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Critical Reviews in Biochemistry and Molecular Biology, 28(3):173-207 (1993)

Glutathione S-Transferases: Gene Structure and

Regulation of Expression

Violet Daniel

Department of Biochemistry, The Weizmann Institute of Science, Rehovot 76100, Israel

Referee: Gerald D. Fasman, Graduate Dept. of Biochemistry, Brandeis University, Waltham, Massachusetts

ABSTRACT: The current knowledge about the structure of GST genes and the molecular mechanisms involved
in regulation of their expression are reviewed. Information derived from the study of rat and mouse GST Alpha-
class, Ya genes, and a rat GST Pi-class gene seems to indicate that a single cis-regulatory element, composed of
two adjacent AP-1-like binding sites in the 5’-flanking region of these GST genes, is responsible for their basal
and xenobiotic-inducible activity. The identification of Fos/Jun (AP-1) complex as the frans-acting factor that
binds to this element and mediates the basal and inducible expression of GST genes offers a basis for an
understanding of the molecular processes involved in GST regulation. The induction of expression of Fos and Jun
transcriptional regulatory proteins by a variety of extracellular stimuli is known to mediate the activation of target
genes via the AP-1 binding sites. The modulation of the AP-1 activity may account for the changes induced by
growth factors, hormones, chemical carcinogens, transforming oncogenes, and cellular stress-inducing agents in
the pattern of GST expression. Recent observations implying reactive oxygen as the transduction signal that
mediates activation of c-fos and c-jun genes are presently considered to provide an explanation for the induction
of GST gene expression by chemical agents of diverse structure. The possibility that these agents may all induce
conditions of oxidative stress by various pathways to activate expression of GST genes that are regulated by the
AP-1 complex is discussed.

KEY WORDS: c-fos and c-jun genes, AP-1 binding site, transduction signal, oxidative stress, antioxidant defense.

l. INTRODUCTION

The glutathione S-transferases (E.C.2.5.1.18)
are a family of enzymes that catalyze the nucleo-
philic attack of the sulfur atom of glutathione on
the electrophilic center of a variety of chemical
compounds (for a review on enzyme structure,
catalytic activities, and nomenclature see Refer-
ence 1). These enzymes, which have evolved
together with glutathione in the aerobic organ-
isms, are abundant and widely distributed in most
forms of life: animals, plants, insects, parasites,
yeast, fungi, and bacteria.? In almost all the dif-
ferent organisms in which it has been found, the
glutathione S-transferase (GST) activity com-
prises a number of isoenzymes with broad sub-
strate specificities.? The various GST isoenzymes
have generally been found to occur as
homodimers and heterodimers of subunits rang-
ing in size from 17 to 28 kDa.! The GSTs differ
in their expression from one tissue to another

1040-9238/93/$.50
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and they may be activated by inducers of drug
metabolism.’

The GSTs are believed to play an impor-
tant role in the protection of cellular macro-
molecules from attack by reactive electro-
philes. By catalyzing glutathione (GSH) con-
jugation with electrophilic compounds, many
of which are produced during xenobiotic me-
tabolism, the GSTs function as an intracel-
lular detoxication system of mutagens, car-
cinogens, and other toxic compounds. In addi-
tion GSTs, via their GSH-dependent peroxi-
dase activity, may play an important role in
protecting tissues from endogenous organic
hydroperoxides produced during oxidative
stress (for reviews on the role of GSTs in
detoxication see References 4-8).

The GSTs, in addition to their enzymatic
activities, bind with high affinity a variety of
hydrophobic compounds such as heme, biliru-
bin, hormones, and drugs, which suggests that
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they may serve as intracellular carrier prott?ins
for the transport of various ligands (for a review
see Reference 9). A marked increase in GST
activity has been observed in tumor cells re-
sistant to anticancer drugs. This has raised
the question of a possible role of GST in the
development of drug resistance in chemo-
therapy.*

In recent years, molecular biology studies have
been carried out on rat, mouse, and human GST
genes encoding cytosolic isoenzymes (for a re-
view see Reference 10). The scope of this review
is to present the current knowledge about the
structure of GST genes and the molecular mecha-

nisms involved in the regulation of their expres-
sion.

Il. GST GENE STRUCTURE

Mammalian GSTs have been thoroughly in-
vestigated and the knowledge about isoenzyme
occurrence in the different tissues is rapidly
expanding. The most extensive studies of GST
isoenzymes have been initially carried out in
the rat liver where the multiple GST forms have
been characterized.’ GSTs have also been iden-
tified from mouse and human tissues. These
studies have shown that the cytosolic rat, mouse,
and human GSTs are homodimers or
heterodimers of subunits that have been classi-
fied into three groups: alpha, mu, and pi; a
fourth GST activity, membrane bound, is the
microsomal GST.!3

In recent years, because of construction and
characterization of cDNA clones, there has been
a rapid increase in the structural information
available about glutathione transferases and their
genes. Sequence analysis of cDNA clones has
revealed that alpha and mu GST subunits are
encoded by multigene families and has enabled
evolutionary studies between different members
of these families. In addition, because specific
GST subunits are induced by the administration
of various xenobiotics and are differentially ex-
pressed in various tissues, the cloned cDNA se-
quences have been instrumental for the study of

the inducible and tissue specific expression of
GST genes.!0
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A. GST Alpha Gene Family

The cDNA clones complementary to the
mRNAs encoding the alpha GST subunits from
rat, Ya (GST1-1)! and Yc (GST2-2),! have been
constructed and analyzed by a number of labora-
tories.!-17 These studies have shown that the Ya
and Yc mRNA sequences are 75% identical in
the protein-coding region.!” DNA sequence
analysis of different rat liver Ya mRNA cDNA
clones has revealed the existence of two highly
homologous Ya subunits.!"'5 The sequences of
the two 222 amino acid subunits differ in eight
amino acids and the corresponding mRNAs
present divergence in the 3’-noncoding regipns.
The sequence of a mouse Ya subunit, derived
from a genomic clone, was found to encode a
223 amino acid polypeptide highly homologqus
(94%) to one of the rat liver Ya mRNA species
detected by cDNA cloning.'® Two alpha-class
GST cDNA clones, tbGSTal and rbGSTq,IL
isolated from rabbit lung and liver en.codmg
polypeptides of 223 and 221 amino acids, re-
spectively, were found to be 78% identical t0
each other in amino acid sequence and moré
closely related (>80% identity) to human Htf;
subunit than to rat and mouse alpha subunits.
The nucleotide sequence of human GST cDISIj‘\'
clones encoding alpha subunits was reported”
and the Ha genes have been assigned to chromo-
some 6.2 A close relationship was observed
between the human Ha subunit and the rat Y8
and Yc subunits as well as their cDNA sequences
(~80%).221 Southern blot hybridization of rat
and mouse genomic DNAs, using a Ya cDNA
probe, have indicated that Ya subunit is encode(:
by a multigene family.?® In mouse genome, al
detectable copies of Ya-equivalent mouse class-
alpha genes have been located on mouse chr¢”
mosome 925 and mapped on this chromosome n
the vicinity of the d locus.26?’ Southern blot
hybridization studies of rat genomic DNA, usIné
5" and 3’ regions of Ya and Yc cDNA Pmbeii
have indicated the presence of multiple Y2 a”r
Yc genes in the rat genome, which was .furthe
confirmed by isolation of unique genomic frag-
ments from a rat genomic library.”® *

The Ya structural genes isolated from rat‘n
and mouse'®3* span about 11 kb and contd!



seven exons. In addition to a high homology
between the mouse and rat Ya gene mRNA
coding sequences, an extensive sequence con-
servation (70 to 80%) was observed in the 50 to
200 bp of introns at the exon-intron junctions
as well as in the region beyond the cleavage-
polyadenylation site of pre-mRNA of the two
genes.'8 A recently isolated and sequenced hu-
man GST Ha, subunit gene has a similar struc-
ture with the mouse and rat Ya genes: it spans
a region of ~12 kb and contains seven exons.”!
Because the 5'-flanking region of the human
GST Ha, gene has not yet been characterized
further upstream than the 300 bp of the proxi-
mal promoter, it is not known whether it con-
tains cis-acting regulatory elements that would
mediate a tissue-specific or inducible expres-
sion of this gene. Such regulatory elements have
been located in the 5'-flanking regions of rat*
and mouse Ya gene®3* and their structure and
function will be discussed in following chap-
ters.

B. GST Mu Gene Family

The cDNA clones, corresponding to subunits
Yb,, Yb,, and Yb, of the rat GST Yb family have
been isolated and characterized.* A sequence
comparison among these Yb cDNA clones shows
about 80% identity in their protein coding region
and a very high divergence in the 3’-nontranslated
mRNA regions.* There is little sequence homol-
ogy between Yb cDNAs and the Yaand Yc nucle-
otide sequences and no cross-hybridizations have
been observed between the two GST families
under moderately stringent conditions.*!%*

Southern blot hybridizations of rat genomic
DNA with Yb cDNA probes present a pattern
of complexity consistent with the presence of
a multigene Yb family in the rat genome."’
The isolation and characterization of three Yb
genes, Yb,, Yb,, and Yb,, have been de-
scribed.’* The Yb, gene encodes a putative
Yb, subunit that has not yet been purified from
any rat tissue and there is no evidence that the
Yb, gene is expressed at all. The Yb, gene has
not yet been isolated but, through the use of
the Yb, cDNA clone, it was demonstrated that

!

this gene is expressed primarily in the brain
and very little in the liver.*! The structure of
rat GST Yb,, Yb,, and Yb, genes is similar:
they span about 5 kb, contain eight exons, and
three out of seven introns are conserved to the
extent of more than 88% nucleotide identity.*
This latter observation has led to the assump-
tion that a gene conversion mechanism may
have played a role in the evolution of GST Yb
genes.* Gene conversion within the germ-line
was proposed as a mechanism important to the
evolution of any gene family that maintains
microdiversity in a set of otherwise very simi-
lar and functional molecules.*> The sequence
identity in the introns of gene families is con-
sidered an evidence of the occurrence of gene
conversion. Evidence was reported that germ-
line gene conversion also occurs in the ho-
mologous region of two human GST mu-class
genes.*’ The nucleotide sequences subject to
gene conversion that include both intron and
exon regions were also conserved between man
and rat and, in the case of one human GST mu
gene, were found to be capable of modulating
promoter activity in transient-expression as-
says.*® Thus, the unusual conservation across
species of the intron sequences in gene con-
version in the GSTmu gene family seems to be
due to the presence of regulatory elements
within them.

Genetic loci for six human GSTs, GSTI
through GST6, have been described.** Three of
them, GST1, GST4, and GSTS, were shown to
encode class-mu isoenzymes,* 464 whereas GST2
and GST3 represent Ha or alpha and pi subunit,
respectively (for a nomenclature of human GSTs
see Reference 49). The GST1 is a polymorphic
locus for which three alleles have been described:
a null allele, GST1-1, and GST1-2. Approxi-
mately 50% of the human population is homozy-
gous for the null allele.*** This “deficiency” has
been correlated with a lack of GST activity on
trans-stilbene oxide and a possible increase in
lung cancer incidence among smokers.*'*? The
mRNAs corresponding to GST1-1 and GST1-2
alleles have been cloned.** and their cDNAs
were found to differ by a single base pair in the
protein coding region to encode at residue 172 an
asparagine in GSTY* or a lysine in GSTp*
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subunits. Genomic DNA hybridizations using a
panel of DNAs from mouse-human somatic cell
hybrids show that the Hb (mu) genes of human
GSTs are located on three separate chromo-
somes: 1, 6, and 13. The GSTu('¥) gene, whose
expression is polymorphic in the human popu-
lation, was assigned to chromosome 13.5¢ It
was proposed that the GSTu(W) gene was cre-
ated by a transposition or recombination event
and that the null phenotype may have resulted
from a lack of DNA transposition as well as
from a deletion of an inserted gene.’ Addi-
tional human mu-class GST cDNA clones have
been isolated: one encoding a muscle-specific
GST subunit®” and another expressed in brain
and testis.”® Presently, because regulatory 5'-
flanking regions of GST mu-class genes have
not yet been analyzed for tissue specificity or
xenobiotic inducibility, there is no information

about the regulation of expression of this GST
subunit gene family.,

C. GST Pi Genes

cDNA clones encoding rat®®% and human®!
GST pi subunits have been isolated as well as the
corresponding rat®? and human®? structural genes.
Both rat GST-P and human GST-rt gene span
about 3 kb, contain seven exons, and encode a
210 amino acid protein. Unlike other classes of
GST subunits that are encoded by gene families,
the pi-class subunits of both species are expressed
from a single gene.®2% The rat genome was also

found to contain a number of processed-type
pseudo genes.52

D. Microsomal GST Genes

The cDNA clones of rat and human Microso-
mal GST enzymes encoding a 154 amino acid
protein have been isolated.® The two microsomal
GSTs exhibit 95% similarity in amino acid se-
quences to each other and only limited sequence
homology (from amino acids 57 to 63) to the
cytosolic GST isoenzymes.*65 This leads to the
assumption that this form of GST is most likely a
result of convergent rather than divergent evolu-
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tion.® The microsomal GST is a single-or low-
copy gene in both rat and human genomes and, by
genomic blot hybridizations of DNA from a panel
of mouse-human somatic cell hybrids, the human
microsomal GST gene was assigned to chromo-
some 12,646

lll. REGULATION OF GST GENE
EXPRESSION

A. Induction of GSTs in Animal Tissues

The cytosolic GSTs are a class of enzymes
that are inducible by drugs, xenobiotics, food
additives, and natural dietary components.
Studies on the induction of cytosolic GSTs
activities have been carried out by administra-
tion of various xenobiotics, 2(3)-tert-butyl-4-
hydroxyanisol (BHA), phenobarbital, 3-meth-
ylcholanthrene, trans-stilbene oxide, and many
other compounds, to rats and mice follf)wed
by analysis of the enzyme levels in the differ-
ent organs.®’-’' It was observed that the
xenobiotics induce severalfold the activity (_Jf
some GST subunits and that the increase If
GST Ya subunit activity in rat liver 18 Parfﬂ'
leled by an increase in the translational ‘actll\;—
ity of the respective mRNA.>7 The availabll
ity of cDNA cloned sequences of GST mRNAi
and their use as specific probes in RN{‘\ bl‘tjs
hybridization and nuclear run-on experimen
have enabled to demonstrate that the chanﬂ;j
in the steady-state levels of rat liver GST 7
and Yb mRNAs induced by phenobarbltal aflll_
3-methylcholanthrene™ are due to t_hc tg:j’l"
scriptional activation of the respective e-
genes.”” From similar experiments, the tlssuu
specific induction of murine class alpha, mbt‘:
and pi GST mRNAs by BHA was fo_undmf?rhe
due to increased rates of transcription o
effects of inducers of drug metabol.ism sucme'
BHA, phenobarbital, cafestol palmitate: 7
thylcholanthrene, rrans-stilbene oxlde’ouse
ethoxyquin on the levels of the diffe{e“t.n;te 2
and rat hepatic GST isoenzymes lndl]jowe
differential gene regulation’ and have & 4 mu-
the detection of new inducible alpha- a1
class GST subunits.808!



B. Induction of GSTs as a Mechanism of
Chemoprotection

Induction of GSTs and other Phase II" drug-
metabolizing enzymes,®? glucuronosyl trans-
ferases, and NAD(P)H: quinone reductase by a
wide variety of structurally unrelated compounds
is considered a major mechanism of protection
against chemical stress and carcinogenesis (for
reviews see References 83 and 84). In fact, a
correlation exists between GST induction and a
lower incidence of experimental cancer in ro-
dents.5*7! The induction of protective GST activ-
ity was found to be associated with an increase in
RNA levels and enhanced rates of enzyme syn-
thesis.” These observations, which suggest the
important role of GST induction in the prevention
of chemical carcinogenesis, have given the incen-
tive for an extensive screening for the
anticarcinogenic or chemoprotective activity of
different natural and synthetic chemical agents***°
(for a review see Reference 83). In this respect,
GST induction was instrumental in the detection
of a variety of natural and synthetic compounds
able to confer protection against the effects of
carcinogens in laboratory animals. The structural
diversity of these inducers of GSTs and other
drug-metabolizing Phase 11 enzymes is remark-
able and includes different classes of chemical
agents such as planar aromatic compounds (fla-
vonoids, polycyclic aromatic hydrocarbons, and
azo dyes), phenolic antioxidants, coumarins, aro-
matic isothiocyanates, thiocarbamates, 1,2-dithiol-
3~.thiones, barbiturates, indoles, etc.**#* The puz-
zling feature of these chemical agents is that,
despite their structural heterogeneity, they all share
the ability to elevate in animal cells the activities
of Phase II enzymes that inactivate the reactive
electrophilic forms of carcinogens. It was ob-
served, however, that a class of chemicals, the
planar aromatic compounds (polycyclic aromatic
hydrocarbons, azo dyes, flavonoids, dioxins) ar®
inducers of Phase I enzymes (.., cytochromes
P-450) as well as Phase II enzymes, whereas the

Enzymes of xenobiotic metabolism have been classi

that introduce by oxidation or reduction functional groups
dogenous ligands (€.~ glu

the functionalized compounds with en

fied into two gro

other types of chemoprotective agents are rela-
tively selective inducers of Phase II enzymes.***
According to their enzyme induction patterns, the
chemical inducers have been classified by Talalay
et al. % into bifunctional inducers (planar aromatic
compounds) that induce both Phase I and Phase 11
enzymes and monofunctional inducers (diphenols,
thiocarbamates, isothiocyanates, 1,2-dithiol-3-
thiones) that selectively induce only Phase Il en-
Zymes.

The molecular mechanisms by which the pla-
nar aromatic compounds induce the activity of
Phase I cytochrome P;-450 enzymes, which intro-
duce by oxidation or reduction functional groups
into xenobiotics, are well established (for reviews
see References 87-90). Planar aromatics bind with
high affinity to the cytosolic Ah receptor. Follow-
ing a temperature-dependent activation step, the
liganded Ah receptor is translocated into the
nucleus where, by interacting with specific en-
hancer sequences, it induces the expression of
selected cytochrome P,-450 genes. The inducible
expression of cytochromes P,-450 by planar aro-
matics is mediated by multiple copies of xenobiotic
responsive elements (XRE) containing the core
sequence 5" T-GCGTG-3’ and located in the 5"-
flanking regions of their genes.”"*? Because the
induction of Phase II enzymes by planar aromatic
compounds was observed to occur only in mouse
strains and cultured hepatocytes with a functional
Ah receptor, the regulation of these enzymes has
been initially assumed to occur through the same
mechanism as that regulating the genes of cyto-
chrome P,-450.% However, early results impiy?ng
a direct participation of Ah receptor in inducpon
of Phase II enzymes have not been convinc-
ing_93-95 ; :

Because GST expression is rapidly lost in
cultured hepatocyles, Talalay et al.*‘-"‘*"". have
concentrated their studies on the regulation .of
NAD(P)H:quinone reductase, an enzyme activity
that is coordinately induced with GST in animal
tissues and is still expn:sscd i'n a number of
hepatoma cell lines. Some quinonc reductase

ups®%: Phase | enzymes (e.g., cytochromes P,-450)
into chemical compounds and Phase 1l enzymes that conjugate

tathione, glucuronic acid).

177



inducers identified in cell cultures were also
tested as inducers of quinone reductase and GST
in mouse tissues. A systematic analysis of the
induction of quinone reductase by planar aro-
matics (B-naphthoflavone, azodyes, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD)) and mono-
functional inducers (diphenols, aromatic di-
amines, 1,2-dithiol-3 thione) was carried out by
Talalay and collaborators%-% using a murine
hepatoma cell line (Hepa Iclc7) and two mu-
tants defective in either Ah receptor function
(BPc1)®1% or in cytochrome P,-450 activity,
(c1).1°! From these experiments, it was concluded
that the signal for quinone reductase induction
depends on the oxidative lability of the induc-
ers and that this induction by the redox labile
compounds does not depend on a functional Ah
receptor or cytochrome P,-450 activity.”” In con-
trast, induction of quinone reductase by planar
aromatic compounds requires both a competent
Ah receptor and a functiona] cytochrome P,-450
enzyme.”™ These observations have been cor-
roborated also for the induction of GST expres-
sion from experiments in which the GST activity
Was monitored in parallel with that of quinone
reductase and cytochrome P,-450 in genetically
defined mouse strains with high (C57BL/6J) and
low (DBA/2)) affinity Ah receptors. From this
apparently coordinate induction of Phase I and
Phase 11 enzymes by planar aromatic compounds,
Talalay et al.* haye Proposed the metabolic cas-
cade model described i Figure 1. According to
this model, the mechanism of Phase IJ enzyme
induction by planar aromatics includes two steps:
(1) induction of Cytochromes P,-450 via the Ah
recgptor and (2) conversion of the planar aro-
matics by the Cytochrome P,-450 activity into
oxidalion-reduction labile species, diphenols,
aminophenols, quinones, which in turn signal
the induction of Phase I1 enzymes. This mode]
implies a unified mechanism for induction of
Phase IT enzymes by all classes of chemical com-
pounds. The induction appears to depend on 2
redox signal generated by the oxidation-redyc-
tion lability of the inducing agents. The validity
of this_model for the GST induction by planar
aromatics was recently supported by molecular

studies on the regulation of GST Y, gene ex-
pression, 102,103
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The model presented in Figure 1, however,
does not exclude the possibility that complexes
of planar aromatic compounds with Ak receptor
could bind to specific regulatory sequences to
activate directly the transcription of Phase II
enzyme genes by a mechanism similar to that
described for cytochromes P,-450 genes.® Such
a mechanism, which would require the pres-
ence of XRE sequences in the regulatory re-
gions of the genes encoding Phase Il enzymes,
was also proposed.”” According to this, poorly
or nonmetabolizable bifunctional inducers such
as TCDD'* are expected to activate Phase II
enzyme genes exclusively via the Ah receptor/
XRE binding mechanism, whereas the metabo-
lizable bifunctional inducers (e.g., p-naphtho-
flavone, 3-methylcholanthrene) could act also
via the metabolic cascade, whereby the induced
cytochromes P,-450 activity converts these com-
pounds into redox labile electrophilic metabo-
lites resembling monofunctional inducers. The
experimental evidence obtained for quinone
reductase induction in Hepalclc7 wild type
murine hepatoma and Ah receptor (BPrcl) or
cytochrome P,-450 (c1) defective mutant cells
by Prochaska and Talalay®” support their model.
Thus, monofunctional inducers increase
quinone reductase activity to the same extel}t
in mutant as in wild-type cells, whereas bi-
functional inducers B-naphthoflavone and
TCDD were inactive in the Ah receptor defec-
tive cells. In ¢l mutant cells, however, the
bifunctional inducers B-naphthoflavone and
TCDD were found to be very weak inducers
(1.2- to 1.6-fold) of quinone reductase activ-
ity. This finding is somehow difficult to ex-
plain because in the cytochrome P;-450-
defective c1 cells the bifunctional inducers
(B-naphthoflavone, TCDD) should be able 10
induce quinone reductase via an Ah receptor/
XRE—binding mechanism. i

In a search for a common chemical signa
among the various monofunctional inducers,
remarkable similarity between the structural _feﬂ‘;
tures of substrates for GSTs and those rt?qumlao
for Phase IT enzyme induction was noticed.
Many inducers contain, or acquire by metabo-
lism, the structure of a Michael reaction accep-
tor characterized by olefinic or acetylenic bonds
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INDUCERS OF PHASE Il

PLANAR AROMATIC DIPHENOLS, DIAMINES, QUINONES
COMPOUNDS THIOCARBAMATES, ISOTHIOCYANATES
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ACTIVATION OF CYTOCHROMES
P,-450 GENE EXPRESSION

FIGURE 1.

REDOX
SIGNAL

ACTIVATION OF PHASE 11
ENZYMES GENE EXPRESSION

The relation between the mechanisms of induction of Phase | and Phase || drug-metabo-

lizing enzymes. (Adapted from Talalay, P., De Long, M. J., and Prochaska, H. J., Cancer Biology and
Therapeutics, Cory, J. G. and Szentivanyi, Eds., Plenum, 1987, 197.)

that are rendered electrophilic by conjugation
with electron-withdrawing groups.'® One of the
basic structural elements of GST substrates is a
carbon-carbon double bond activated by an ad-
jacent electron-withdrawing carbonyl group. The
glutathione conjugation catalyzed by the GST
appears to be a thiol addition to an o,B-unsatur-
ated carbonyl compound that involves a nucleo-
philic attack on the electrophilic B carbon simi-
lar to a classic Michael reaction.' Both induction
and substrate activity therefore appear to require
the presence of an electrophilic Michael accep-
tor function. Thus, many Phase IT enzyme induc-
ers such as o, unsaturated esters, aldehydes,
ketones, lactones, quinones, nitro alkenes, sul-
fones, ethacrynic acid, etc. are also substrates
for GSTs. The potency of inducers of quinone
reductase was found to parallel their efficiency
as substrates for GSTs.!® These findings sug-
gest that the GSTs or their subunits may partici-
pate in the mechanism of Phase II enzyme in-
duction by the electrophilic compounds.'® This
relation may only indicate, however, that both
processes require the presence of electrophilic
centers.

C. GST Ya Genes

1. Induction of GST Ya Gene in
Hepatoma Cells

Because expression of GSTs is normally ex-
tinct in cultured cells, the two differentiated rat
hepatoma cell lines, FAO and H4I1,'”” which still
express a large number of liver-specific functions
including phenobarbital and 3-methylcholan-
threne-inducible forms of cytochromes P,450,'*
have proven instrumental for the study of endog-
enous GST Ya gene induction. In these cells, it
was possible to show by RNA blot analysis using
GST Ya cDNA cloned sequences, the induction
of GST Ya mRNA by phenobarbital and planar
aromatic compounds (3-methylcholanthrene and
B-naphthoflavone),™ as well as by the oxidation
labile rerr-butyl hydroquinone.'™ A number of
inducers of chemical stress such as arsenite, ar-
senate, and heavy metals (Zn, Cd, Pb), that cause
the synthesis of heat-shock proteins and hydrogen
peroxide were also found to induce increased lev-
els of GST YamRNA in rat hepatoma Hall cells'™
(Figure 2). A variable 2- to 8-fold increase in
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FIGURE 2. Induction of GST Ya mRNA by stress-
inducing agents. Total RNA extracted from hepatoma
H4ll cells, untreated (C) or exposed for 3 h to 25 uM
sodium arsenite (As*?), 50 pM sodium arsenate (As*3),
5 uM cadmium chloride (Cd), 200 pM zinc chloride
(Zn), 100 uM lead nitrate (Pb), or 500 uM hydrogen
peroxide (H.O.), was fractionated by agarose/formal-
dehyde gel electrophoresis and analyzed by RNA blot
hybridization with a *P-labeled Ya cDNA probe. The
autoradiogram was quantitated by densitometry. (From
Pinkus, R., M. Sc. thesis, Feinberg Graduate School,
Weizmann Institute of Science, Rehovot, 1992.)

GST Ya mRNA levels was observed for the dif-
ferent chemicals. The induction of GST Ya mRNA
by tert-butyl hydroquinone reaches a maximal
level after 4 to 8 h of cell exposure to the xenobiotic
and requires on-going protein synthesis because it
is completely inhibited by the presence of cyclo-
heximide (Figure 3). This suggests that induction
of GST Ya mRNA by the electrophilic inducer
may involve the synthesis of a regulatory protein

responsible for the transcriptional activation of
the GST Ya gene.

2. Cis-regulatory Elements for Basal and
Inducible Expression

Studies on the regulatory elements control-
ling the basal and xenobiotic-inducible expres-
sion of GST Ya subunit genes have been con-
ducted on the highly homologous rat* and
mouse'®33 GST Ya gene. The 5’-flanking re-
gions of these genes have been screened for cis-
regulatory elements with respect to tissue-spe-
cific and inducible expression. The functional
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Effect of cycloheximide on the induction of GST Ya
mRNA by tert-butylhydroquinone. Total RNA, extracte
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analysis of the 5'-flanking region was carried
out by measuring its ability to promote expres-
sion of the bacterial chioramphenicol acetyl trans-
ferase (CAT) reporter gene. Chimeric genes, con-
structed through the ligation of DNA fragments
from the 5'-flanking region to a minimal pro-
moter of the respective GST genes fused to the
CAT coding sequence, were transfected for tran-
sient expression into human, rat, or mouse
hepatoma cells. Generally, the CAT activities
directed by the different 5’-flanking sequences
have been monitored before and after exposure
of the transfected cells to different classes of
chemical inducers.

The 5’-flanking region of the mouse GST Ya
gene contains a single positive regulatory element
responsible for the basal as well as the inducible
expression of this gene by xenobiotic com-
pounds.'2 The regulatory element, located be-
tween nucleotides —754 and —714 upstream from
the initiation of transcription start, was found to
be responsive to both planar aromatic (p-
naphthoflavone, 3-methylcholanthrene, TCDD)
and to electrophilic (tert-butylhydroquinone,
-dimethylfumarate, and frans-4-phenyl-3-
buten-2-one) compounds.'?

The finding of a common responsive ele-
ment in the mouse Ya gene for both planar aro-
matic and electrophilic inducers raised the ques-
tion of the different mechanisms proposed for
the GST gene activation by the two classes of
inducers.”’ First, the absence of a XRE sequence
from the 41 bp (-754 to -714) Ya gene regula-
tory element excludes a mechanism of induction
involving direct binding of an Ah receptor-aro-
matic compound complex similar to the tran-
scriptional activation of cytochrome P,-450
genes.$ Second, transfection experiments of 5-
flanking region Ya-cat fusion gene constructs
into murine hepatoma cell mutants defective in
either the Ah receptor (BP'cl mutant), or in the
cytochrome P,-450 gene (c1 mutant) have shown
that induction by planar aromatic but not by
electrophilic inducers required a functional Ah
receptor and cytochrome P,-450 activity.'” From
this, it was concluded that the planar aromatic
compounds have to be metabolized by the cyto-
chrome P,-450 enzymes to acquire the electro-
philic properties responsible for GST Ya gene
induction. These findings support the metabolic

cascade model proposed by Prochaska and
Talalay®*?’ for Phase Il enzyme induction by
planar aromatic compounds (see Figure 1). The
presence of an electrophilic center or an oxida-
tion lability, which was described as a character-
istic feature of the monofunctional inducers of
Phase II enzymes,'® thus appears to be an exclu-
sive requirement for the activation of the regula-
tory element of mouse Ya gene.'™ Because of
this exclusive activation by an electrophilic or
redox signal, the ~754 to —714 regulatory se-
quence of the mouse Ya gene was referred to as
an electrophile-responsive element, EpRE.'™ An
EpRE-containing 41 bp oligonucleotide (-754
to —714) ligated to the —187 site of the Ya gene
promoter was found to confer upon it an increase
in basal activity and inducibility by a wide range
of chemical agents (Figure 4). The basal activity
augmented synergistically with the number of
EpRE copies.'”

The fact that TCDD, which is considered a
non-or slow-metabolizable compound,'™ has in-
duced CAT activity (albeit only by a factor of 1.5-
to 1.8-fold) via the same EpRE regulatory ele-
ment as the other planar aromatics'® is puzzling.
It may be assumed that a limited metabolism of
TCDD is sufficient to produce the redox signal
required for Ya gene induction or, alternatively,
that such a signal may be acquired by a pathway
independent of TCDD metabolism.

Deletion analysis studies of the 5-flanking
region of a rat GST Ya gene® have revealed a
cis-regulatory element between nucleotides
722 to —682 very similar in structure to the
EpRE of the mouse Ya gene.'"! Because of its
activation by a phenolic antioxidant such as
tert-butylhydroquinone this regulatory element
was defined as an antioxidant-responsive cle-
ment (ARE), although it was found to be equally
well induced by the planar aromatic B-
naphthoflavone.'®*!'? A consensus core se-
quence 5"-puGTGACNNNGC was proposed for
ARE. " In contradistinction with the mouse Ya
gene, the 5’-flanking region of rat GST Ya gene
was found to include, between nucleotides
-908 1o —899, a XRE sequence identical to that
found in the planar aromatic-responsive cyto-
chromes P,-450 genes.'!"'"* Insertion of this XRE
sequence in front of the minimal rat GST Ya
promoter resulted in a construct that was exclu-
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Induction of EpRE Ya-cat gene construct by chemical agents. Hepatoma HepG2 ce

transfected with EpRE Ya-cat plasmid DNA were untreated (C) or exposed for 16 h to 30 dL;VINI” )fegfo
butylhydroquinone (HQ), 50 uM B-naphthoflavone (BN), 500 uM H,O,; 30 uM dimethylfu maratg (t_ . v\;ere
uM 3-methylcholanthrene (MC), 100 ng/ml PMA, or 6 h to 2 mM phenobarbital (EB). CAT activi |ef g
measured in cell extracts and normalized to endogenous B-galactosidase activity expressed fro
cotransfected RSV-gal plasmid. (Adapted from References 102, 120, and 103.)

sively responsive, about 3-fold, to planar aro-
matic inducer -naphthoflavone. The presence
of XRE (908 to —899) upstream the ARE (-722
to —622) in the 5'-flanking region of the rat GST
Ya gene, however, does not seem to contribute
additively to the maximal responsiveness of this
gene to planar aromatic inducers, because a de-
letion of the XRE did not affect the levels of
basal or inducible expression of this gene.!!-113
The XRE sequence was, however, indispensable
for the activation of the rat Ya gene promoter
constructs in HepG2 cells by a poorly metabo-
lizable inducer such as TCDD. Surprisingly, the
same XRE-Ya gene promoter construct was not
inducible by the planar aromatic compounds
when transfected in cytochrome P,-450 enzyme-
defective cl hepatoma cells,'®® despite the fact

that these cells are considered to have a normal
Ah receptor.
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3. Tissue-specific Regulatory Elements

The GST Ya subunit is a protein CXPresse?
preferentially in the liver and, to a srpgller eig‘;‘t{
also in the kidney. Therefore, in addition to! i
sequences that control the response of xen0§10 i
the Ya gene expression may also m\.rolve tiss _
specific regulatory elements recognized by 5‘5‘;
cific trans-acting factors. Several regulatory e
ments, presumably involved in the constltll;een
and hepatocyte-specific expression, have i
identified in the 5’-flanking regions of mous® i
rat GST Ya genes by nuclear protein-DNA 11
actions 3113 .

A putative binding site for HNF-1, 2 u::_
scription factor involved in the control 1?5—?1};pw;15
sion of various liver specific genes, ot
detected at position —860 from the start 0 gl
scription of the rat GST Ya gene.!'"!"* An 2



tional binding site for a hepatocyte-enriched fac-
tor, HNF-4,'7 was detected between nucleotides
_810 to —720."3 Binding experiments with rat
liver nuclear extracts and DNase footprinting
analysis of 5’ upstream sequences of the mouse
GST Ya gene, have enabled the detection of rec-
ognition sites for the ubiquitous NF-1 factor!!®!*
at positions —776 and —135 from the start of tran-
scription. 3192 Because these putative regulatory
sites have been detected in the GST Ya genes by
binding of proteins from crude nuclear extracts
and the respective purified factors have not yet
been shown to interact with the detected sequences,
the identity of the regulatory factors cannot be
conclusive.

4. Transactivation of the EpRE of GST
Ya Gene

The electrophile-inducible enhancer (EpRE)
of the mouse GST Ya gene was found to contain
a 9 bp direct repeat sequence, TGACA(A/T)
(A/T)GC, spaced by 6 bp!?® (Figure 5A). The two
adjacent 9 bp motifs are actually variants of the
consensus Activator Protein-1 (AP-1) binding site,
TGACTCA, originally identified as the phorbol
12-myristate 13-acetate (PMA) responsive ele-
ment.!?--123 The inducible transcription enhancer
AP-1 binding site, observed in the promoter re-
gion of several PMA-inducible genes,'?'"'* was
shown to be regulated by the binding of protein
products of c-fos and c-jun genes forming the
Fos/Jun heterodimeric (AP-1) complexes (for re-
view see Reference 124). The functional role of
the AP-1 like sequences in EpRE was analyzed
by ligation of synthetic oligonucleotides repre-
senting each of these sequences at the —187 site of
GST Ya gene promoter fused to the CAT coding
sequence. The constructs were transfected for
expression into HepG2 hepatoma cells. It was
demonstrated that, separately, the first AP-1-like
site (TGACATTGC) did not confer basal or in-
ducible activity, whereas the second AP-1-like
site (TGACAAAGC) increased to a small extent
the basal activity (~4-fold) and conferred only a
low level of inducibility (~1.5-fold). At close dis-
tance, however, the two AP-1-like binding sites
Increased considerably the basal activity and con-

ferred xenobiotic inducibility.'”® From these ob-
servations, which are illustrated in Figure 5B, it
appears that the two AP-1-like sequences act syn-
ergistically to form the xenobiotic inducible EpRE
of GST Ya gene. The synergistic effect of mul-
tiple AP-1-like sequences on Ya gene expression
is demonstrated in Figure 5C, which compares
the CAT activities expressed from minimal pro-
moter Ya-cat constructs containing one, two, or
five AP-1-like TGACAAAGC sequences, respec-
tively. In the absence of inducer, there is an in-
crease in the level of CAT expression that corre-
lates with the number of AP-1-like sites. About
20- and 50-fold increases in basal activity were
observed for constructs containing two and five
AP-1-like sequences, respectively, when compared
with a single one. The inducibility, however, was
observed to decrease with the increase in basal
activity and the induction ratio conferred by five
is lower than that conferred by two AP-1-like
sequences'? (see Figure 5C). These observations
have suggested that multiple copies of AP-1 sites
may reduce the sensitivity to the small increases
in abundance or activity of the binding factors
caused by the xenobiotic induction.

It was reported that the AP-1 binding site is
recognized by the same transcription factor,
AP-1 complex, before and after PMA induction.'*
A point mutation at position 1 of AP-1 site that
decreases AP-1 complex binding and abolishes
both basal and inducible activity of the AP-1
binding site' is expected to affect similarly the
activity of the AP-1-like site of the EpRE. Indeed
a single base conversion T—A at position 1 of the
AP-1-like motif TGACAAAGC of the EpRE
completely abolished the basal and inducible ac-
tivity of the site independent of the number of the
mutant AGACAAAGC copies.'”

Protein-DNA binding experiments have indi-
cated an increase (5- to 10-fold) in EpRE
footprinting activity in nuclear extracts from
hepatoma cells exposed to rerr-butylhyrgrg-
quinone.'” Several lines of evidence have indi-
cated that the AP-1 complex is, indeed, lhc‘ EpRIz
n factor whose abundance or activity 18
increased after treatment of hepaw_ma_cclls wilb
electrophilic agents. Protein-DNA binding exper-
ments using gel-shift assays have show‘n n?ai in
vitro, synthesized ¢-Fos and ¢-Jun proteins inter-

recognitio
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FIGURE 5. (A) Sequence of the electro

bgtween nucleotides ~754 to ~714 of the S'-flanking region of mouse GST Ya gene. The
dlrgct repeats are boxed, the 25 and 11 bp oligonucleotides synthesized for the study of
their effect on Ya gene promoter activation are indicated. (B) Relative CAT activities
expressed in HepG2 cells from constructs —1 87 Ya-cat lacking electrophile responsive
sequences, 753-729 Ya cat, 729-719 Ya-cat, and 754-714 Ya cat containing the 25 bp,
11 bp, and 41 bp synthetic oligonucleotides, respectively. (C) Relative CAT activities
expressed in HepG2 cells from constructs 729-719 Ya-cat, (729-719), Ya-cat, (729-
719)s Ya-cat containing one, two, or five copies of the 11 bp (729 to 719) sequence. After
transfection, the cells were untreated (bars a) or were exposed for 24 h to 30 uM tert-
butylhydroquinone (bars b) or 50 uM B naphthoflavone (bars c). (From Friling, R. S.,
Bergelson, S., and Daniel, V, Proc. Nat. Acad. Sci. U.S.A., 89, 668, 1992.)
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act cooperatively with the EpRE. These experi-
ments have indicated that, similar to an AP-1 site,
the formation of a gel-retarded protein-DNA com-
plex by EpRE requires both Fos and Jun pro-
teins!2 (Figure 6A). The transactivation of the
EpRE by Fos and Jun proteins was demonstrated
by cotransfection of an EpRE Ya-cat construct
with c-Jun and c-Fos expression vectors into un-
differentiated embryonal carcinoma F9 cells. In
these cells, which lack endogenous AP-1 activ-
ity,!25126 the EpRE had no basal or inducible ac-
tivity. A 100-fold increase in the EpRE basal
activity was observed only in the presence of both
exogenous c-Jun and c-Fos.'? These experiments
indicate that activation of EpRE cannot be
achieved by c-Jun homodimers alone and requires
the Fos/Jun heterodimeric complex (Figure 6B).
In a titration experiment, a steady increase in
EpRE activity in F9 cells is proportional to the
amounts of exogenous c-Fos and c-Jun expres-
sion vectors introduced in these cells (Figure 7).

D. GST Pi Genes

The regulatory mechanisms involved in the
expression of GST subunits of the pi-class were
studied using isolated genes from rat, GST P%2
and man, GST 7.5 The GST pi-class is of particu-
lar interest because its expression has been asso-
ciated with carcinogenesis'?’"'*' and drug resis-
tance.1%-135 Placental GST-P (or GST 7-7), the
only GST of the pi-class in rats, is absent from the
normal rat hepatocytes and is specifically induced
at an early stage of chemical hepatocarcino-
genesis.!?7-131 The GST-P becomes expressed
constitutively and is present at high levels in
preneoplastic hepatocytes and hepatocellular car-
cinomas and appears to be a valuable marker for
hepatocellular carcinogenesis in rat.!2-13! The
progress from GST-P-negative normal adult rat
liver to highly positive preneoplastic and neoplas-
tic liver, observed by using anti-GST-P antibody
for the detection of the protein, was shown 0 be
paralleled by the relative abundance of the
mRNA 1% Thus, GST-P mRNA, which is absent
from normal as well as the regenerating rat liver,
becomes highly abundant in hyperplastic nod-
ules, chemically induced hepatocellular carcino-
mas, and cell lines derived from hepatomas.'**'*’

The high incidence of derepression of the GST-P
gene expression in the preneoplastic lesions and
hyperplastic nodules,'*" irrespective of the type of
carcinogen used as inducer, has suggested that the
mechanisms regulating the expression of this gene
may be closely related to the neoplastic transfor-
mation of the rat liver.'*® The GST-P gene ap-
pears to be responsive to ras Oncogenes, as an
increase in GST-P expression was observed in rat
liver epithelial cells following transformation with
N-ras gene'* and v-H-ras or v-raf genes.'” In
these cells, an increase in GST-P mRNA levels
was also observed following the expression of an
inducible Ha-ras gene introduced by transfec-
tion.'#

The GST-P gene expression appears 10 be
developmentally regulated. The relative high lev-
els of GST-P mRNA observed in the fetal liver
decrease rapidly after the first week of postnatal
development to become undetectable in the adult
liver.'! In contrast, the GST-P mRNA levels were
found to increase in the adult brain.'*! It should be
observed that the GST-P mRNA is normally
present in a wide range of tissues such as kidney,
lung, testis, heart, spleen, and placenta.'” The
GST-P, in contrast to other GSTs (e.g., GST Ya
subunit), is not inducible in the normal liver by
short-term administration of drugs, carcinogens,
or tumor promoters. Exceptionally, lead nitrate
was observed to induce GST-P in rat liver.'"'*
Hepatocytes in primary culture, however, exhibit
changes in GST gene expression: the expression
of class-alpha GST decreases, whereas that of
class-mu GST and GST-P are markedly in-
creased.'*'*’ Hepatocytes, on continuous culture
in media containing serum, were found to express
low levels of GST-P mRNA, which were greatly
increased by induction with aflatoxin metabo-
lites'* or phenobarbital.“-‘ In addition, hepato-
cytes cultured in medium supplemented with in-
sulin accumulated GST-P mRNA in the first 24 h
and this effect was blocked by glucocorticoid
dexamethasone.'* Recent data show that GST-P
is significantly induced in serum-free primary cul-
wures of rat hepatocytes by epidermal growth fac-
tor (EGF) or insulin.'® This Suggests t.hat the
spontaneous induction of GST-P observed in hepa-
tocyte cultures containing serum may be due ‘.0
the presence of hormones and growth factors in
the added serum. The inducible effects of EGF
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FIGURE 6. Binding and transactivation of EpRE by Fos ‘and
Jun proteins. (A) Gel shift assay for binding of in vitro synthesized
Fos and Jun proteins. c-Jun (lanes 1 and 5), c-Fos (lanes 2 and 6),
¢-Jun + c-Fos (lanes 3 and 7), and c-Jun + c-Fos in the presence
of 100 x molar excess of unlabeled EpRE oligonucleotide (lanes 4
and 8). Lanes 1 to 4 represent binding to a 32P-labeled AP-1
consensus oligonucleotide and lanes 5 to 8 represent binding to
the *P-labeled EpRE oligonucleotide. (B) Transactivation of EpRE
by Fos and Jun. Plasmid constructs -187 Ya-cat (lane 1) and EpRE
Ya-cat were cotransfected with various combinations of 5 pg
RSV-c-Jun and RSV-c-Fos into embryonal carcinoma F9 cells
followed by exposure for 16 h 10 30 pM tert-butylhydroquinone
(HQ) were indicated. (Experimental details are in Friling, R. S.,

Bergelson, S., and Daniel, V., Proc. Natl. Acad. Sci. U.S.A., 89,
668, 1992.)

and insulin on GST-P gene expression in primary
hepatocytes were shown to be associated with an
enhanced expression of c-jun and C-fos.!*8 This
finding supports an involvement of Fos and Jun
transcription factors in the regulation of GST-p
expression and is consistent with the increased

t of
levels of c-jun mRNA that accompanY_th‘;OCi,
GST-P mRNA in rat liver preneoplastic

e
hyperplastic nodules, and hepatocellular carct
mas.]49

i the
The molecular mechanisms controlhniino-
expression of GST-P during hepato car

186



100
B control
L/,
= 80 -
=
o 4
©
60
f—-
<
(a]
40
s !
:-(6 p
[}
Pr= 20 -J
]
0 -
0 0.1
FIGURE 7.

o

0.5 1.0 B.

Increase in EpRE activity as a function of c-Fos/c-Jun. The

EpRE Ya-cat construct was cotransfected together with increasing amounts
(0.1 to 5 pg) of RSV-c-Jun + RSV-c-Fos into F9 cells in the absence
(control) or presence of 30 uM tert-butylhydroquinone (HQ). Because
RSV promoter is not induced by HQ, the marginal activation observed in
the presence of HQ is due to the induction of an endogenous activity in
F9 cells. (Experimental details as in Friling, R. S., Bergelson, S., and

Daniel, V., Proc. Natl. Acad. Sci.

genesis have been investigated extensively by
Muramatsu and colleagues. 515} The analysis of
the 5’-flanking sequence of the rat GST-P gene
has revealed a number of cis-acting regulatory
DNA elements: in the proximal promoter, at
position 61 from the initiation of transcription
site, a consensus sequence AP-1 binding site
TGACTCAGC together with a GC box, al posi-
tion —40, contribute to the basal level of GST-P
gene expression.!S™-152 A stretch of DNA se-
Hushoes containing negative elements acting as
a silencer to repress gene expression was de-
tected at position -400 upstream the initiation of
transcription site.!*!55 A DNA element, GPEII
at position —2.2 kb, containing two SV-40-like
and one polyoma-like enhancer sequences and,
at position —2.5 kb, an enhancer termed GPEI
was found to mediate the PMA inducible ex-
pression of the GST-P gene.'5¢-152 The GPEI
inducible enhancer of GST-P is similar in struc-
ture to the EpRE inducible enhancer described
In mouse GST Ya gene'™: it contains two adja-
cent AP-1-like binding sites that separately have
No activity but that act synergistically to confer

U.S.A., 89, 668, 1992.)

a strong transcriptional enhancing activity on a
GST-P minimal promoter.'* The GPEI enhancer
was shown to bind a HeLa cell nuclear factor
that was identified as the AP-1 binding activity
by gel-shift analysis using competitor oligonucle-
otides containing a consensus AP-1 site sequence
or GPEI site point mutants that abolish bind-
ing.’s! In addition, the GPEIL, because of the
synergistic effect of its two adjacent AP-1-like
binding sites, exhibited a relatively high activity
in F9 cells despite the low Jevels of Fos and Jun
proteins in these cells. Nevertheless, the GPEI
enhancer activity was further stimulated in F9
cell by the Fos/Jun heterodimeric complex ob-
tained from cotransfection with both ¢-fos and
C-jun expression vectors.'"

The silencer region of GST-P, located be-
tween nucleotides _396 to —140, was demon-
strated to include multiple cis-elements that act
cooperatively 10 exert a negative effect on genc
expression,'* At least three nuclear frans-act-
ing factors were found to bind to the GST-P
silencer region. One of them, silencer Factor B
(SF-B), was cloned and found to be similar or
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identical to an IL-6 inducible trans-activator LAP/
IL6-DBP.'*

The GST-n gene-encoding human GST-pi
subunit was sequenced®56 and the 5'-flanking
region was analyzed for DNA elements that regu-
late its expression.'7-1%° These studies bring evi-
dence that the control of expression of GST-x
differs markedly from that of its rat GST-P ana-
log subunit.’s” GST-nt activity is absent from
normal human hepatocyte and, unlike rat GST-P,
is not expressed in hepatocellular carcinoma.'”’
GST-xt levels are increased in human malignant
disease and in some human tumor cell lines that
have acquired drug resistance to antitumor
drugs.!31134137.160 The expression of GST-m, how-
ever, unlike that of its rat counterpart GST-P
subunit, is not elevated in human cells express-
ing ras (c-Ha-ras or N-ras) oncogenes and there
is no correlation between expression of acti-
vated ras and the expression of GST-mt mRNA."’
In addition, treatment of HeLa cells, HepG?2 cells,
or a lung carcinoma line GLC8 with PMA failed
to alter the steady state levels of endogenous
GST-m mRNA."" The difference between the
control of expression of the pi-class GSTs in rat
and man, which may account for the different
patterns of expression of these enzymes in the
hepatocellular carcinomas of the two species, is
probably due to a structural difference in the
regulatory 5'-flanking region of the two genes.
Thus, the GPEI enhancer, located 2.5 kb up-
stream the transcription start site of the rat
GST-P gene, which is responsible for the induc-
ible expression of this gene by PMA'S and prob-
ably for the responsiveness to ras oncogene, is
absent from the same position in the human GST-
nt gene'*® as well as from the entire 6 kb of 5'-
flanking region of this gene.’” Both rat GST-P
and human GST-m genes contain a consensus
sequence AP-1 binding site in the proximal pro-
moter at position-60 that is not inducible by
PMA but is essential for basal level of promoter
activity.’*'>® The human GST-r gene contains
an additional positive cis-acting DNA element
downstream from the transcription start site be-~
tween nucleotides +8 and +72 that is required
for the maximal basal activity of the promoter,!5?
A closer examination of these sequences reveals
the presence of an additional AP-1 binding site,

-~

TGAGTACGC, between nucleotides +35 and
+41 that is absent from the rat GST-P gene.

IV. THE ROLE OF FOS/JUN (AP-1)
COMPLEX IN THE REGULATION OF
GST GENE EXPRESSION

A. Induction of AP-1 Activity by
Chemical Agents

Recent studies have revealed that transcrip-
tional regulatory proteins Fos and Jun, the pro-
tein products of fos and jun protooncogenes,
are induced by environmental signals and func-
tion in signal transduction processes (for re-
views, see References 124 and 161). They pi_ay
a role in coupling short-term extracellular sig-
nals to changes in gene expression in the nuc{eus
by interacting with specific DNA-binding sit¢s
in target genes. In addition, fos and jun art
cellular “immediate-early” genes and, as su_ch,
are rapidly induced in resting cells by miio-
gens, which suggests that they may be involved
in the initiation of cell cycling.!®'® In the
majority of cell types, the basal level_of expres-
sion of fos and jun genes is relanvely. low}
However, the rapid and transient inductfon 0
expression of Fos- and Jun-related p1“otems by
a great variety of extracellular stlm}ﬂatory
agents that promote cell proliferation, differen-
tiation, and neuronal excitation ena!)lcs th_l’n"_e
proteins to modulate their DNA-binding actv”
ties and to mediate specific alterations i geﬁ:
expression. 62165167 Following induction, ! :
synthesized Fos and Jun protein products af
translocated into the nucleus where they fom;
homodimeric and heterodimeric coﬂ.lPle".e.
through a structure known as the leucin® z1}2_
per.!68 These associations are not limited t0
Fos and c-Jun but are also observed 3“‘0:0‘%)
other members of the Jun (Jun B,'® Jun I: 5
and Fos (Fos B,'7! Fra 1, Fra 2174 fam;;f_ 1
The protein dimers that constitute the =
complex activate transcription of Fargel gzon-
containing AP-1 binding sites having the e
sensus DNA sequence TGACTCA In the(‘if:;ers
moters (Figure 8). While c-Jun hom01lsites
were reported to be able to bind to AP-



and activate transcription,'?® the Fos proteins
are active only as heterodimers with any of the
Jun proteins. The cooperative formation of
heterodimers between Jun and Fos proteins sig-
nificantly enhances both AP-1 binding and tran-
scriptional activation of AP-1 responsive
genes_169,174—l?9

The AP-1 binding site, originally identified in
the control regions of viral and cellular genes
whose transcription is induced by treatment of
cells with tumor-promoting phorbol ester
PMA 122:123.180-182 jg present in a large number of
genes, many of which may not be induced by
treatment with this agent, 1301351154 The cxpres-
sion of fos and jun is induced by treatment of cells
with a wide range of stimulatory agents, which in
addition to phorbol ester PMA, include serum,'®?
growth factors,164185-187 calcium ionophore,'**!*
activation of potassium channels or membrane
depolarization,""’“’““ heat shock,'” neurotransmit-

ters, 193,194 H202,195.l96 UV,'95197 and X-ray'® radia-
tion (for reviews see References 124, 166, 167).
In addition, AP-1 activity is also induced by neo-
plastic transformation!®2® as well as the tran-
sient expression of transforming oncogenes such
as ras, src, and mos. 2%

Recent studies indicate that Fos and Jun tran-
scription factors are also involved in the cellular
response to chemical stress. Their induction by a
variety of structurally unrelated chemical agents
mediates the activation of GST Ya gene 2%
Thus, in addition to phenobarbital.’“-‘ dioxin
(TCDD),* and tumor promoter PMA, chemical
compounds such as planar aromatic hydrocar-
bons (e.g., P-naphthoflavone, 3-methylcholan-
threne), tert-butylhydroquinone, rrans 4-phenyl
3_puten-2-one, and H;0, all induce an increase in
AP-1 binding activity™** (Figure 9).

The inducible expression of AP-1 binding
activity was shown 1o involve an activation of

Plasma Cytoplasm Nucleus
Membrane
pep':':de 5 c-fos Transcriptional
rowt e
dgiﬂ?renﬁ:aon ¢ - jun activation
factors
ion channel
agonists, Ca*2
neuro -
transmitters
Fos/Jun  Heterodimer
heat shack Jun/Jun and homodimer
formation
PMA r’ A l.‘
: ;’ ' Translation
H,0 4
s L Fos (c-Fos, Fos B, Fra)
by Jun (c-Jun, JunB, JunD)
UV, X-ray _" *
DNA binding
redox - labile
chemicals TGACTCA and gene
PP activation
FIGURE 8.  Scheme for the induction of c-fos and c-jun gene expression by v:;x:;;;uiﬁl:u;:?imuh. s
synthesized Fos/Jun (AP-1) complexes regulate the expression of target genes
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preexisting transcription factors, such as Fos/
Jun complex and serum responsive factor (SRF),
followed by induction of c-fos and c-jun ex-
pression.'®” Although the initial step of_ activa-
tion of c-fos and c-jun gene transcription is a

expression of GST genes offers a mechanistic
approach for an understanding of the molecular
processes involved. The modulation of tl?e AP-1
activity should account for the changes 1ndgced
by growth factors, hormones, chemical carcino-

BN MC But

R B

C H202 HQ PMA C
- o

AP-1>

FIGURE 9. Induction of AP-1 binding activity by various inducers
of GST Ya gene. Nuclear extracts were prepared from HepG2 cells
untreated (C) or exposed for 3 h to 30 uM tert-butylhydroquinone
(HQ), 100 ng/mi PMA, 500 uM H,O,, 50 uM B-naphthoflavone (BN),
50 uM 3-methylcholanthrene (MC), or 30 uM trans-4 phenyl-3-buten-
2-one (But) and were analyzed for AP-1 binding activity by electro-
phoretic mobility shift using a *?P-labeled AP-1 oligonucleotide probe.
(Data adapted from Daniel, V., Bergelson, S., and Pinkus, R., Struc-
ture and Function of Glutathione S-Transferases, Tew, K. D., Pickett,

C. B., Mantle, T. J., Mannervik, B., and Hayes, J., Eds., CRC Press,
Boca Raton, FL, 1993 (in press).)

translation-independent event, the subsequent
increase in AP-1 activity was found to be de-
pendent on de novo protein synthesis.200201 The
requirement for new c-Fos protein synthesis,
which was reported to be a prerequisite for
gene activation through the AP-1 binding site,20!
is probably due to the short half-life of c-Fos
mRNA and c-Fos protein. In line with these
observations, the inhibition by cycloheximide
of GST Ya gene induction by tert-butyl-
hydroquinone in H4II hepatoma cells, described
in Figure 3, can be explained by a block in the
synthesis of the AP-1 complex and a lack of
activation of GST Ya gene via the EpRE site.
Indeed, gel-shift experiments with nuclear ex-
tract from hepatoma cells exposed to GST Ya
inducer show an inhibition of the induction of
the AP-1 binding activity by the presence of
cycloheximide.?*

The finding that the AP-1 activity is the trans-
acting factor that regulates the basal and inducible
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gens, transforming oncogene expression, and ce}{-‘
lular stress-inducing agents in the pattern of Gsb
expression. The stimulation of AP-1 activity DY
chemical carcinogens and transforming oncogencs
is probably an important event in the neoplastic
process and may account for the altered patter[;llz
of gene expression in malignant cells. Thus, :
GST-P expression in the early stages of chemlcbﬂe
hepatocarcinogenesis in rats was obser'ved to
associated with the increased expression of Cn
fos'** and c-jun."** In addition, GST-P apped’ ;n
cells transformed with ras oncogenes "
which the AP-1 activity is the major transcrlP“"r}
factor whose activity is augmented by the tranSd
forming oncogenes.2% The induction of c-fos an :
c-jun by EGF and insulin observed in a number Of
cells® 2% may explain the enhancement 9‘
GST-P expression by these effectors in Pr!
mary cultured rat hepatocytes.'*® .
The inhibitory effect of dexamethasone ©

the induction of GST-P expression in primary



cultured hepatocytes by insulin!4¢!#’ can be ex-
plained on the basis of the role played by AP-1
complex in the regulation of GST-P gene tran-
scription. There appears to be a general mutual
antagonism between activation by AP-1 and by
glucocorticoid receptors of target genes that con-
tain recognition sites for these factors.2'¢-213 The
AP-1 activity was found to be negatively regu-
lated by protein-protein interaction with the glu-
cocorticoid receptor that, in the presence of
dexamethasone, inhibits both basal and inducible
activity of the AP-1 complex.2!*-2"

B. AP-1 Binding Sites Responsible for
the Inducible Expression of GSTs

The AP-1 binding sites present a great vari-
ability in nucleotide sequence, a fact that raises
the question whether particular AP-1 protein
complexes may recognize specific variants of
the AP-1 site.’?* The study of the inducible
enhancer EpRE of the mouse GST Ya gene
suggests that the deviation from 2 consensus
AP-1 sequence may play a role in the modula-
tion of gene expression. Each of the tw0 AP-1-
like binding sites that form the EpRE, when
?Ssayed separately, confer a lower basal activ-
ity to the GST Ya gene promoter than the con-
sensus AP-1 sequence and show Very little or
no inducibility.'? It should be observed that the
AP-1 binding site, unlike other response ele-
ments, exhibits a considerable basal activity
prior to stimulation. This activity varies among
cultured cell lines and is due to the presence of
certain amounts of AP-1 complex even before
lpduction. The lower basal activities of the AP-1-
like sites of GST Ya EpRE, which correlates with
their divergence from the consensus sequence
TGACATT<TGAC A AA < TGACTCA in this
order (the dots indicate departure from the consen-
sus), may suggest a lower affinity of the AP-1
complex for the AP-1-like site. Two adjacent AP-
I-like sites, however, act synergistically t© form
an EpRE enhancer inducible by a variety of chemi-
cal agents (see Figure 5). The inducibility of the
EpRE is higher than that of a single consensus
sequence AP-1 site.'” From this, it may be con-
cluded that an enhancer composed of WO adja-
cent AP-1-like binding sites, which have @ low

affinity for the AP-1 complex but act synergisti-
cally, has the advantage to confer a higher sensi-
tivity to the subtle changes in AP-1 complex ac-
tivity induced by environmental signals. The
importance of an inducible element with such a
structure in the regulation of gene expression is
indicated by the presence of similar enhancers in
the PMA- and antioxidant-responsive regions ofa
number of gencs.”2-12"-‘53-2“‘-3“‘ Figure 10 shows
the regulatory elements composed of two adja-
cent AP-1-like sites that form the inducible en-
hancer of several Phase 11 xenobiotic-metaboliz-
ing enzyme genes (e.g., GST Ya genes from
mouse'? and rat,!'? GST-P from rat,'** quinone
reductase from rat*'¥) and proliferin.?'* The devia-
tion of these AP-1-like sequences from the AP-1
consensus sequence is shown in Figure 11. It
should be observed that in the GST-P gene, the
two AP-1-like sites forming the GPE-1 enhancer
are responsive to PMA induction, whereas a single-
copy consensus sequence AP-1 site located in the
proximal promoter region at position -60 of this
gene as well as in that of human GSTr gene
confers only basal activity and has no inducibil-
ity_150,158.159

C. The Transduction Signal

A characteristic of AP-1 transcription factor
is the variety of apparently unrelated agents that
can induce its DNA-binding activity. This char-

ared with another ubiquitous tran-

acteristic is sh :
scription factor, NF-xB (for a review, S¢¢ Refer-

ence 215), and is an important feature of the
transcription factor network that controls the cel-
Jular response 10 environmental signals. The
mechanism by which transcription factor genes
are induced by multiple cell stimuli is, however,
not clear. Itis tempting to assume that the various
stimuli converge 10 a common intracellular mes-
senger of transduction signal. Early observations

have recognized the AP-1 binding site as a tumor

promoter (PMA) response element. Because of

the fact that PMA is a potent activator of protein
kinase C,°a hypothetical pathway was proposed
ene expression by this effec-

for the alteration of g . :
tor that assumed that a PMA-activated protein

kinase C would modulate the aclivily- of AP-1
binding factors by specific phosphorylatmns.lu-'m
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rat GST-P

mouse GST Ya

rat GST Ya

quinone reductase

proliferin

5'-GTAGTCAGTCACTATGATTCAGCAA-3"'

—_—— _——
5'-AATGACATTGCTAATGGTGACAAAGCAA-3"

—_— e——————
5'-AATGGCATTGCTAATGGTGACAAAGCAA-3"'

5'—GTE&AGAGTCACAGTGACTTG&EAA—3'

[

—
5'-GGCTACTCACAGTATGATTTGTT-3"'

FIGURE 10. Regulatory elements composed of two adjacent AP-1-like se-
quences. GPE-1 in rat GST-P gene,'s® EpRE in mouse GST Ya gene,'? ARE
in rat GST Ya''2 and rat quinone reductase genes,?' and proliferin gene.2'

AP-1 C
consensus c e
GST Ya mouse TGACATTGC

Tl e
GST Ya rat THGedt tec

PT@ACAAA.G.C
GST-P rat TGACTGACT

TG AP -CiA G C
guinone GACT'i‘@GC
reductase GEARE e TPATE
proliferin GAGTAGCC

GATTTGETT
FIGURE 11.

described in Fi
1 binding site.

It should be noted that ¢-Fos and ¢-Jun proteins
are known to be phosphorylated in yiyo2!7-219 and
a PMA-stimulated dephosphorylation of c-Jun at
specific sites results in the activation of its DNA-
binding function.”® The inhibition of PMA and
H,0, induction of c-fos and C-jun by protein ki-
nase inhibitors™! 222 supports the assumption that
the phosphorylation of certain transcription regu-

latory proteins (e.g., serum response factor, SRF,

a traz_lscr.iption regulator of c-fos gene) is a key
step in signal transduction. Although the activa-
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Comparison of the AP-1-like seguences
gure 10 yvith the consensus sequence AP-
Dots indicate departures from consensus.

tion of protein kinase C is an early event el;c1te(:
in the initiation of cell proliferation by 2 numbe
of growth factors and PMA,?'¢ however, mfarc. 9
no direct evidence that protein kinase s
volved in the induction of fos and jun gen¢ v
pression. In fact PMA-or serum-induced ph(?S:
phorylation of c-Fos protein was found be m_
dependent of protein kinase C activatioﬂ-_218 Moto h
over, in long-term PMA-treated cells 1n whlc-
protein kinase C is supposed to be dow‘n-reg“l-
lated and the activation of c-fos by PMA 15 abo

—
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ished, H,0, is found to induce c-fos gene as effi-
ciently as in untreated cells.!% These reports, there-
fore, do not support a universal role for protein
kinase C as the second messenger in the multisignal
transduction pathway responsible for the induc-
tion of AP-1 activity and suggest that other pro-
tein kinases may also be involved.

Recent observations point to reactive Oxy-
gen as the inducing signal of AP-1 activ-
ity.196:203204.221-223 Reactive OXygen species known
as pro-oxidants, such as superoxide anion, O3,
H,0,, hydroxyl radical HO-, organic peroxides,
and radicals, are produced endogenously by all
acrobic cells as side products of a number of
metabolic reactions.?* To prevent the oxidative
damage caused by reactive oxygen species, cells
have an elaborate antioxidant defense system
consisting of nonenzymatic scavengers and
quenchers known as antioxidants (e.g., GSH, B-
carotene, vitamin C, 0- tocopherol) as well as
enzymatic systems, including GSH-peroxidases,
superoxide dismutases, catalase, NAD(P)H:
quinone reductase, GSSG reductase, NADPH-
supply glucose 6-phosphate dehydrogenase, and
conjugation enzymes, GSTs, and glucuronosyl
transferases.22’ The aerobic biological systems are
characterized by a steady-state involving the for-
mation of pro-oxidants and their consumption, at
a similar rate, by the antioxidant defense system.
“Oxidative stress” or pro-oxidant state results from
an alteration of this pro-oxidant—antioxidant bal-
ance in favor of the pro-oxidants.*>*** In cellular
pro-oxidant states, the intracellular concentration
of reactive oxygen species is increased either be-
cause the cells overproduce them or because they
are deficient in the ability to destroy them.

GSH, which is the most abundant intracellu-
lar thiol present in all eukaryotic forms of life,’
p}ays amajor role in maintaining the redox poten-
tial within cells, thereby protecting them against
oxygen toxicity. GSH levels control the concen-
tration of reactive oxygen species by direct reac”
tion, scavenging, and via the GSH—peroxidase/
GSH enzymatic system.? In this process, GSH is
oxidized to GSSG and GSH-reductase, which
catalyzes GSSG reduction by NADPH, functions
In restoring the intracellular GSH:GSSG redox
t’rq.ln'librium. Because of the role of GSH in main-
taining the intracellular redox potential, any in-
crease in oxidant levels would result in a con-

sumption of GSH and low thiol levels. Thus, at
any time, the intracellular thiol levels actually
reflect a dynamic equilibrium between the GSH
available and the amount of oxidants produced in
the cell. A depletion of GSH, which reflects the
increase in intracellular oxidant levels, was re-
cently suggested to be involved in the signal trans-
duction pathway that regulates expression of NF-
KB transcription factor.?’#

There are a variety of agents and mechanisms
that can induce pro-oxidant states, which include
radiation (UV and X-ray), exposure (0 xenobiotics
or their metabolites that can participate in redox
cycling, incomplete oxygen reduction during cell
respiration, inhibition of the antioxidant defense
system and membrane perturbation (for a review
see Reference 226). The cellular pro-oxidant states
resulting from metabolic reactions in response 10
endogenous and exogenous inducing agents have
been implicated in tumor promotion and a close
correlation was observed between oxidative stress
and chemical carcinogenesis.”2¢%* In this respect,
it should be observed that the action of tumor
promoters involves a modulation of expression of
genes that regulate cell growth and differentia-
tion. Evidence indicates that generation of active
oxygen is one of the earliest events involved in
the positive control of cell growth in response 10
growth factors or PMA.2! It was also reported
that active OXygens generated by xanthine/xan-
thine oxidase, H;O», and other oxidants could act
as mitogenic stimuli in resting cells to ipducc
DNA synthesis and transcriptional activation of
immediate early genes c-fos, c-jun, and .
myc,‘%-m'”-‘ Treatment of cells by_HIO_:. which
in the presence of transition metal ions 1s a pro-
ducer of oxygen radicals,” or by uv l}ghl acti-
vates c-fos and c-jun as well as AP-1-inducible
genes such as collagenase and metallo-
ionein.'¥1551%7 Similarly, H,0x, Was found to
induce GST Ya gene expression (see Figure 2)
via the two adjacent AP-1-like sites that consti-

tute the EpRE (see Figure 4) and the ARE'?

enhancers. An involvement of active oxygen in

the phenobarbiwl induction of CAT activity from
an EpRE Ya-cat gene construct aqd (?f _AP- 1 bind-
ing activity is supported by the inhibitory effect
of the thiol compounds N-acesyl—L{yslenne and
glutathione on this induction.” This suggesls that
the phenobat’oital induction of AP-1activity, lead-
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ing to the AP-1-mediated transcriptional activa-
tion of the GST Ya and quinone reductase genes,””
occurs at low thiol levels created by the genera-
tion of intracellular oxidants, because this induc-
tion can be prevented by increasing the intracel-
lular thiol levels.

D. Inducers of GST as Producers of
Oxidative Stress

The assumption that reactive oxygen is the
transduction signal that mediates activation of
c-fos and c-jun gene expression provides an ex-
planation for the inducible expression of GST
genes by chemical agents of diverse structure.
These agents, which belong to many chemical
classes,* may all induce conditions of oxidative
stress by diverse pathways to activate the ex-
pression of GST and probably other Phase II
enzyme genes that are regulated by the Fos/Jun
(AP-1) complex. A close examination of the
different classes of GST chemical inducers, in-
deed, reveals a variety of metabolic pathways
and mechanisms by which these chemicals may
disturb the cellular redox equilibrium toward a
more oxidizing environment.

A great majority of GST and NAD(P)H:
quinone reductase inducers are electrophilic com-
pounds with structural features similar to those
required to serve as substrates for glutathione
transferases.'” Many of the inducers are, in fact,
classic Michael acceptors, that is, they contain an
unsaturated bond rendered electrophilic by conju-
gation with an electron withdrawing group. Such
electrophilic inducers may be expected to reduce
the thiol (GSH) content of cells and induce pro-
oxidant states in two ways: (1) by GST-mediated
f:onjugation with GSH and (2) by nonenzymatic
interaction with sulfhydryl group of GSH. Thus,
it is possible that the close correlation observed
between the structural features required for the
inducible function, that is, induction of GSTs and
NAD(P)H:quinone reductase gene expression and
those required for compounds to serve as sub-
strates for GSTs may reflect the involvement of
the electrophilic compounds in GSH depletion
via a GST-mediated conjugation. In fact, the po-
tency of these chemicals as inducers parallels
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their efficiency as substrates for GST.'% The GSH
depletion in animal tissues by substrates of GSTs
has been reviewed extensively.?*! Following the
depleted state, the rate of GSH synthesis was
observed to increase.?!' Thus, diethyl maleate, an
electrophilic GST substrate and inducer of
NAD(P)H:quinone reductase,'® at a concentra-
tion of 1 mM was found to cause a complete
depletion of GSH and cellular death in human
fibroblasts.232 At a concentration of 0.1 mM, how-
ever, which does not cause cell death, after an
initial decrease in GSH level for the first 3 h,
diethyl maleate was found to induce a cystine-
glutamate transport system and an enhanced GSH
synthesis.?*2 For some GST inducers such as 1,2-
dithiole-3-thiones and isothiocyanates,’*'® the
mechanism of production of an oxidative stress
signal is not clear because there is no informatlfm
concerning the reactivity of these compounds \Wh
SH groups, a GST-mediated conjugation with
GSH, or other biological effects on the cellular
systems. As an alternative mechanism, although
the experimental evidence is lacking, one could
speculate that some potent electrophilic inducers
of GSTs1%5 may directly interact with an SH
group of a regulatory protein involved in signal
transduction. _

A large number of xenobiotics that are induc-
ers of GSTs and NAD(P)H:quinone reductase gei¢
expression contain or acquire by metabolism
quinoid structures. Quinones are among the m_OSt
reactive and toxic electrophilic chemicals causing
oxidative stress. A characteristic feature Of_th"'
quinone moiety is its ability to undergo revefslble
oxidation-reduction cycles in which semiquinone
intermediates are oxidized to quinones with ¢
comitant reduction of O, to O3 (Figure 12): Quir
ones may undergo one-electron reduction b);
flavoenzymes, resulting in the formation ©
semiquinone radicals, or two-electron reduction
by NAD(P)H:quinone reductase to for"
hydroquinones.?33 By converting quinones -
hydroquinones, which are less reactive Specic®
than the semiquinone radicals, the quinon® reduc-
tase activity decreases the concentration of Fhe
quinone available for single-electron reductl_on
and protects the cell against quinone 10X
ity.?34-236 The semiquinone radicals auto—o‘?(id’ze
under aerobic conditions with the formation ?
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the superoxide anion radical O3 Further, the spon-
taneous dismutation of O3 produces H,0, and
the product of O3 + H,0, reaction in the presence
of trz}ce amounts of iron salts yields the highly
reactive hydroxyl radical HO-.2* Quinones, like
other elecFrophilic xenobiotics, are substrates for
ngl;l;s ;:hwh catalyze their conjugation with GSH.
. atnlone plays therefore an important role in
- ce ular defense against the toxicity of quino-
: t it removes them by conjugation via the GST
03;8 (;‘»;\Hand act‘s as a scavenger and as a cofactor
i -pero?udases ff)r the elimination of reac-
. ¥gen_ intermediates formed by redox cy-
. n% of quinones. A Pro-oxidant state resulting
; quinone metabolism can therefore lead to a
epletion of intracellular GSH.

Cyc]"ilr'lhe formatio_n .Of ac.tive oxygen by deo_x
i g olf xenoblot1c§ with quinoid structure 15
o g’fl’e l::Var_lt to the inducer activities of a num-
NAD(PCHG-:ml'CalS known to activate GST and
phenol') ‘quinone reductase genes. Thus, among
diphenlci antioxidants it was found that only 1,2-
quinono s (catechol) and 1,4-diphenols (hydro-
i €) but not 1,3-diphenols (resorcinol) func-

as inducers of GST Ya gene via the ARE

enhancer!!? and of the quinone reductase enzy-
matic activity in cell cultures.® This is explained
by the oxidation of 1,2-and | A-diphenols to quino-
nes, which cannot be formed from the 1,3 meta
compounds.* Included in this group of xenobiotic
inducers of GST are some potent carcinogens
such as the planar aromatic compounds, 3-meth-
ylcholanthrene, B-naphthoflavone, azo-dyes,
benz[o]pyrene, and others. These chemicals were
shown to require metabolism by cytochromes P,-450
enzymes 10 acquire quinoid Structures and to be-
come inducers of Phase 11 xenobiotic enzymes.”’

Inhibition of antioxidant enzymes may also
induce conditions of oxidative stress.” Diethyl-
dithiocarbamate, an inducer of Phase Il en-
zymes,'®> was reported to inhibit antioxidant en-
zyme superoxide dismutase (SOD) in mice and,
:n association with a decrease in GSH-peroxidase
activity and thiol levels, 10 potentiate the lethal
effects of ozone and paraqual.”’ In this respect, it
should be observed that tumor promoter PMA, an
inducer of GST Ya gene expression via the EpRE
enhancer,' induces 2 decrease in the levels of
SOD and catalase activities in MOUse epidermal

cells.?®
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The tumor promoter PMA is also a mem-
brane-active agent that, in addition to protein Ki-
nase C activation,?' induces a chaotropic effect
on plasma membrane conformation.** It was sug-
gested that perturbation of membrane conforma-
tion may render membrane lipids susceptible to
auto-oxidation and activate phospholiplase A, to
release arachidonic acid from membrane phos-
pholipids. The stimulation of arachidonic acid
metabolism, which involves the increased forma-
tion of hydroxyperoxyarachidonic acid interme-
diates, may cause active oxygen production in
PMA-treated cells.??

The mitochondrial cytochrome electron-trans-
port chain, under normal physiological conditions,
releases small amounts of active oxygen such as
O3 and H,0,.° When perturbed by inhibitors,
uncouplers, and pseudosubstrates, however, it may
produce increased amounts of active oxygen and
cause oxidative stress. Heat shock inducers of
AP-1 activity and GST Ya gene expression, ars-
enite and arsenate, act as inhibitors of mitochon-
drial respiration. Arsenite binds to SH groups to
poison mitochondria and disrupt its function.24!
Arsenate is thought to act in more than one way:
as a phosphate analog, it blocks oxidative phos-
phorylations in mitochondria?*? and it may dis-
rupt mitochondrial functions after metabolic re-
duction to arsenite by cellular GSH.243

Recent evidence indicates that TCDD inhib-
its mitochondrial respiration, thereby inducing the
formation of reactive oxygen molecules H,0, and

03 ** The TCDD-induced oxidative stress, which
is brought about by TCDD binding to cytochrome
b and interference with electron-transferring com-
ponents of the respiratory chain, also causes a
partial uncoupling of oxidative phosphorylations.
The simultaneous formation of both O3 and H,0,
in mitochondria in the presence of TCDD sug-
gests the formation of the highly toxic radical
HO-. This assumption is supported by the addi-
tive effect of SOD and catalase in protecting en-
ergy-linked respiration of mitochondria from
TCDD-induced damage.* This pathway of ac-
tive oxygen production by TCDD may explain
the toxicity of this compound, the induction of c-
fos and c-jun gene expression, and increase in
AP-1 activity,? as well as the induction of GST
Ya gene via the EpRE site, 102 despite the fact that
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TCDD is thought not to be metabolized by the
cytochrome P,-450 enzymes.!®

The mechanism by which phenobarbital may
induce the formation of active oxygen is unknown,
although a possible perturbation of the mitochon-
drial and microsomal cytochrome P;-450 elec-
tron-transport chain was considered.?®

E. Control of the “Oxidative Stress”
Response

The cellular response to oxidative stress seems
to involve the inducible expression of a battery of
genes whose function is to counter the oxidative
damage. Although the mechanism by which cells
receive and respond to oxidative stress has n(?t yet
been clarified, the expression of the antioxidant
enzymes induced by active oxygen appears (0 be
under genetic control. Thus, in S. typhimurium
and E. coli, the expression of nine of the proteins
induced by oxidative stress is under the positive
control of the oxyR gene.?*s It was demonstrated
that a direct activation by oxidation f)f OXY'B
protein is responsible for the transcriptional fﬁcu_
vation of oxidative-stress inducible genes.”** In
this way, a transcription factor, OxyR, is both the
sensor and the transducer of the oxidative Stress
signal.

In mammalian cells, recent evidence suggests
that conditions of oxidative stress are responsible
for the induction of c-fos and c-jun gene eXpres-
sion!%204 and the activation of NF-kB transcrip-
tion factor.?27-228 The involvement of oxygen l-ad}:f
cals as second messengers in the activatloq 0
transcription factors may be a general mechanism
of regulation of gene expression in response >
extracellular stimuli. Whether the regulaFOT_Y i
teins are activated by direct oxidation suml-af to
the activation of OxyR or indirectly by modifica-
tions mediated by redox regulated enzymes o
be determined. The recently reported actl"?nor;
of a Src tyrosine kinase by oxidative Stress i
considerable significance.2’ The signaling Cas:
cade initiated by the UV-activation of this 1y
rosine kinase, followed by activation of Ha-Ras
and Raf-1, was shown to increase the phosphory”

lation of c-Jun and its ability to activate transcrip-
tion. 247



Recent evidence suggests that xenobiotic-
metabolizing enzymes of the Phase 11 group such
as glutathione transferases, glucuronosyl trans-
ferases, NAD(P)H:quinone reductase, and the
antioxidant enzymes, Cu/Zn superoxide dismutase,
GSH-peroxidase, GSH-reductase, and the NADPH
supplier glucose 6-phosphate dehydrogenase, are
under a common genetic control and their levels
may be coordinately regulated in response to OXi-
dative stress. An increase in all these seven enzy-
matic activities was observed in the livers of mice
carrying a radiation-induced homozygous dele-
tion of 1.2 centimorgan on chromosome 7 that
includes the albino (c) locus.?*® The existence of
a regulatory chromosome 7 gene was postulated
whose protein product, a trans-acting negative
effector, would control the battery of genes in-
volved in cellular response to oxidative stress.
The deletion of both allele copies of this gene
releases the negative control and the “oxidative
stress” enzymes become constitutively expressed.
However, the gene encoding such a “master
switch” regulator of oxidative stress response has
yet to be identified.

V. OVEREXPRESSION OF GSTs IN
ADAPTIVE RESPONSES TO CHEMICAL
STRESS

Alterations in drug metabolism and the ap-
pearance of multidrug resistance are considered
18 e a}dap‘ive responses important for the carci-
nogenic process. According to this concept, the
Organism reacts to a cytotoxic environment with
adaptive responses, which include acute transi-
Fory reactions (e.g., induction of drug-metaboliz-
ing enzymes, heat-shock proteins, DNA repair
enzymes) followed by clonal development of new
cell populations resistant to the cytotoxic agent
Sg; areview see Reference 249). The hepatocyte

ules formed in the chemically induced neo-
g}_:itfntransﬁ_)matioq of rat liver may be consiof—
&l scie adglgtwe physiological response to chemi-
vk 55.2 The clonal response of adaptation t0
neticalfllmental stress in the liver seems tO be ge-
vels 03; gr0gr ammed. The nodules have elevated
et hase II enzyme activities, glucuronosyl

rase, GSTs, NAD(P)H:quinone reductase,

epoxide hydrolase, y-glutamyl transferase, and a
decrease in cytochrome P,-450 levels.®' An in-
creased expression of multidrug-resistance P-gly-
coprotein in liver nodules was also reported.”***
The elevated levels of the Phase Il enzymes in rat
liver nodules are constitutive and are not depen-
dent on the continuous presence of the drug to
maintain the induced expression. Consistent with
their high content of Phase Il enzymes, liver nod-
ules metabolize and excrete xenobiotic compounds
in a more efficient way than normal liver cells and
are more resistant to the cytotoxic effect of car-
cinogens.?* Using cDNA probes, it was demon-
strated that the mRNAs specific for GST Ya and
Yb subunits and quinone reductase were elevated
in liver nodules and that Yb alone could be super-
induced by 3-methylcholanthrene.”*

Human tumor cells with primary or acquired
multidrug resistance exhibit many of the resis-
tance traits included in the resistance phenotype
of liver nodules. For example, pi-class GST and
the drug efflux pump P-170 glycoprotein are
overexpressed in both xenobiotic resistant rat liver
nodules and multidrug-resistant human breast
MCE-7 cells.?*° The alpha-class and pi-class
GST isoenzymes were found to be overexpressed
in tumor-cell lines resistant to alkylating agents
as well as in drug-resistant tumor cells derived
from patients treated with anticarcinogens.‘”“’-“‘
This apparent association of GST overexpression
with drug resistance has given the incentive 10
experiments trying (0 provide direct evidence for
the role of GSTs in the multidrug-resistance phe-
notype. In these experiments, tmnschtion of al-
pha-class and pi-class GST expression Vectors

1is has resulted in a marked reduction

into yeast c€ :
of the cytotoxic effects of chorambucil and

.amycin. ¢ Similarly, transfection of a GST
i into mammalian COS cells

Ya expression vector ! :
has enabled these cells to survive benzo(a)pyrene

treatment.?®” Other experiments, hOWever, have

that transfection of human alpha-class or
el rs into human MCF-

pi-class GST expression vecto :
7 breast cancer cells did not confer resistance 10

the chemotherapeutic drugs.”“-'-’-’"f In addition,
transfection of mdrl gene expression vector en-
coding P-giycoprolein into MCF-7 cells has pro-
duced a multidrug-resistam phenotype that “',]?s
not further augmented by overexpression of GSTn
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gene.”® Thus, in multidrug-resistant MCF-7 cells,
despite the association of increased GST pi and
MDR P-glycoprotein activities, the resistant phe-
notype is primarily due to overexpression of the
mdr1 gene. These studies therefore do not show a
consistent correlation between GST over-
expression and resistance to anticancer drugs. The
role of GST activity in drug resistance, particu-
larly in human tumor cells exposed to chemo-
therapy, remains to be further clarified.
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