovered
bv digestion
with SauI and PstI (nucleotides
-892
to -663).
The
fiag&ts
were blunt-ended
with Klenow
fragment
or T4’ DNA
polymerase
and ligated into the NdeI site of clone -164CAT
which
contained
the CAT structural
gene and glutathione
S-transferase
Ya
subunit
minimal
promoter
(-164
to +66 base pairs)
as described
previously
(1). An aliquot of the ligation
mixture
was used to transform competent
E. coli SCS-1 cells. The colonies
were screened
by
hybridization
and the positive
clones purified
as described
above. All
clones were sequenced
to verify
the number
and orientation
of the
insert(s).
Oligonucleotides
complementary
to the XRE
and /3-naphthoflavone-responsive
elements,
nucleotides
-914 to 882 and -722 to -682,
respectively,
were synthesized
on a Cyclone
DNA synthesizer
(Biosearch)
as described
by the manufacturer.
The samples were electrophoresed
on a 12% polyacrylamide-urea
gel, eluted, and desalted
by
passage through
an OPC purification
column
(Applied
Biosystems)
as described
by the manufacturer.
Complementary
oligonucleotides
were mixed, phosphorylated,
and ligated into the Me1 site of clone

-164CAT. An aliquot of the ligation mixture was used to transform
competent E. coli SCS-1 cells. The colonies were screened by hybridization and the positive clones purified as described above. All clones
were sequenced to verify the number and orientation of the insert(s).
Transfections

and Assay

of CATActiuity-All

cell lines

were

trans-

fected at 70% confluency by a modified calcium phosphate precinitation method
previously
described
(12). Briefly,
ihe cells were t&psinized
and plated at a densitv
of l-2 X lo5 tells/25-cm2
flask. The
cells were allowed
to recover
overnight
at 37 “C. The medium
was

changed and 3 h later 10 Hg of precipitated

DNA was added. The cells

were incubated
for 5 h at 37 “C. Following
incubation,
the medium
was removed
and the cells were washed-with
phosphate-buffered
saline followed by a 2.0-min
glycerol
shock. The cells were rinsed, the
medium
replaced,
and the cells allowed
to recover
overnight.
The
cells were then treated with the appropriate xenobiotic for 24 h as

described in the figure legends. The cells were harvested by trypsin/
EDTA
treatment,
resuspended
in 0.24 M Tris-HCl
(pH 7.5), and lysed
by three cycles of freezing
and thawing.
The lysate was cleared by
centrifugation
and the supernatant
recovered.
The CAT activity
was
determined
by the method
of Gorman
et al. (15) using 1 ~19 of protein
for 60 min at 37 “C for HepGP cell lysates and 10 pg of protein
for 60

min at 37 “C for all the mouse cell lvsates. The acetvlated uroducts
of chloramphenicol were separated by TLC, visualized by autoradiography, and quantitated after scraping by liquid scintillation counting. The results were expressed as picomoles of V4Clchloramohenicol
acetylated in 60 min by-1 Kg of celi lysate at 37 ‘C. _
I

Chemical
Lowry et

Methods-Protein

was

determined

by the

.

method

of

al. (16) using crystalline bovine serum albumin as standard.
DNA was quantitated by absorbance at 260 nm.
RESULTS

AND

DISCUSSION

Responsiveness of the XRE and P-Naphthoflavone-responsive Element to t-Butylhydroquinone
and P-NaphthoflavoneTalalay
et al. (8-11)
have published
a series of studies
which
clearly show that phenolic antioxidants
such as t-butylhydroquinone elevate glutathione
S-transferase
and quinone
reductase catalytic activity through
a mechanism
that does not
involve the Ah receptor. In previous studies from our laboratory, we have identified
two xenobiotic-responsive
elements
in the 5’-flanking
region of the rat glutathione
S-transferase
Ya subunit gene (1, 2). One xenobiotic-responsive
element
contained the XRE core sequence whereas the second xenobiotic-responsive
element, the P-naphthoflavone
responsive
element, had no sequence similarity
to the XRE core se-
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quence. In the present study, we initially
asked the question
whether the P-naphthoflavone-responsive
element might in
fact be the xenobiotic-responsive
element through which phenolic antioxidants
such as t-butylhydroquinone
might transcriptionally
activate the Ya subunit gene.
Human HepG2 cells were transfected with deletion mutants
of the 5’-flanking
region of the Ya subunit gene (1) and
exposed
to P-naphthoflavone
and t-butylhydroquinone.
HepG2 cells transfected with clone -1651CAT
expressed high
basal level CAT activity which was elevated 3-fold by pnaphthoflavone
(Fig. lA). These results are consistent with
previous data from our laboratory
(1, 12). Exposure of the
cells to 60 PM t-butylhydroquinone
also elevated CAT activity
3-fold (Fig. ~4). Transfection
of HepG2 cells with deletion
clone -872CAT,
which deletes the XRE core sequence, produced a similar level of induction
of CAT activity with tbutylhydroquinone
and P-naphthoflavone.
When HepG2 cells were transfected with -722CAT,
basal
level CAT activity was significantly
lower due to removal of
the basal responsive element, HNFl (Ref. 1 and 2 and Fig.
lA); however, this deletion clone was still responsive to flnaphthoflavone
and t-butylhydroquinone.
HepG2 cells transfected with -663CAT
or -164CAT
were not responsive to
either inducer. These data were consistent with our previous
experiments
demonstrating
a /3-naphthoflavone-responsive
element between -722 and -663 and for the first time also
demonstrated
an element in this region responsive to t-butylhydroquinone.
In order to assess the relative contribution
of each of the
xenobiotic-responsive
elements to the transcriptional
activation of the glutathione
S-transferase
Ya subunit gene by tbutylhydroquinone,
regulatory
regions spanning
these elements were isolated from the 5’-flanking
region of the Ya
gene and cloned individually
in front of the Ya gene’s minimal
promoter
construct -164CAT
(see Fig. 1B and Ref. 1). A
fragment
containing
nucleotides
-1128 to -796 of the 5’flanking region was inserted in front of clone -164CAT.
The
-1128 to -796 fragment contained
the XRE core sequence
and the basal element, HNFl. The second fragment contained
nucleotides -892 to -663 inserted in front of clone -164CAT.
The -892 to -663 fragment contained the basal and the @naphthoflavone-responsive
elements. These constructs were
transfected into the HepGP cells and the CAT activity monitored in the presence and absence of the two xenobiotics.
The results are presented
in Figs. 1B and 2. HepG2 cells
transfected with the -1128 to -796CAT
subclone expressed
basal level CAT activity identical
to that reported for the
basal element, HNFl, inserted in front of the Ya minimal
promoter,
15.0 pmol/h/rg
(1). Exposure of the cells transfected with this subclone to /3-naphthoflavone
resulted in an
increase expression of CAT activity to 32.6 pmol/h/pg,
while
exposure to the t-butylhydroquinbne
failed to increase the
CAT activity above basal level expression. These results indicated that the XRE sequence is unable to mediate the
induction
of the Ya subunit gene by t-butylhydroquinone.
These data are consistent with observations
by Talalay (811) who have demonstrated
that cytochrome
P-450 IA1 catalytic activity is not elevated by t-butylhydroquinone.
The
presence of the basal element did not alter the pattern of
response, only the magnitude of basal level expression. HepG2
cells transfected
with the -892 to -663CAT
subclone expressed the maximal basal CAT activity, 76.3 pmol/h/pg,
seen
with clone -1651CAT.
Exposure of the cells transfected with
this subclone to P-naphthoflavone
resulted in an increase
expression of CAT activity to 255 pmol/h/pg.
Exposure to tbutylhydroquinone
increased the CAT activity from the basal
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FIG. 1. Schematic
illustrations
of glutathione
S-transferase-CAT
chimera
and their
respective
CAT
activities
upon transfection
into HepG2
cells. A, CAT activity
of 5’ deletion
mutants
of the Ya subunit
gene.
HepGP
cells were transfected
with the Ya-CAT
chimera
and left untreated
or treated
with P-naphthoflavone
(@NF),
tert-butylhydroquinone
(tert-bHQ), or 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)
as described
under
“Experimental
Procedures.”
CAT activities
were monitored
by TLC and quantitated
by liquid scintillation
counting.
The experimental
value for CAT activity
is expressed
as picomoles
of CAT acetylated
per h/pg of protein
and is
the mean of three separate
experiments.
All assays were done in duplicate
and each experiment
agreed to within
5%. In addition
to t-butylhydroquinone,
3,5-di-tert-butylcatehol
(another
phenolic
antioxidant)
was used in the
induction
experiments.
The results of these experiments
are identical
to those reported
for t-butylhydroquinone.
B, basal and inducible
CAT activity
of subcloned
fragments
of the 5’-flanking
region of the Ya subunit
gene
containing
the various
responsive
elements.
These subcloned
fragments
were inserted
in front of the -164 CAT
construct.
C, basal and inducible
CAT activity
of subcloned
double-stranded
oligonucleotides
complementary
to
the XRE and @-naphthoflavone-responsive
elements.
These oligonucleotides
were inserted
in front of the -164
CAT construct.
The nucleotide
sequence
for the XRE oligonucleotide
is 5’-TCAGGCATGTTGCGTGCATCCCTGAGGCCAGCC-3’
and for the fl-naphthoflavone-responsive
element,
5’-GAGCTTGGAAATGGCATTGCTAATGGTGACAAAGCAACTTT-3’.
Cl, 5’-flanking
region of the Ya subunit
gene; n , ExON I; -,
represents
removal
of intervening
sequences
or direct ligation to the -164 CAT construct.

+I)
e

-+-+-+-+-+
pSV2

CAT

XREIB

BNF-REIB

XREIB

PNF-REI

B

-BNF

t-bHQ

FK. 2. CAT assays
with
lysed HepG2
cells transfected
with
-1128
to -796
(XRE/B)
and -892
to -663
CAT (BNF-REIB).
Transient
assays were done in the presence
(+) or absence
(-) of pnaphthoflavone
(/MF) and t-butylhydroquinone
(t-BHQ).
CAT activity was monitored
by TLC
and subsequent
autoradiography.
Cells
transfected
with pSV&AT
were either untreated
(-) or treated
(+)
with P-naphthoflavone.
Identical
results for pSV,CAT
transfections
were found if the cells were treated
with t-butylhydroquinone.
The
results of these experiments
are presented
in Fig. 1B. Abbreviations
are as listed in the legend to Fig. 1.

level of 76.3 to 324 pmol/h/pg, a 4.2-fold increase (Figs. 1B
and 2). These results indicate that the p-naphthoflavoneresponsive element, in the absence of the XRE sequence, was
able to mediate the induction of the Ya gene by t-butylhydroquinone as well as by p-naphthoflavone. Again the presence
of the basal element did not alter the pattern of response.
To verify that the induction of CAT activity was due solely
to the sequence represented by the responsive elements themselves and was not dependent on the surrounding sequence in
the deletions and subclones, oligonucleotides encompassing
each responsive element were synthesized and inserted in
front of clone -164CAT. Clones containing single and multiple copies of the responsive elements were identified, purified, and transfected into HepGP cells. The results of induction studies are shown in Fig. 1C. Insertion of a single copy
of the XRE sequence in front of the minimal promoter resulted in a construction that was responsive only to the pnaphthoflavone. No induction was observed with t-butylhydroquinone. When four copies of the XRE sequence were
inserted in front of the minimal promoter, an increase in CAT
activity of 13.7-fold was observed in response to @-naphthoflavone; however, no elevation in CAT activity was seen with
t-butylhydroquinone.
Insertion of a single copy of the &naphthoflavone-responsive element in front of the Ya minimal promoter resulted in
a construct that was inducible by both t-butylhydroquinone
and p-naphthoflavone. Insertion of four copies of the pnaphthoflavone-responsive sequence resulted in a significant
increase in basal level CAT activity and CAT activity was
inducible by both inducers.
Role of Ah Receptor in the Transcriptional Activation of the
Glutathione S-Transferuse Ya Subunit Gene-We have pre-
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viously shown using mouse hepatoma cells lines defective in
the Ah receptor that a functional receptor must be present in
cells in order to achieve transcriptional activation of the Ya
subunit gene by &naphthoflavone or 3-methylcholanthrene
(12). We have also reported that the Ya subunit gene could
be transcriptionally activated by P-naphthoflavone and tbutylhydroquinone through the ,&naphthoflavone-responsive
element in the absence of the XRE core sequence. To assess
the requirement of a functional Ah receptor for transcriptional activation of the Ya subunit gene by t-butylhydroquinone, we employed a number of variant mouse cell lines in
our transfection experiments. Three cell lines were chosen: 1)
the wild type mouse hepatoma cell line Hepa lClC7 which
has normal Ah receptors, 2) a mouse hepatoma cell line
defective in the transport of the Ah receptor-ligand complex
into the nucleus, Class II cells, (17), and 3) a mouse hepatoma
cell line that produces a nonfunctional P450 IA1 enzyme,
(18). Each of these cell lines were transfected with the various
subclones containing one or both of the responsive elements
and exposed to t-butylhydroquinone or p-naphthoflavone.
The results of the induction experiments are presented in
Figs. 3-5 and Table I. Exposure of wild type mouse cells
transfected with subclone -1128 to -796CAT or subclone
-892 to -663CAT to /3-naphthoflavone resulted in a 2.4- and
2.9-fold increase in CAT activity, respectively (Fig. 3 and
Table I). Exposure of the cells transfected with subclone
-1128 to -796CAT to t-butylhydroquinone resulted in no
increase in CAT activity above basal level expression. However, exposure of cells transfected with subclone -892 to
-663CAT to t-butylhydroquinone resulted in a 3.8-fold increase in CAT activity above basal level expression (Fig. 3
and Table I). Transfection of the wild type cells with subclones containing single and multiple copies of the synthetic
responsive elements gave identical induction results to those
described above for subclones -1128 to -796CAT and -892
to -663CAT (data not shown). All of these results were
consistent with results obtained with the HepG2 cells.
A very different induction pattern was found when the
Class II variant mouse cells were transfected with the same
clones. Exposure of the Class II cells transfected with either
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14651

S-Transferase

-+-+-+-+-+
pSV2

CAT

XREIB

j3NF-REIB

BNF-REIB

XRElB

-t-bHQ

LJNF

FIG. 4. CAT assays
with lysed Class II mouse
hepatoma
cells
(Ah receptor
translocation
mutant)
transfected
with
-1128
to -796
CAT (XREIB)
and -692
and -663
CAT (BNF-REIB).
Experiments
are identical
to those
presented
in Fig. 2 and are
summarized
in Table I. Abbreviations
are as listed in the legend to
Fig. 1.

-+-+-+-+-+
pSV2

CAT

XRElB

,9NF-REIB

XREIB

BNF-REIB

-t-bHQ
BNF
FIG. 5. CAT
assays
with
lysed
P-450
IAl-deficient
mouse
hepatoma
cells transfected
with
-1128
to -796
CAT
(XRE/
B) and -892
to -663
CAT
(@NF-RE/B).
Experiments
are identical to those presented
in Fig. 2 and are summarized
in Table
I.
Abbreviations
are as listed in the legend to Fig. 1.

-+-+-+-+-+
pSV2

CAT

XREIB

BNF-REIB

XREIB

@NF-REIB

-BNF
FIG. 3. CAT assays
with
lysed
ICIC7)
transfected
with
-1128
-892
and -663
CAT
(PNF-RE/B).

t-bHQ
mouse
hepatoma
to -796
CAT

cells
(XRE/B)

(Hepa
and

All experiments are identical
to those presented in Fig. 2 and are summarizedin Table 1. Abbreviations are as list.ed in the legend to Fig. 1.

subclone -1128 to -796CAT or ‘-892 to -663CAT to pnaphthoflavone resulted in no increase in the CAT activity
above basal level expression (Fig. 4 and Table I). Exposure of
the cells transfected with the subclone -1128 to -796CAT to
t-butylhydroquinone did not increase the CAT activity above
basal level expression. However, exposure of the cells transfected with subclone -892 to -663CAT to t-butylhydroquinone resulted in a 5.4-fold increase in CAT activity, similar
to that seen in the wild type mouse and HepG2 cell lines (Fig.
4 and Table I). Transfection of the Class II cells with subclones containing single and multiple copies of the synthetic
responsive elements gave identical induction results to that
described above for subclones -1128 to -796CAT and -892
to -663CAT (data not shown). An identical induction pattern
for t-butylhydroquinone and /3-naphthoflavone was found
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Induction
of CAT
cells transfected

TABLE I
activity
in wild type and variant
mouse hepatoma
with subcloned
xenobiotic
responsive
elements
P-Naphthoflavone

Clone

pSVXAT
-164 CAT
-1128
to -796 CAT
WWB)
-892 to -663 CAT
(/3NF-RE/B)b

Wild type

treated

Class II

P-450 defective

+

-

+

-

+

78.0”
11.4
18.2

79.0
12.7
43.3

66.0
10.4
13.0

74.0
11.0
12.7

100.0
15.9
40.7

104.0
16.2
41.0

29.0

84.0

17.9

19.0

50.4

50.5

78.0
11.7
16.2

80.0
12.0
15.9

68.0
10.4
13.7

78.0
11.0
12.7

102.0
11.0
39.2

100.0
11.2
40.7

29.0

100.0

19.2

104.0

49.0

135.0

t-Butylhydroquinone
pSV,CAT
-164 CAT
-1128
to -796 CAT
WWB)
-892 to -663 CAT
(@NF-RE/B)

Regulation of Glutathione

O1CAT activity
is expressed
per h/fig of cell lysate.
* PNF, fl-naphthoflavone.

as picomoles

treated

of [‘%]CAP

acetylated

when the P-450 IAl-defective
cell line was tested (Fig. 5 and
Table I).
Is Metabolism of Planar Aromatic Compounds Required for
Transcriptional
Activation
of the Ya Subunit Gene via the fiNaphthoflavone-responsive
Element?-The
transfection
experiments described above and previously
(1) indicated that
a XRE sequence in the Ya subunit gene was not necessary
for transcriptional
activation
of this gene by P-naphthoflavone as long as functional
Ah receptors were present in the
cell. One possible explanation
for this observation
is the
requirement
for planar aromatic hydrocarbons
to undergo
further metabolism via cytochrome P-450 IA1 to metabolites
resembling t-butylhydroquinone,
which could activate the Ya
subunit gene via the ,&naphthoflavone-responsive
element.
This concept has been proposed previously by Talalay et al.
(8-11) and is consistent with our data presented above using
cell lines which do not have a functional
P-450 IA1 protein.
To determine if metabolism
of planar aromatic compounds
is an important
event in the transcriptional
activation of the
Ya subunit gene via the /3-naphthoflavone-responsive
element, we transfected hepatoma cells with the various clones
and exposed them to TCDD, a polycyclic aromatic hydrocarbon that is very slowly metabolized
(19). The results of the
induction experiments
are presented in Fig. 1, A-C. Exposure
of HepG2 cells transfected with clone -1651CAT
to TCDD
resulted in the induction
of CAT activity from a basal level
of 80.2 to 218 pmol/h/pg,
slightly higher than the level induced by /3-naphthoflavone.
Clone -1651CAT
contained the
XRE sequence as well as the /3-naphthoflavone-responsive
element. Exposure of HepG2 cells transfected
with clone
-872CAT
to TCDD did not increase the CAT activity above
basal level expression while exposure to fi-naphthoflavone
or
t-butylhydroquinone
resulted in a significant
induction
of
CAT activity above basal level expression. Deletion
clone
-872CAT
did not contain an XRE sequence but did contain
the /3-naphthoflavone-responsive
element. TCDD did not induce CAT activity above basal level in clones -772CAT,
-663CAT,
or -164CAT,
none of which contained an XRE
sequence. Comparable results were obtained after transfection
with subclones -1182 to -796CAT
and -892 to -663CAT
(Fig. ll3).
In order to avoid the interference
of any surrounding
sequence in the deletion mutants and subclones, HepG2 cells
were transfected with subclones containing
the synthetic reg-
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ulatory sequences. Exposure of HepG2 cells transfected with
a single copy of the XRE sequence to TCDD resulted in a
2.6-fold increase in CAT activity (Fig. 1C). Insertion of multiple copies of the XRE sequence increased the CAT expression significantly
above basal level expression. Exposure of
the HepG2 cells transfected
with a single copy of the pnaphthoflavone-responsive
element to TCDD did not increase
the level of CAT activity above basal level expression
(Fig.
1C). Insertion
of multiple
copies of the P-naphthoflavoneresponsive element also did not increase the level of CAT
activity.
Similar results were seen when the same clones were transfected into the wild type mouse Hepa lClC7 cells (data not
shown). No induction
of CAT activity by TCDD was found
with any of the clones after transfection
into the Class II
variant mouse cells (data not shown). These data are consistent with the hypothesis that metabolism
of planar aromatic
compounds is required in order for transcriptional
activation
of the Ya subunit gene to occur through the P-naphthoflavoneresponsive element.
The results from our experiments
are consistent with the
model proposed by Talalay et al. (8-11) who has suggested
that phase II drug metabolizing
enzymes are induced by
monofunctional
(e.g. t-butylhydroquinone)
and bifunctional
inducers
(e.g. P-naphthoflavone)
by different
mechanisms.
Talalay et al. (8-11) proposed that monofunctional
inducers
activate the synthesis of phase II drug metabolizing
enzymes
by means of an electropholic
signal which operates independently of Ah receptors or induction
of cytochrome
P-450 IAl.
Our data supports this hypothesis and indicate that the DNA
sequence through which monofunctional
inducers transcriptionally activate phase II drug metabolizing
genes is the pnaphthoflavone-responsive
element. This element responds
to t-butylhydroquinone
in Ah receptor-defective
cells as well
as in cells lacking a functional
cytochrome P-450 IA1 protein.
Our finding that the 5’-flanking
region of the glutathione
Stransferase Ya subunit gene also contains a functional
XRE
sequence also is consistent
with the Talalay
et al. (8-11)
proposal that bifunctional
inducers such as P-naphthoflavone
or 3-methylcholanthrene
can transcriptionally
activate genes
encoding phase II drug metabolizing
enzymes directly through
a Ah receptor-dependent
mechanism.
Furthermore,
inducers
such as ,&naphthoflavone
can also act through the /3-naphthoflavone-responsive
element once they are metabolized
to
compounds
resembling
monofunctional
inducers.
Non or
poorly metabolizable
inducers such as TCDD transcriptionally activate the genes encoding phase II drug metabolizing
enzymes only through the XRE-Ah receptor-dependent
mechanism.
In conclusion,
the /3-naphthoflavone-responsive
element
will be an important
probe to identify specific trans-acting
protein(s) which are involved in transcriptional
activation of
the Ya subunit gene. Preliminary
work from our laboratory
has demonstrated
that a nuclear protein does bind with specificity to a synthetic oligonucleotide
spanning the P-naphthoflavone-responsive
element (1). Further work also needs to be
done to more precisely identify specific nucleotides in the pnaphthoflavone-responsive
element that are required for induction. Finally, since the p-naphthoflavone-responsive
element is responsive to phenolic antioxidants
such as t-butylhydroquinone,
we have designated it as the antioxidant-responsive element or ARE.
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