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A. Alignment of enhancers in the 5’-flanking regions of five genes that are responsive to antioxidants. 

TRE-like TRE- 1 i ke 

rGSTPl CAAAAGTAG I TCAGTCAI CTA TGATTCAGC A ACAAACCC 

rGSTA2 GAGCTTGGAAA 

mGstAl TAGCTTGGAAA - ___) 

TRE- 1 ike  bE-consensus1 

B. Comparison between the C 1 promoter region of rat and human class pi GST genes. 

Human C1 ACCCTCCAGAAGAGCGGCCGGCGCCG 

Rat C1 TCCCTCCAGAAGAGCGGCCGCTGTGT - 
ARE consensus sequence SPI 

FIGURE 21. Comparison between the ARE and TRE-like sequences in GST and NQO genes. (A) 
Alignment of enhancers in the 5’-flanking regions of five genes that are responsive to antioxidants. (B) 
Comparison between the C1 promoter region of rat and human class pi genes. (A) Alignment of 
enhancers in the 5’-flanking regions of five genes that are responsive to antioxidants. The TRE and TRE- 
like sites and their orientation are indicated by the boxed sequences and arrows. The middle TRE site 
in the human NQO7 gene represents a perfect consensus sequence and is indicated by the shaded box. 
Both ARE consensus sequences and imperfect TRE consensus sequences are indicated by the open 
boxes. The conserved GCA sequence flanking the central ARE motif is indicated by italics. Abbrevia- 
tions: hNQO7, human NQO7 gene; rNQO7, rat NQO7 gene; rGSTP7, GPEI enhancer element from the 
rat GSTP7 gene; rGSTA2, ARE enhancer element from the rat GSTA2 subunit gene; mGstA7, part of 
the EpRE enhancer element from the mouse GSTA 1 subunit gene. This figure is adapted from the review 
of J a i s ~ a I . ~ ~ *  (B) Comparison between the C1 region of the human and rat class pi GST promoter. The 
ARE consensus sequence, including the conserved core and the GC (indicated in italic type) box, is 
shown. The core sequence comprises a consensus AP-1 site that binds a Fos-Jun complex. This region 
is represented by boxed nucleotides. Although the C1 promoter regions contain the consensus ARE 
nucleotide sequence, the flanking sequences around the ARE are unlike those seen in other proposed 
ARE (compare panel A with panel B). 

A comparison between the nucleotide 
sequences of the 41-bp ARE-containing 
region in the rat GSTA2 gene with the 

41-bp 5’-flanking region of the mouse 
GstAI gene shows the existence of only 
two nucleotide differences (Figure 22). 
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Mouse -991 TAAGATAAAAAGAGGCCAGCCCTGCTCTCTGGTAGGGTATA 

rat -958 tcagataaaaagaggccagccctgctcactggcagggt... 
I I I I I I I I I I I I I I I I I I I I I I I I I I  I l l 1  I I I I I  

AGCTTGGAAATGACATTGCTAATGGTGACAAAGCAACTTCCCCACAGGAG 
I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I  

CAGCCTTAGGCATGTGACAGGCATCTCGGAGGCCAGCCAGATCATC~GGT 

. . .  cgtcaggcatgttgcgtgcatc.ccgaggccagccagatcact 
I I I I I I I I I I  I I I I I I  I l 1 1 1 1 1 1 l l I I I I I I l  I l l 1  

d..t X R P  

ATGATTAATAACCAAGACCCATCAACCAAGGA..TTMCTAPu4ATCATG 
I I I I I I I I I I I I I I I I I I ~ I I I I ( I I I I  I I I I I I I I I  1 1 1 1  I 
aatgattaataaccaagacccatS/aaccgaccactgtaactaagatcagg 

HNF 1 

AATCAGCTTGTGGGTGTGTGAGTGAGGTCAGCAAGAATGACCATGTTGTG 
I I I I I I  I I I I I  I l l  I I I I I  I I I  I I I I I I I  . l l l l 11 l  
actcagcatgtgg..gtgcgagtggagccatcggtgatgaccttgttgtg 

I I I I I I O  

GATAAGAG..CCATGTCTGACTTGGCAGGAAGGATCAGTAATTCTCA 
I I I I I I I I  I I l I I l I I I I I I I I I I l I I I I l 1 1 1 1 1 l 1 1 1 l I I l  
gataagagttctgggtctgaacttggcaggaaggatcagtaattctca 

AATGT.GTCTGGTCATCCAGGATPGTTAAGTGTGAGCTGTGTCCCTCC 
I l l  I I I I I I I I I I  I l l  I I I I I I I I I I  I I I I  I l l  

tgtgtgggatggtcatcc . . . . .  aaa..taagtgtgagttgtgaaattcc 

TTTCTGCCCTCTGGCTCTTG -584 
I I I I I I I I I I  I I I I I I I I  
tttctgcccttgggctcttg -558  

Sequence alignment between the promoter regions of the mouse GstAI and rat GSTAZ genes. The 
41-bp ARE sequence (boxed region) and 5’ and 3’ flanking nucleotides are shown. The rat GSTAZ 
promoter also contains the enhancer element, HNFl and a putative XRE. As can be seen from the 
figure, these regions, and in particular the HNFl enhancer element, are also highly conserved 
between the two gene promoters. In addition, other regions within the immediate flanking sequences 
are also highly conserved. 

FIGURE 22. Sequence alignment between the 5’-flanking region of mouse GstA 7 and rat GSTAP 
genes. 

The flanking region of the murine GstAl gene 
contains the identical 5’-TGACAAAGC-3’ 
sequence described for the ARE in rat GSTA2 

(located between496 and488 bp). However, 
whereas the rat 4 1 -bp element contains a single 
consensus ARE, inspection of the mouse 
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enhancer reveals that an additional ARE 
consensus, 5’-TGACATTGC-3’, is present 
6 bp upstream from the 5’-TGACAAAGC- 
3’ element common to both rat and mouse 
genes (Figure 21). In the rat GSTA2 gene, 
this enhancer is replaced by the sequence 
5’-TGGCATTGC-3’ (located between -7 1 1 
and -703 bp), which does not serve as a 
functional ARE. Thus, although the rat and 
mouse enhancers appear to function in a 
similar manner, the presence of an additional 
ARE consensus in the EpRE may influence 
the mechanism of trans-activation. 

The possibility that the rat ARE and 
mouse EpRE are functionally distinct is 
worthy of consideration. Table 14 shows 
the responsiveness in HepG2 cells of the rat 
ARE and the mouse EpRE to various induc- 
ers. Similar doses of H202, hydroquinone, 
and tBHQ are required to stimulate tran- 
scription directed by the ARE and EpRE. 
However, the EpRE appears to be 8- and 
500-fold more responsive to catechol and 
P-NF than the ARE. These data, therefore, 
suggest that the tandem arrangement of two 
enhancers within the EpRE may render it 
more responsive than the ARE to certain 
inducing agents. Prestera et al.595 have pro- 
posed that in the mouse GsrAI gene a puta- 
tive Ets binding site which is adjacent to the 
distal ARE, within the EpRE, may augment 
its activity; rat GSTAZ also contains an Ets 
binding site but this is adjacent to the non- 
functional ARE-like motif situated between 
-71 1 and -703 bp. The hypothesis that the 
Ets binding site can influence the activity of 
the ARE merits further investigation. 

Other sequences that are immediately 
adjacent to the core ARE and EpRE en- 
hancers may also be required for maximal 
basal and inducible expression of the mouse 
GsrAI and rat GSTA2 genes. As Figure 22 
shows, sequences that flank both the 4 1 -bp 
ARE and EpRE are highly conserved, sug- 
gesting that additional functional require- 
ments constrain sequence divergence. 

4. Relationship between the ARE 
and A P- 1 -Binding Sites 

In the literature, the relationship between 
the ARE and the AP-1-binding motif is 
somewhat confused because, although the 
consensus sequence required for AP- 1 bind- 
ing is distinct from that of the ARE, the two 
consensus sequences are not mutually ex- 
clusive and allow the coexistence of both 
enhancers within a stretch of 9 bp of DNA. 
Indeed, to emphasize this point, it is worth 
noting that the TPA-inducible human MTZZA 
gene, which was used by Angel et al.596 to 
define the TRE consensus, contains both an 
AP-1-binding site and an ARE. 

AP-I was originally identified as a fac- 
tor (i.e., the Fos/Jun containing complex) 
that stimulated basal levels of transcription 
in v im,  and its binding site was also iden- 
tified with TPA inducibility in certain en- 
hancer  element^.^^^.^^' Through alignment 
of putative AP-I-binding sequences, the 7-bp 
motif 5’-TGA(G/C)T(C/A)A-3’ was identi- 
fied in the control regions of TPA-inducible 
genes such as human collagenase, human 
metallothionein, human interleukin 2, rat 
stromelysin, and SV40. The AP-1 DNA- 
binding site, or TRE, contains the sequence 
5’-TGACTCA-3’ that shares some homol- 
ogy with the core consensus ARE sequence 
(5’-TGACNNNGC-3’), suggesting that 
trans-acting factors that bind to the TRE 
may interact with the ARE. 

JaiswaP9* has compared the ARE and 
ARE-related enhancers flanking the GST 
and NQO genes (Figure 21). He suggested 
that the various cis-acting elements contain 
two or three copies of either the TRE or a 
TRE-like element in a stretch of 40 to 45 
nucleotides of DNA. However, with the ex- 
ception of the human NQOI gene, which 
contains a perfect TRE, the remaining genes 
all have imperfect TRE consensus se- 
quences. The rat GSTPl gene contains two 
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TABLE 14 
Comparison between the Chemical-Mediated Transactivation of Rat GSTAP and Mouse 
GstAl Subunit Genes in HepG2 Cells 

Construct 

Compound 
1,2-Benzanthracene 
2,3-Benzanthracene 
peenzoquinone 
Benzyl isothiocyanate 
3,5-Di-tert-Butylcatechol 
Cadmium chloride 
Catechol 
1 -Cyclohexen-2-one 
1 -CyclopentenQ-one 
CuOOH 
1,2-Dithioled-thione 
Fisetin 
2-(5H)-Furanone 
Hydroquinone 
Hydrogen peroxide 
Menadione 
Mercuric chloride 
2-Methylene-4-butyrolactone 
3-Methylene-2-norbornanone 
a-Naphthoflavone 

1 -Nitro-1 -cyclohexene 
Phenylarsine oxide 
Tert-Butylhydroquinone 
1,2,3-Trihydroxybenzene 
Trans-4-Phenylbut-3-en-2-one 
Quercetin 
TCDD 

P-NF 

Concentration of chemical required to double 
reporter protein levels (i.e., CAT or GH) in HepG2 

cells 
(IrmoW 

Rat pGTBl.6CAT 

25 
25 
15 

15 

80 

- 
- 
- 
- 
- 
- 

250 

40 
250 

10 

- 

- 
- 
- 
25 
25 
- 
- 
15 
35 

50 
- 
5 (only with XRE) 

Mouse p284YaGH 

- 
- 
- 
0.7 

7.3 
8.5 

- 

15 
80 
21 
15 

240 
12 

21 0 

- 

- 
1.9 
2.4 
3.1 

0.05 
1 .o 
0.05 

- 

11 

16 
- 

- 
- 

Concentration of chemical 
required to double quinone 

reductase activity in 
Hepa l c l c 7  cells 

(IrmoW 

- 
- 
- 
3.7 - 

11 
4.5 
9 

32 
21 0 

1 

36 

560 

- 

5.3 

- 
0.5 
4.5 
1.5 

0.03 
0.46 

6 

15 

- 

- 

- 
- 
- 

Note: Data derived using rat pGTBl.6CAT in HepG2 cells are from references 565 and 594. Data derived using mouse 
p284YaGH in HepG2 cells and quinone reductase enzyme assays of Hepa lc lc7  cell extracts are from Prestera et aL505 

CuOOH, cumene hydroperoxide; P-NF, P-naphthoflavone; TCDD, tetrachlorodibenzo-pdioxin. 

adjacent imperfect TRE consensus se- 
quences within GPE1, and although it is 
responsive to TPA570.599 and can bind AP- 1 
in vitro,600 it does not contain an ARE con- 
sensus sequence nor is it thought to respond 
to monofunctional inducers. Furthermore, 
the GPEl element is active in undifferenti- 
ated F9 embryonic stem cells, suggesting 
that it may not be regulated in a classic AP- 
I -dependent fashion because this cell line 
possesses very low levels of AP-1 activ- 
 it^.^'^ Evidence suggests that the two im- 
perfect TRE elements within GPE I can bind 

Jun, but that they act synergistically to en- 
hance transcriptional activity.600 

Although both human and rat NQO 
genes contain a central TRE-like consensus 
element that is flanked by similar elements 
either side of the core, the rat GSTA2 and 
mouse GstAZ genes contain only two TRE- 
like elements that can be arranged in either 
orientation with respect to each other, and 
are spaced between 3 and 8 bp apart. As 
described by Rushmore et al.,565 the mini- 
mum ARE sequence required for expres- 
sion and induction of rat GSTAZ is 5’- 
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TGACNNNGC-3’, thus suggesting that only 
one TRE-like element is required for re- 
sponsiveness to monofunctional inducers. 
By contrast, reports on the EpRE in mouse 
GsrAI indicate that both of the TRE-like 
elementP9 are required for transcriptional 
activation by tBHQ or P-NF. In addition, Li 
and Ja i swaP observed that mutations of a 
perfect TRE in the human NQOZ gene re- 
sult in loss of basal and p-NF-induced ex- 
pression. These results indicate the impor- 
tance of TRE-like sequences in the function 
of the ARE but, although some genes re- 
quire at least two TRE-like sequences for 
responsiveness to monofunctional inducers, 
this is not a universal requirement. 

A striking feature of the ARE sequences 
described in Figure 21 is the presence of a 
conserved 3 bp sequence, GCA, immedi- 
ately 3’ of the TRE-like sequence. As al- 
ready indicated, the GC nucleotides are re- 
quired for induction of transcription of rat 
GSTA2,565.592 as well as mouse GS~AI,~O’ 
and its presence in other ARE-containing 
sequences suggests an essential function. 
The fact that the GCA sequence is situated 
outwith the region in the ARE that shares 
homology with the TRE, suggests that trans- 
acting factors other than the AP-1 complex 
are involved in ARE-mediated regulation of 
gene expression. 

5. Role of Barbie Box 
Sequences in Induction of GST 
by Barbiturates 

The levels of many GST subunits are 
increased in rodent organs following treat- 
ment with PB. The molecular basis for this 
increase in GST is not clear. However, Fulco 
and his c o - w o r k e r ~ ~ ~ ~  have identified a cis- 
acting barbiturate-responsive element in 
Bacillus megateriiim that mediates induc- 
tion of CYPBM-, and by barbiturates. 
This element, called the Barbie box, is 15 bp 

in length and is located in the 5’-regulatory 
regions of the B. megaterium CYP genes. 
Through searching for similar sequences in 
the genes of other barbiturate-inducible pro- 
teins, Liang et al.567 identified Barbie boxes 
in the regulatory region of many eukaryotic 
genes. This analysis allowed the following 
5’-ATCAAAAGCTGGAGG-3’ consensus 
to be proposed as the element responsible 
for barbiturate inducibility. The core 4 bp 
sequence AAAG (position 5 to 8) was present 
in all the barbiturate-regulated genes, but the 
other adjacent 5’- and 3’-flanking nucleotides 
within the Barbie box are not conserved and 
may not be essential. Within the Barbie boxes, 
most barbiturate-inducible rat and murine 
genes contain between 8 and 12 of the 15 
consensus nucleotides, but all of these en- 
hancers contain the AAAG core. 

Several potential Barbie box elements 
can be identified in rat and mouse GST 
genes. The core AAAG Barbie box motif is 
contained within the 5’-TGACAAAGC-3’ 
ARE, which is common to the regulatory 
regions of both rat GSTAZ and mouse GsrAZ. 
Although it is possible that the ARE is in- 
volved in GST induction by PB, as sug- 
gested by Pinkus et aI.,’jO3 this seems un- 
likely as outwith the core AAAG motif, the 
homology between the ARE and the Barbie 
box is not high: in both rat GSTAZ and 
mouse Gsuil, the ARE-containing sequence, 
5’-tgacAAAGCaactt-3’, contains 5 of the 
15 consensus nucleotides. Other potential 
Barbie box candidates exist in the rodent 
GST genes. For example, the sequence 5’- 
ATaAAAAGagGccaG-3’, located between 
-950 and -936 bp from the transcriptional 
start site, in rat GSTAZ represents a candi- 
date Barbie box element, as does the se- 
quence 5’-AgggAAAGgTGGtGG-3’ located 
between -179 and -165 bp from the tran- 
scriptional start site in mouse GstAl. It will 
clearly be important to establish whether 
these potential Barbie box elements are func- 
tional. 
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6. Cis-Acting Elements for 
Nuclear Factor (NF)-KB 

Putative NF-KB-binding sites have been 
identified in the flanking region of a num- 
ber of genes encoding enzymes involved in 
GSH homeostasis (y-glutamylcysteine syn- 
t h e t a ~ e ) ~ . ~ ~  and drug metabolism (dihydro- 
diol dehydrogenase and GST).606.607 The best 
characterized example of the involvement 
of NF-KB in GST regulation involves the 
human class pi gene where an NF-KB-like 
element (5’-GGGACCCTCC-3’), located 
between -98 and -89 bp from the transcrip- 
tional start site, appears to be responsible 
for suppression of GSTPl expression in 
MCF7 cells;W7 the consensus DNA sequence 
for recognition by NF-KB is the following 
1 0-base motif 5’-GGGR(C/A/T)TYYCC-3’. 
Nuclear proteins that bind to this silencer 
element prevent transcription mediated by 
the C 1 region of the GSTPl promotor which 
contains an overlapping ARE/TRE motif 
(5’-TGACTCAGC-3’), located between - 
69 and -61 bp. Overexpression of GSTPl 
in vincristine-resistant human mammary car- 
cinoma VCREMS cells is achieved by dis- 
placement of the inhibitor complex from 
the NF-KB-like element, presumably by 
another transcription factor. As the NF-KB 
and the ARE/TRE motifs are situated ap- 
proximately 20 bp apart, factors that are 
bound to these sites are aligned on the same 
side of the DNA double helix, thus facilitat- 
ing a protein-protein interaction between 
the two complexes. 

NF-KB is a member of the Re1 family of 
transcriptional activator proteins.608 It re- 
sponds to oxidative stress in a cell-specific 
fashion and is responsible for increased tran- 
scription of inflammatory response genes. 
The NF-KB signal transduction pathway is 
regulated by both redox and phosphoryla- 
tion.h0y.6’0 NF-KB comprises two related 
subunits that are retained in the cytoplasm 
as an inactive complex. Substantial hetero- 

geneity exists among the NF-KB complexes 
and this accounts for the variety of signal 
transduction pathways that can utilize this 
family of factors. Presumably heterogeneity 
in NF-KB also accounts for the specificity 
of interaction with different enhancers within 
the genes that they can activate. Several 
different types of Re1 dimers exist; the first 
type comprises homodimers or heterodimers 
of mature p50 and p65 protein, whereas the 
second type comprises heterodimers of 
mature p65 protein and unprocessed Re1 
protein precursor (e.g., p105). Within the 
cytosol the p50 and p65 dimers form inac- 
tive complexes with any one of a family of 
inhibitory subunits including IKB-a, IKB-p, 
IKB-Y, and Bcl-3. The cytosolic complexes 
formed between the p65 and the p 105 sub- 
units are also inactive.W8+611 The DNA-bind- 
ing activity of NF-KB is revealed by either 
dissociation of the IKB subunit or process- 
ing of the p 105 protein, events that result in 
translocation of the p50:p65 heterodimer to 
the nucleus. It should be noted that IKB-a 
and 1 ~ B - p  dissociate from NF-KB in re- 
sponse to different subsets of inducers and 
may influence the duration of induction. 
Activation of NF-KB is triggered by tyrosine 
kinase activity and occurs in response to a 
diverse number of agents including Hz02, 
phorbol esters, UV light, y-rays, and in- 
flammatory cytokines; activation of NF-KB 
is diminished by the tyrosine kinase inhibi- 
tors herbimycin A and erbstatin, antioxi- 
dants, and protease inhibitors.612 Many of 
the agents that activate NF-KB produce ROS, 
suggesting that either the signal transduc- 
tion pathway or dissociation of IKB from 
NF-KB is redox sensitive.613 The activity of 
NF-KB itself is also redox sensitive but sur- 
prisingly, in this case, oxidation of a labile 
cysteine at amino acid position 62 in p50 
results in reduced binding to its DNA-en- 
hancer motifs. ln vitro experiments show 
that the DNA-binding activity of NF-KB 
requires cysteine 62 of p50 to be reduced. 
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whereas other experiments suggest that NF- 
KB is activated in vivo by oxidative stress, 
paradoxical facts that appear incompatible. 
However, it seems likely that the trigger- 
ing of NF-KB activation by oxidative stress 
is linked to phosphorylation events and is 
separate from the requirement for NF-KB 
to be reduced to bind to DNA-enhancer 
motifs. It has been suggested that, follow- 
ing oxidant-triggered dissociation of NF- 
KB from IKB, the p50 subunit may be re- 
duced in vivo by thioredoxin as this cellular 
reducing catalyst is induced following tran- 
sient oxidative 

In the context of the overexpression of 
GSTPI in the VCREMS cell line,616 NF- 
KB is capable of interacting synergistically 
with various transcription factors, includ- 
ing c-Jun, Ets, and Spl .  As Re1 family 
members bind their recognition sequences 
with an unusually high affinity compared 
with most eukaryotic activators, it is dis- 
tinctly possible that, in the VCREMS cells, 
a member of the Re1 family is responsible 
for displacing an inhibitory complex from 
the NF-KB-like site within GSTPI and that 
this allows a synergistic interaction between 
the NF-KB protein and c-Jun (or other bZIP 
proteins) bound at the adjacent ARE/TRE 
site. 

7. Glucocorticoid Regulation of 
GST 

Hepatic GST activity in rat and mouse 
can be modulated by treatment with the 
synthetic glucocorticoid dexamethasone 
(Table 11). The levels of the rGSTA2 
subunit in liver are increased about five- 
fold following administration of dexameth- 
a~one,~OO and examination of the 5’- 
tlanking region of the rat GSTAZ gene 
showed the existence of a putative GRE, 
5’-AGAACAAGCTGTACC-3’, between 

nucleotides -1609 and -1595.5h6 It appears 
likely that induction of rGSTA2 by 
dexamethasone is mediated by this region 
of the gene. The structure of the GRE can 
vary significantly, but it is frequently found 
to contain two canonical hexamers, 
TGTTCT, that are separated by three nucle- 
o t i d e ~ . ~ ’ ~ . ~ ~ ~  It is probable that this enhancer 
will mediate induction of GST by preg- 
nenolone- 16a-carbonitrile, a model inducer 
of the CYP3A family, but this possibility 
has not been explored. 

The cDNA of a glucocorticoid-induc- 
ible class mu GST from Syrian hamster, 
which shares closest homology with 
rGSTM2, has been isolated by Fan et al.lg9 
Cloning and sequence analysis of the regu- 
latory region of this gene failed to identify 
a GRE that might be responsible for induc- 
tion by triamcinolone acetonide. Cyclo- 
hexamide blocks induction of this GST, 
suggesting that increased expression re- 
quires ongoing protein synthesis. It has 
therefore been proposed that induction of 
class mu GST represents a secondary ef- 
fect of glucocorticoids. The induction has 
been attributed, in part, to a region be- 
tween -353 and -239 bp that contains four 
helix-loop-helix consensus-binding do- 
mains. 

8. Increased Expression of GST 
by Insulin 

The expression of human GSTPI is en- 
hanced by insulin.619 This activity is attrib- 
uted to an 8-bp sequence, 5’-CCCGCGTC-3’, 
located at +48 to +55 bp from the transcrip- 
tional start site in intron 1, demonstrating 
the existence of enhancer sequences 3’ of 
the transcriptional initiation site. Like hu- 
man GSTPI, the orthologous gene in the 
rat, is also induced in response to insulin 
treat men t .h20 
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VIII. TRANSCRIPTION FACTORS 
INVOLVED IN INDUCTION OF 
GST BY ANTIOXIDANTS, 

REACTION ACCEPTORS 
PRO-OXIDANTS AND MICHAEL 

A. Interaction of the ARE with 
Transcription Factors 

Over recent years, evidence has accu- 
mulated suggesting that transcriptional regu- 
latory proteins such as Jun and Fos are in- 
volved in coupling extracellular signals to 
gene expression in the nucleus by interact- 
ing with AP-l-binding sites (TRE motifs) 
in target genes. Thus, recognition that the 
ARE in the regulatory region of various 
GST genes is similar to the TRE has sug- 
gested that Fos and Jun might be involved 
in GST induction. The observation by Choi 
and Moore62* that c-fos and c-jun gene ex- 
pression is also increased by BHA, buty- 
lated hydroxytoluene, catechol, and, to a 
smaller extent, by hydroquinone, has also 
added credibility to the thesis that induction 
of GST by phenolic antioxidants might in- 
volve Jun and Fos. More recent data from 
Yoshioka et a1.622 have shown that the ma- 
jor ARE-binding and activating protein is 
not a Jun-Fos heterodimer, but this does not 
exclude the possibility that heterodimers 
containing either Jun or Fos can bind this 
element. 

Photochemical cross-linking experi- 
ments have demonstrated that a heterodimer 
comprising subunits of approximately 28 
and 45 kDa can bind specifically to the 
ARE.623 The presence of a subunit of about 
45 kDa is consistent with a member of the 
AP- 1 family of transcription factors being 
involved in binding. However, in vitro trans- 
lated c-Jun and c-Fos do not bind to the 
ARE flanking rat GSTAZ. Furthermore, com- 
binations of in vitro translated c-Fos with 

Jun-B or c-Fos with Jun-D are also unable 
to interact with the ARE during electro- 
phoretic mobility shift assays.5y2 These re- 
sults suggest that although the enhancer el- 
ement contains an imperfect TRE, neither 
c-Jun, Jun-B, Jun-D, nor c-Fos forms part 
of a complex that interacts with the ARE. 
The AP-1 protein family is extensive and 
the ability of a number of Fos-related fac- 
tors such as Fos-B, Fral, and Fra2 to inter- 
act with the ARE has not been tested to 
date. 

Evidence suggests that members of the 
Maf family of transcription activator pro- 
teins are able to interact with the ARE 
in vitro. Maf is a member of a family of 
bZIP proteins that includes the c-muf 
p r o t o ~ n c o g e n e ~ ~ ~  and the human retina-spe- 
cific gene nrL6*’ Using truncated polypep- 
tides that encompassed the leucine zipper 
and basic region of these proteins, Kerppola 
and Curran626 investigated the dimerization 
and DNA-binding-activities of the Maf and 
Nrl proteins. The purified Maf and Nrl 
homodimers bound the palindromic se- 
quence TGC(N),, GCA . However, Maf 
and Nrl dimerized with Fos and Jun, and the 
resulting heterodimers exhibited unique 
DNA-binding specificity.627 These workers 
demonstrated that Fos-Nrl, Jun-Nrl, and 
Fos-Maf heterodimers bind to nonpalin- 
dromic sequences containing the consensus 
5’-TGAC(N)3,GCA-3’. Most significantly , 
this sequence closely resembles the 5’- 
TGACNNNGC-3’ ARE consensus,565 thus 
implicating these complexes in the induc- 
tion of GST and NQOZ gene expression. It 
can be speculated that among Fos-Nrl, Jun- 
Nrl, and Fos-Maf heterodimers, Fos and 
Jun are responsible for binding to the 5’ 
region of the ARE (TGAC), whereas Maf 
and Nrl bind to the 3’ region (GCA). There- 
fore, although homodimers and heterodimers 
formed between Jun and Fos do not appear 
to effect transactivation of genes via the 
ARE, they may, nonetheless, be involved in 

529 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ARE-mediated transcriptional activation of 
GST through their ability to dimerize with 
Maf and Nrl. A large number of Maf ho- 
mologs e x i ~ t , ~ ? * . ~ ' ~  most notably small Maf 
proteins630 that appear to lack a trans- 
activation domain, but the ability of these 
proteins to bind the ARE has not been 
studied. 

B. Interaction of AP-1 with 
&-Acting Elements in GST 
Genes 

In contrast to the ARE in rat GSTA2, 
Friling et al.569 suggested that trans-activa- 
tion of the mouse GstAf gene through the 
EpRE requires the Fos-Jun heterodimeric 
complex. Exposure of NIH3T3 cells to an- 
tioxidants such as tBHQ, and to other in- 
ducers of cellular stress, results in an in- 
crease i n  Fos and Jun expression.593 
Although treatment of NIH3T3 cells with 
cycloheximide does not prevent the tBHQ- 
induced increase in fos or jun mRNA, it 
does inhibit the binding activity of AP- 1 to 
the EpRE, suggesting that ongoing protein 
synthesis is required for the interaction of 
AP- 1 with this element. Daniel et al.593 have 
reported that treatment of either HepG2 or 
H4II cells with tBHQ, H202, and other 
xenobiotics increases the TRE-binding ac- 
tivity within nuclear extracts. The most com- 
pelling evidence to suggest that an AP-1 
complex can interact with the mouse EpRE 
comes from experiments showing that 
in v i m  synthesized Fos and Jun proteins 
can interact cooperatively with the enhancer 
element. Furthermore, when F9 embryonic 
cells were cotransfected with an EpRE 
GstAf -CAT reporter construct, along with 
increasing amounts of both c-fos and c-jun 
expression vectors, CAT activity augmented 
with the increase in the amount of Fos and 
Jun. In the absence of Fos and Jun, no in- 

ducible activity was observed.593 These ex- 
periments suggest that the EpRE in the regu- 
latory region of the mouse GstAf gene is 
able to interact with Jun and Fos, and that 
these proteins are synthesized de novo fol- 
lowing exposure to xenobiotic chemicals. It 
remains to be established whether Jun and 
Fos interact with the EpRE as heterodimers 
with Maf and Nrl. 

The work of Daniel's laboratory on the 
EpRE in GstAf has been extended by 
Wasserman and Fahlbo' who have shown 
that at least seven different proteins, or pro- 
tein complexes, can interact with the en- 
hancer element. Although these results con- 
firm the proposal that a 160-kDa protein 
complex is required for antioxidant respon- 
s i v e n e ~ s , ~ ~ '  the involvement of an 80-kDa 
protein in transcriptional activation was also 
demonstrated. In addition, a 40-kDa protein 
with binding activity for the EpRE that in- 
teracted specifically with a consensus TRE 
and comigrated with a Jun homodimer-DNA 
complex in electrophoretic mobility shift 
assays was described. Thus, the earlier re- 
sults of Daniel et a1.593 suggesting that an 
AP-1 complex can interact with the murine 
EpRE were corroborated. However, al- 
though the 40-kDa protein could bind to an 
EpRE that supported transcriptional induc- 
tion, it  also interacted with noninducible 
mutants of the EpRE, suggesting that it has 
a broad binding specificity and may not be 
required specifically for induction of tran- 
scription.60' 

The results discussed above suggest that 
a number of different trans-acting factors 
can interact with the ARE and the EpRE 
sequences. These factors may function ei- 
ther separately or in combination, and a 
certain amount of protein "cross-talk" may 
lead to changes in the expression of the 
genes containing these enhancers. AP- 1 
complexes may be able to interact with some 
sequences that contain an ARE, but this 
may depend on subtle nucleotide differences 
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between different enhancers. However, al- 
though AP- l may be involved in basal level 
expression of some GST genes, the weight 
of evidence suggests that it is not involved 
directly in transcriptional activation of GST 
genes by monofunctional inducers; Fos-Nrl, 
Jun-Nrl, and Fos-Maf heterodimers may be 
responsible for induction of GST by 
monofunctional inducers. 

Studies on the human GSTPl gene 
have identified the essential element 
5’-GTGACTCAGCA-3’, situated between 
nucleotides -70 and -60 from the transcrip- 
tional start site, that is known as the C1 
region616 and is absolutely required for 
GSTPl transcription. Significantly, this se- 
quence contains both the consensus ARE 
and TRE motifs. The C l  region was found 
to bind a nuclear complex that comprises a 
Fos-Jun heterodimer i n  drug-resistant 
VCREMS cells but not in the parental MCF7 
cell line.6’6 The C1 region is also present 
and is highly conserved in the regulatory 
region of the rat GSTPl gene (Figure 21). 
Although the human C 1 promoter region in 
GSTPl binds a Fos-Jun complex i n  
VCREMS cells, it does not do so in all cell 
types. Indeed, in the human mammary car- 
cinoma cell line, MCW, other trans-acting 
factors such as NF-KB may interact with the 
promoter.607 The ability of multiple trans- 
acting factors, similar to those that bind the 
ARE, to interact with this enhancer element 
remains a distinct possibility. However, it 
should be recognized that the sequences that 
flank the TRE site in the C1 region of both 
human and rat GSTPI genes are entirely 
distinct from the flanking sequence of the 
41-bp ARE and EpRE in rat GSTA2 and 
mouse GstAl genes (Figure 21). 

C. Signal Transduction Pathways 
Involved in GST Induction 

Unlike the receptor-mediated mecha- 
nism for induction of genes that contain 

either the XRE or the GRE, no receptor for 
synthetic antioxidants has been identified 
that can regulate ARE-dependent transcrip- 
tion. As proposed by Talalay and his co- 
w o r k e r ~ , ~ ~  GST induction by monofunctional 
inducers does not involve any steric prop- 
erty of the inducing agent or a receptor but, 
rather, the production of Michael reaction 
acceptors.33 The mechanism whereby this 
chemical signal (or chemical stress) is re- 
layed to the transcriptional machinery re- 
mains to be determined, but it appears rea- 
sonable to suppose that the presence of 
Michael acceptors is recognized within the 
cell by a redox and electrophile-sensitive 
protein (or proteins). The’ location of the 
putative sensor is unknown; it may be either 
membrane bound, cytosolic, or nuclear. The 
role of sensor of chemical stress could be 
performed by a protein containing reactive 
cysteine residues or, possibly, by a redox- 
sensitive metal-chelated protein. Presumably 
this protein may be either a component of 
the transcriptional machinery or may be part 
of a stress-inducible protein kinase path- 
way. Should the sensor be part of a protein 
kinase pathway that responds to electro- 
phile and oxidative stress, then i t  is envis- 
aged that the signaling mechanism could 
involve either activation or induction of tran- 
scription factors involved in expression of 
xenobiotic-regulated genes. Whether mono- 
functional inducers, the active metabolites 
of bifunctional inducers, and ROS are all 
capable of interacting with a common sen- 
sor, or trigger distinct signal transduction 
pathways that converge (Figure 23), is an 
issue that requires further research. 

As described above, Fos-Nrl, Jun-Nrl, 
and Fos-Maf heterodimers can bind to the 
ARE and related sequences in vitr0.6~~ It is 
possible that the transcriptional activation 
of GST genes by electrophile and oxidative 
stress requires either induction of ARE-bind- 
ing bZIP proteins or activation of ARE- 
binding bZIP proteins by a mechanism in- 
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volving phosphorylation or moditication of 
their redox status. Both induction and post- 
translational modification of bZIP proteins 
may be involved in GST induction. How- 
ever, the molecular processes involved in 
GST induction by Michael reaction accep- 
tors may differ from those involved in GST 
induction by prooxidants. 

The induction of Maf and Nrl by drugs 
has not been described, but evidence has 
been provided that Jun and Fos are induced 
by BHA and butylated hydroxytoluene.62’ 
Surprisingly, tBHQ does not induce Fos in 
HepG2 cells. Yoshioka et have pointed 
out that the preferential induction of certain 
bZIP proteins can have a major impact on 
the transcriptional activity of certain genes. 
These workers also showed that, although 
tBHQ induced expression of c-jun, junB, 
fru-Z, and fru-2, it did not induce c-fos. 
tBHQ inhibited the ability of TPA to induce 
TRE-dependent transcription; it was pro- 
posed that this inhibition is due to the for- 
mation of Jun-Fra heterodimers that have 
low transactivation potential. It therefore 
seems likely that the levels of Maf and Nrl 
within a cell will influence inducibility of 
GST genes. It is possible that the small Maf 
proteins, which lack the transactivation do- 
main, are able to compete with Maf and Nrl 
for dimerization with Fos and Jun, and 
thereby prevent induction of GST genes by 
xenobiotics. 

It has been established that antioxidants 
may bring about changes in the expression 
of genes regulated by the Fos-Jun com- 
p l e ~ . ~ ~ ’  Abate et .have shown that 
the redox state of the cell regulates the DNA 
binding activity of Fos and Jun, and demon- 
strated that the oxidation of the sulfhydryl 
group of a conserved cysteine residue in the 
DNA-binding domain of Fos (C154) and 
Jun (C272) decreases DNA-binding of the 
complex to the AP- 1 site. However, chemi- 
cal reduction of Fos and Jun to the sulfhy- 
dry1 increases DNA binding.635 Further char- 

acterization of this protein-DNA binding 
activity revealed that a 37 kDa nuclear pro- 
tein, known as Ref-1,636 maintains Fos-Jun 
in a reduced state under pro-oxidant condi- 
tions in the cell. Treatment of cells with 
oxidizing agents results in increased syn- 
thesis by the cell of antioxidants such as 
thioredoxin and GSH. Ref-1 is sensitive to 
the redox state of the cell and is stimulated 
by thioredoxin to maintain the reduced sulf- 
hydryl state of the conserved cysteine resi- 
dues in the DNA-binding domain of Fos- 
Jun, thereby allowing the AP-1 complex to 
act as the trans-acting factor in increasing 
expression of specific genes during oxida- 
tive stress. The Maf and Nrl family of pro- 
teins all share a common cysteine residue, 
namely, C292 in chick v-Maf, C242 in chick 
Maf-B, C68 in chick Maf-K, C68 in chick 
Maf-F, C68 in mouse Maf-K, and C176 in 
human Nrl. This cysteine is situated on the 
N-terminal side of the leucine zipper, 1 1  
residues from the first leucine (Figure 24). 
It will be interesting to determine whether 
the oxidation state of this cysteine can modu- 
late the binding activity of Maf and Nrl for 
the ARE, because this enhancer mediates 
response to pro-oxidant insult. It will also 
be of great interest to determine whether 
Ref- 1 can attenuate the binding of Fos-Nrl, 
Jun-Nrl, and Fos-Maf heterodimers to the 
ARE. 

In addition to redox regulation of AP- 1 
activity, phosphorylation of Fos or Jun has 
been implicated in the transcriptional acti- 
vation of some genes. The mitogen-acti- 
vated protein (MAP) kinase, JNK1, can 
phosphorylate the N-terminal transactivation 
domain of c-Jun at serine 63 and 73 in 
response to UV light:637 JNKI is itself acti- 
vated by phosphorylation at threonine and 
tyrosine residues.63* Phosphorylation of c- 
Jun by JNK 1 leads to enhanced induction of 
AP-1 target genes. A number of potential 
proline-directed protein kinase sites can be 
identified in Maf and Nrl (Figure 24), sug- 
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basic region leucine zipper 

MAPKAP-K2 -- D D  SGPGSGDPSHLFL ' 

leucine zipper 

FIGURE 24 (continued) 

gesting that these proteins may be phospho- 
rylated by MAP kinases. As MAP kinases 
can be activated by a variety of stresses, 
such as H,O,, - -  hemin, UV irradiation, phorbol 
esters, heat and osmotic shock, interleukin 
1, and a r ~ e n i t e , ~ ~ ~ , ~  it is possible that many 
GST inducers can activate MAP kinase sig- 
naling pathways. Although oxidative stress 
can activate MAP kinases,w it is not known 
if Michael reaction acceptors (electrophile 
stress) can also activate these enzymes. 
Another reason for thinking that MAP ki- 
nases may be involved in signaling GST 
induction is that certain phenolic antioxi- 
dants increase the mitotic activity of liver 
cells in rats.64'-6J3 For these reasons, it will 
be interesting to establish whether MAP 
kinases can modulate the binding of Fos- 
Nrl. Jun-Nrl and Fos-Maf to the ARE. 

50 

100 

150 

200 

237  

Studies of GST regulation by adreno- 
corticotropic hormone (ACTH) in adreno- 
cortical cells have shown that responsive- 
ness to this hormone depends on a cyclic 
AMP-dependent protein kinase.h44 The 
cells used for these experiments were the 
Y l  line, which is responsive to ACTH, 
and the Hin 8 line (derived from Y l ) ,  
which harbors a defect in the cyclic AMP- 
dependent protein kinase. The levels of 
mouse GSTMl protein and mRNA were 
down-regulated by ACTH in the Y 1 cells, 
whereas GSTM 1 was not affected by hor- 
monal treatment in the Kin 8 cells. Also, 
mGSTP1 expression was not affected by 
ACTH in either cell line. Because of the 
negative regulation of mGSTM 1 by 
ACTH. this enzyme may have a physi- 
ological function in the adrenal gland 
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during periods of low pituitary ACTH pro- 
duction. 

D. Posttranscriptional Control of 
GST 

In this article, much emphasis has been 
placed on the transcriptional mechanisms 
responsible for the regulation of GST. Al- 
though transcriptional regulation of GST is 
of great significance, it is becoming appar- 
ent that the levels of GST can be controlled 
by modulation of the stability of mRNA and 
protein. Increases in the half-life of GST 
protein and mRNA have been responsible 
for overexpression of the class pi enzyme in 
human cell lines (Table 15). It is not known 
whether other classes of GST can also be 
regulated by similar mechanisms. Posttrans- 
lational modification of protein can also 
attenuate the activity of GST and may there- 
fore represent another mechanism of con- 
trol. For example, the activity of the mi- 
crosomal GST can be increased dramatically 
by modification of the protein by thiol-ac- 
tive agents, pesticides, or proteolysis. The 
activity of class mu GST'can be increased 
by treatment with ROS. The activity of 
rGSTM6*-6* can be modulated in vitro by 
methylation, whereas the activity of 
rGSTA1-2 can be modulated by phos- 
phorylation in vitro. Human GSTP1-1 is 
glycosylated in v ~ v o , ~ ' ~  but it is unclear 
whether this modification alters its activity. 

IX. PATHOPHYSIOLOGICAL 
REGULATION OF GST 

A. Overexpression of GST 
during Chronic Hepatitis 

Chronic hepatocellular damage is a fea- 
ture of many liver diseases including hepa- 
tocellular carcinoma, viral infection, hemo- 

chromatosis, glycogen storage disease and 
a,-antitrypsin deficiency. Despite the dif- 
ferent causes of chronic liver injury, the 
necroinflammatory processes associated 
with the disease can produce marked oxida- 
tive stress. A transgenic mouse model exists 
for chronic hepatitis in which the hepatitis 
B virus large envelope protein has been 
placed under the control of the albumin pro- 
moter. In this model, Prochaska and co- 
w o r k e r ~ ~ ~ *  have found that a marked in- 
crease in the hepatic expression of mGSTA 1 
and mGSTMl is associated with ongoing 
hepatocellular damage. They noted that the 
pattern of increase of phase I1 enzymes in 
the transgenic mouse during chronic hepa- 
titis is similar to that observed in mice treated 
with chemoprotectors. It is likely that in- 
duction of GST and NQO during chronic 
active hepatitis is an adaptive response to 
ROS, although it is uncertain whether the 
mechanism of induction is direct or indi- 
rect. 

B. Overexpression of GST 
during Carcinogenesis 

1. Regulation of GST during 
Hepatocarcinogenesis in the Rat 

Over the past ten years, class pi GST 
have attracted substantial attention as mark- 
ers of preneoplastic lesions. This class of 
GST is ubiquitously distributed, but is 
found only in relatively small amounts in 
normal rat liver.659 The earliest stages of 
hepatocarcinogenesis are characterized by a 
dramatic increase in the expression of the 
rat GSTPl gene. Administration of a single 
dose of a genotoxic hepatocarcinogen lead- 
ing to the development of hepatic preneo- 
plastic nodules produces a rapid and large 
increase in the levels of rGSTP1- 1 in liver 
that persists until hepatocellular carcinoma 
d e v e l ~ p m e n t . ~ ~ ~ - ~ ~ ~ ~ ~ ~  A remarkable increase 
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in expression of rGSTP 1 is observed in early 
preneoplastic foci of cells, a fact that makes 
this protein one of the most sensitive immu- 
nohistochemical markers for hepato- 
carcinogenesis in rat liver. Rat GSTPl is 
overexpressed in  tumors produced by 
genotoxic chemical carcinogens (Figure 25), 
but is not expressed in tumors produced by 
nongenotoxic chemical carcinogens. Thus, 
increased levels of rGSTP1-1 are not ob- 
served in hepatomas produced by peroxiso- 
ma1 proliferators such as clofibrate,661 
whereas rGSTPl expression is suppressed 
in primary hepatocytes by clofibrate and 
dexamethasone.662 Both the peroxisome 
proliferator-activated receptor and the glu- 
cocorticoid receptor attenuate transcriptional 
activation by Fos-Jun of rat GSTPl via 
GPEl. 

Studies in the rat have established that 
GSTPl transcription is regulated via a TPA- 
responsive pathway that may involve p2 lrs, 
Fos-Jun, and the palindromic TRE-like 
(GPE 1) element.570.599 Transformation of rat 
liver epithelial cells with v-H-ras or v-rf  
results in overexpression of rGSTPl- 1, con- 
sistent with this proposed mechanism of 
regulation.663 However, cotransfection of 
cells with c-jun and c-jis results in minimal 
activation of GPEl-mediated transcrip- 
tion,66j suggesting that factors other than 
AP- 1 are influencing GPE 1. Also, anti-sense 
c-jun and c-fos cotransfected into F9 cells 
do not modulate GPE 1 -mediated trans-acti- 
vation. The GPEl enhancer comprises two 
palindromically oriented elements, each 
8 bp, that are separated by 3 bp. The up- 
stream half-site (5’-GTCAGTCA-3’) binds 
factors that are electrophoretically distinct 
from AP- 1, whereas the downstream half- 
site (5’-TGATTCAG-3’) can bind AP- 1. The 
upstream half-site has no transcriptional ac- 
tivity on its own, whereas the downstream 
half-site, which can function independently 
of the upstream half-site, is activated by 
AP- 1 .66J However, both of the half-sites of 

GPE 1 are required for AP- 1-independent 
transcriptional activation. Indeed, the two 
half-sites function synergistically as GPE 1 
mediates a greater degree of trans-activa- 
tion than either a single TRE or a direct 
TRE repeat. The protein complex that binds 
to the GPEl would appear to be large as the 
two GPEl half-sites can still retain activity 
when separated by 13 bp. It will be of great 
interest to establish the identity of the tran- 
scription factors responsible for the increased 
expression of GSTPl during hepato- 
carcinogenesis. 

Additional work in Muramatsu’s labo- 
ratory has identified multiple cis-acting el- 
ements that bind silencer-binding proteins 
and oblate expression in normal rat liver. 
Sakai et al.570 identified a stretch of sequence 
400 bp upstream of the mRNA cap site that 
functioned as a cis-acting negative element 
in an orientation and position-independent 
manner in both rat and human hepatoma 
cell lines. Imagawa et al.665 showed that at 
least two trans-acting factors interacted with 
the silencer element and partially purifed 
one of these factors, silencer factor A (SF-A). 

In addition to transcriptional activation, 
Koo et a1.6j6 provided evidence that the in- 
creased rGSTPl- 1 activity observed in liver 
following lead nitrate administration also 
involves posttranslational and posttranscrip- 
tional control. These workers suggested that 
rGSTP1-1 expression is regulated at mul- 
tiple levels because, following lead nitrate 
administration, increases in hepatic GSTP 1 
mRNA, GSTPl protein, and GSTP1-1 en- 
zyme activity do not coincide. 

2. Regulation of GST during 
Carcinogenesis in Humans 

In human liver, hGSTP1- 1 is essentially 
absent from normal hepatocytes but is ex- 
pressed in high amounts in biliary epithe- 
lium.hhh Human hepatocellular carcinomas 
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FIGURE 25. Overexpression of rGSTP1 in preneoplastic nodules. SDS/PAGE was 
carried out on cytosols from control rat liver, nodule-bearing rat fiver, and rat hepatoma. 
The GST from control and nodule-bearing rat liver were purified by affinity chromatog- 
raphy on GSH-agarose as described in Reference 260. The arrows indicate the 
position of migration of the rGSTP1 polypeptide. 

do not consistently overexpress hGSTP 1 - 1, 
but i t  is found in cholangiocarcinorna, pre- 
surnably reflecting the tissue of origin?’ 

Hepatocytes in severe alcoholic liver dis- 
ease express hGSTP 1 - I  .668 A high percent- 
age of liver specimens examined from pa- 
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tients with alcoholic hepatitis with fibrosis, 
as well as those from patients with cirrho- 
sis, express class pi GST. Also, in patients 
with steatosis, a high proportion were found 
to express hGSTP1-1 in sinusoidal lining 
cells (probably Kupffer cells) that do not 
normally express this isoenzyme. It is 
thought that the expression of the class pi 
transferase in hepatocytes during alcoholic 
liver disease is due to acquisition of a bile 
duct phenotype, as can be demonstrated by 
the pattern of expression of cytokeratin and 
tissue polypeptide antigen.66g The class pi 
enzyme is not consistently overexpressed in 
human hepatoma, and is expressed in hepa- 
tocytes of patients with alcoholic liver dis- 
ease, which has prevented its use as a his- 
tochemical marker for liver cancer. Human 
GSTP1-1 has been reported to be over- 
expressed in a variety of malignancies in- 
cluding carcinoma of the colon, lung, kid- 
ney, ovary, pancreas, esophagus, and 

The class pi enzyme is also 
overexpressed in breast cancer, where lev- 
els of this enzyme are inversely related to 
estrogen-receptor levels in the t ~ m o r . ~ ~ ~ - ~ ~ ~  

Measurement of the levels of hGSTPl 
protein within tumor samples may be of 
clinical value in certain malignancies. Gil- 
bert et al.67y reported that high hGSTPl 
levels in breast cancer is a significant pre- 
dictor of early recurrence of disease in pa- 
tients who were treated surgically without 
chemotherapy. Similarly, Grignon et 
proposed that the expression of class pi GST 
may be of prognostic value in patients with 
renal cell carcinoma, and Mulder et a1.681 
suggested high hGSTPl levels represent a 
poor prognostic index in patients with colo- 
rectal cancer. In ovarian tumors and acute 
nonlymphoblastic leukemia, low hGSTP 1 
expression has been reported to be associated 
with responsiveness to chemotherapy.6s2484 
In contrast, other investigations have failed 
to find a correlation between GST levels 
and response to c h e m ~ t h e r a p y , ~ ~ ~ * ~ ~ ~  and i t  

is clear that further clinical studies are re- 
quired to establish the prognostic value of 
GST measurements. 

Measurement of plasma hGSTP 1 - 1 lev- 
els has shown that this protein is dramati- 
cally increased in lung cancer,238 but the 
extent of overexpression of this protein in 
many tumors is frequently insufficient to 
allow the enzyme to serve as a general tu- 
mor marker. As a note of warning, it should 
be recognized that substantial amounts of 
GSTPl are present in human platelets and, 
as the clotting process results in the release 
of large amounts of the protein into serum, 
it is essential that fresh plasma be used for 
analysis.238 

Although increased class pi GST levels 
have been found in many human cancers, it 
is clearly not involved in all carcinomas. An 
immunohistochemical study of hGSTPl-1 
failed to detect the class pi subunit in 88 of 
91 prostatic cancers, and it was demonstrated 
that hypermethylation of cytidine residues 
in the promoter sequence of the gene might 
be responsible for the decreased GSTPl 
expression.687 Normal prostate, seminal 
vesicle, esophagus, kidney, liver, lung, and 
spleen tissues all contain hypomethylated 
GSTPl DNA, and Lee et al.687 suggested 
that the clonal expansion of cells containing 
hypermethylated GSTPl in prostatic tissue 
(and possibly in other tissues) might be as- 
sociated with the inability of groups of cells 
to metabolize certain carcinogens. 

Although methylation of promoter se- 
quence DNA represents a mechanism for 
the regulation of human GSTPl expression, 
evidence also exists for the involvement of 
specific cis-acting regulatory elements 
within the structural gene. Both insulin and 
retinoic acid (RA) modulate expression of 
human GSTPl. Insulin increases expression 
of GSTPl through a cis-acting element in 
intron 1 .61y RA represses transcription of 
human GSTPI, an activity associated with 
the presence of a consensus TRE in the 
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promoter of the gene. The Fos-Jun complex 
binds to this enhance6lh and is required for 
the basal level expression of the gene.688 
Xia et al.619 suggested that the binding of 
RA to its receptor results in inhibition of 
transcription of the GSTPl gene through 
protein-protein interaction between the RA- 
receptor and a positive activation factor. 
Whether, the RA-receptor binds Fos or Jun 
is not clear and requires demonstration. 

Although both the rat and human class 
pi genes contain some similar regulatory 
sequences, such as the ARE/TRE-like ele- 
m e n t ~ , ~ ~ ~ - ~ ~ ~ * ~ ~ ~  their regulation is distinct. 
Whereas the induction of rGSTPl involves 
the p2Iras, FosNun pathway and the GPEl 
site, the regulation of the human GSTPl 
gene appears to involve a separate pathway 
and a regulatory sequence located in the 
first intron of the gene. In addition, the re- 
pression of the rat GSTPl gene involves a 
number of silencer elements located within 
the promoter sequence. In the human gene, 
interaction between factors binding to the 
NF-KB-like element and the TRE site regu- 
lates gene expression,607 as does the methy- 
lation state of the promoter.687 

C. Tissue-Specific Regulation of 
GST Subunit Expression 

Different GST subunits are expressed in 
a tissue-specific manner. Table 16 lists in- 
formation on the tissue-specific expression 
of the various GST subunits. Tissue-spe- 
cific regulatory elements were first identi- 
fied in the promoter of the rat GSTAZ gene.573 
Immunohistochemistry showed that the 
rGSTAl and A2 subunits are specifically 
expressed in pericentral hepatocytes. Paulson 
et aL5” identified enhancer elements, termed 
hepatic nuclear factor (HNF)  element^,^^^.'^ 
that confer liver-specific expression on 
the rat GSTA2 gene. Sequence analysis of 

rat GSTA2 revealed the presence of a HNF- 
1-like element located between -860 and 
-850 bp. Deletion of this element from a 
GSTA2 -CAT construct resulted in a two- 
fold decrease in basal expression in HepG2 
cell lines. In addition, further deletions abol- 
ished all basal activity, indicating the pres- 
ence of other tissue-specific enhancer ele- 
ments in the promoter sequence. An 
HNF-4-like706 element was also found in 
GSTAZ between -775 and -755 bp.573 A third 
sequence required for basal expression of 
GSTAZ was identified573 through its homol- 
ogy with the nontissue-specific NLS factor; 
the NLS factor was previously found to 
bind a positively acting site in the albumin 
enhancer.707 Although the HNF- I-like ele- 
ment was able to function independently 
when isolated from the GST enhancer, the 
HNF-4-like and NLS elements could not, 
but rather required to be combined with 
other basal elements. 

A b ra mo v i t z a n d  L i stow sky 28J have 
shown that rGSTM3 is localized primarily 
in the brain and testis. Subsequently, this 
research group isolated a clone for the 
GSTM3 gene that included approximately 
550 bp of DNA 5’ to the transcriptional start 
site.708 The promoter region of the gene 
contains an inverted CCAATT box and con- 
sensus SPl binding sites, but lacks a TATA 
box in close proximity to the transcriptional 
start site. In addition, two octamer sequences, 
5’-ATTTGCAT-3’, that occur as direct re- 
peats with a 6-bp spacer between them are 
located between nucleotides -375 and -396. 
Functional analysis of the rat GSTM3 pro- 
moter region indicated that the octamer re- 
peats were necessary for expression in neu- 
ral C6 glioma cells and that the GSTM3 
promoter is not functional in either Hep3b 
or HTC cells. In addition, anti-rGSTM3-3 
IgG cross-reacted with a protein in C6 
glioma cells, but did not cross-react signifi- 
cantly with protein from other tissues. The 
introduction of two point mutations in each 
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of the octamer repeat sequences resulted in 
a 65% decrease in promoter activity, dem- 
onstrating that the element is required for 
expression in C6 glioma cells. Electro- 
phoretic mobility shift assays using a syn- 
thetic oligonucleotide confirmed that C6 
glioma, brain, and testis nuclear extracts 
contain a protein that interacts specifically 
with the octamer repeat sequence. These 
results suggest that the octamer repeat se- 
quence is required for tissue-specific ex- 
pression of the rGSTM3 subunit in C6 
glioma cells and is likely to be involved in 
the expression of GSTM3 in the brain and 
testis. 

Clearly, further research is required to 
identify other regulatory elements and trans- 
acting factors involved in tissue-specific 
expression. 

D. Sex-Specific and Ontogenic 
Regulation 

Table 16 shows that GST expression is 
subject to both sex-specific and ontogenic 
regulation. Numerous studies have shown 
that mouse, rat, and human GST are all 
subject to sex-specific or ontogenic varia- 
tions, or both, and that class alpha, mu, and 
pi enzymes are affected. Although little is 
known about the mechanisms controlling 
ontogenic variation, limited studies have 
indicated a role for pituitary growth hor- 
mone (GH) and thyroxine in sex-dependent 
expression in the rat.695 Northern blot analy- 
sis revealed that the steady-state levels of 
rGSTA 1, M 1, and M2 mRNAs are approxi- 
mately 2.5-fold higher in male than in fe- 
male livers. By contrast, rGSTA2 and A3 
mRNAs are between two- and threefold 
higher in the female than in the male rat 
liver. Suppression of the male-dominant 
rGSTA 1, M 1, and M2 mRNAs was achieved 
by continuous infusion of GH (mimicking 

the adult female rat plasma GH levels), thus 
indicating that feminization of animals re- 
presses expression of these subunit genes.695 
Administration of cisplatin, which alters 
expression of hormonally regulated CYP,’09 
causing the depletion of circulating tes- 
tosterone and modulation of plasma GH pro- 
files, results in repression of rGSTAl and 
elevation of rGSTA3 mRNA, further sup- 
porting a role for GH in regulation of ex- 
pression of some rat GST.’OO In the rat, 
hypophysectomy increased expression of 
male-dominant rGSTA 1, M 1, and M2, par- 
ticularly in females. In addition, treatment 
with thyroxine, which has feminizing ef- 
fects on liver CYP expression, suppresses 
expression of male-dominant rGSTA 1 and 
elevates levels of the female-dominant 
rGSTA3.695 These results indicate that the 
sexual dimorphism observed in the expres- 
sion patterns of GST enzymes is controlled 
hormonally. In particular, the pattern of the 
plasma GH profile, which is sexually di- 
morphic, determines the constitutive levels 
of certain GST subunits in the liver. In ad- 
dition, thyroxine is also important in regu- 
lation. Both GH and thyroxine levels are 
controlled by the anterior pituitary gland, 
which is in turn hypothalamically regulated. 
Thus, in effect, the sexual dimorphic con- 
trol of hepatic GST isoenzymes in the rat is 
under the control of the hypothalamus. 

In the little mouse mutant, which se- 
cretes essentially no GH due to a defective 
receptor for GH-releasing hormone, the 
sexually dimorphic expression of class pi 
GST is lost in the liver. As can be seen in 
Figure 26, the hepatic levels of mGSTPl 
and mGSTP2 in male lit/+ and male +/+ 
mice are substantially higher than in female 
lit/+ and +/+ mice. However, this sex-spe- 
cific expression is lost in lit/lit mice and the 
levels of mGSTP1 in male lit/lit mice are 
reduced to the same level as seen in female 
lidlit mice. The differences in hepatic pro- 
tein levels are also reflected in GST activity 
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FIGURE 26. Sex-specific control of GST expression in mouse liver. 
The position of migration of mGSTP1 and mGSTP2 is indicated by the 
arrow. The gel shows that the levels of class pi GST are similar in hepatic 
cytosol from male and female lit/lit mice (lanes 1 to 4, numbered from the 
left), whereas a marked sexual dimorphism in the amount of class pi GST 
is apparent in livers from lit/+ and +/+ mice (lanes 5 to 12). The GST 
activities toward ethacrynic acid in hepatic cytosol from male Wlit, lit/+, and 
+/+ mice were 0.05, 0.12, and 0.09 pmol/min/mg protein, respectively, 
whereas the same activities in hepatic cytosol from female lithit, lit/+, and 
+/+ mice were 0.04, 0.04, and 0.03 pmol/min/mg protein, respectively. 

toward ethacrynic acid, which is twofold 
higher in male +/+ and male lit/+ mice than 
in male lit/lit mice. 

Observations that the rat GSTAZ gene 
contains a GRE,5h6 and that a class mu GST 

in Syrian hamster is regulated by dexa- 
methasone, suggest that specific enhancer 
elements may be involved in the hormonal 
regulation of these and other subunit genes. 
According to Nonis and co-workers,Ix9 other 
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enhancer sequences distinct from the GRE 
may exist. Further work is required to iden- 
tify both the promoter sequences and hor- 
monally regulated enhancer elements in GST 
genes. 

X. CONTRIBUTION OF GST TO 
DRUG RESISTANCE 

A. Models of Drug Resistance 

A large body of literature indicates that 
the levels of expression of GST contribute 
significantly to determining the sensitivity 
of many organisms to chemical insult. In a 
variety of experimental models, increased 
tolerance of toxic xenobiotics is associated 
with increased expression of GST. Examples 
include ( 1) fosfomycin resistance in bacte- 
ria;450.J51 (2) DDT resistance in insects;423425 
(3) safeners inducing tolerance of herbi- 
cides in (4) selective toxicity of 
different rodent species to aflatoxin B I ;473 

(5) chemoprotection against chemical 
carcinogenesis in rodents by synthetic anti- 
o x i d a n t ~ ; ~ ~ . ~ ~ ‘  (6) drug “priming” by the 
administration of sublethal doses of cyto- 
toxic agents;48y (7) multidrug-resistant phe- 
notype of preneoplastic hepatocyte nodules 
in the rat;710 (8) analyses of tumor cells from 
patients before and after the onset of clini- 
cal drug re~istance;~,,  (9) selection of resis- 
tance to chemotherapeutic agents in tumor 
cell lines;712 (10) transfection of GST into 
mammalian cell lines.713 

Evidence that GST may be of major 
importance in conferring resistance to 
genotoxic carcinogens was first provided 
by Talalay and his c o - w o r k e r ~ ~ ~ ~  who dem- 
onstrated that GST in mouse liver are in- 
duced dramatically by the chemoprotector 
BHA. Subsequently, many workers have 
shown that the levels of GST are increased 

by all chemoprotectors that are classified as 
blocking agents, suggesting that the trans- 
ferases actively inhibit the initiation phase 
of carcinogenesis. The hypothesis that GST 
are important in providing protection against 
chemical carcinogens is further supported 
by their marked overexpression in rat he- 
patic preneoplastic nodules.710 These nod- 
ules display resistance to a variety of 
xenobiotics including acetylaminofluorene, 
adriamycin, aflatoxin B,, dimethylnitro- 
samine, and CCl,. It is worthwhile noting 
that, although the expression of rGSTPl 
differs markedly in livers from animals 
treated with chemoprotectors and nodule- 
bearing livers, nonetheless the pattern of 
expression of the class alpha and mu GST is 
similar in both resistance models.301 

The recognition that GST levels are fre- 
quently elevated in cell lines selected for 
resistance to anti-cancer drugs has served as 
a stimulus to determine the role of GST in 
protection against chemotherapeutic agents. 
The early work in this area was pioneered 
by the laboratories of Cowan, Hickson, and 
Tew. Thus, many groups have found that 
GST are overexpressed in a variety of hu- 
man and rodent cell lines that were selected 
for resistance in v i m  to adriamycin, BCNU, 
chlorambucil, cyclophosphamide, etoposide 
(VP- 16), melphalan, and vincristine. In ad- 
dition to these cell lines with acquired drug 
resistance, comparison among related breast, 
bladder, or colon cell lines, which display 
different intrinsic levels of resistance toward 
hepsulfam, mitomycin C, or mitoxantrone, 
has revealed a correlation between GST 
expression and the level of drug resistance. 
As Table 17 shows, the majority of these 
resistant lines contain elevated levels of class 
pi GST. However, many of the cells that are 
resistant to nitrogen mustards contain in- 
creased levels of class alpha GST.7’9.722.724.725 
In two cases, namely, BCNU-resistant rat 
gliosarcoma 9L-2 cells4” and ethacrynic 
acid-resistant MCF-7 human breast tumor 
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cells,727 the level of class mu GST increased. 
In addition to these models of acquired and 
intrinsic drug resistance, the absence of class 
alpha GST has been correlated with hyper- 
sensitivity to bleomycin in a mutant Chi- 
nese hamster ovary cell line.721 In most of 
the resistant cell lines, a significant number 
of detoxification proteins are overexpressed, 
and therefore it is difficult to be certain that 
GST, and not a coinduced protein, is re- 
sponsible for the resistant phenotype. 

The use of buthionine sulfoximine to 
deplete GSH levels is a helpful strategy to 
demonstrate whether glutathione is involved 
in drug resistance. Similarly, treatment of 
drug-resistant cells with GST inhibitors, such 
as ellagic acid, ethacrynic acid, gossypol, 
indomethacin, piriprost, sulfasalazine, 
tienilic acid, and triphenyltin chloride, 
represents a useful approach to help con- 
firm whether the transferases are respon- 
sible for resistance to chemotherapeutic 
 agent^.^^^.^^^-^^^ A series of GSH analogs 
have been developed by Mulder and co- 
w o r k e r ~ ~ ~ ~  as inhibitors of GST, and the 
compound (R)-5-ethyloxycarbonyl-2-y-(S)- 
glutamylamino-N-2-heptylpentamide has 
proved to be an effective inhibitor of rat 
class alpha and mu GST. It remains to be 
determined whether such GSH analogs can 
be used to overcome GST-mediated resis- 
tance in human tumors. 

B. GST Transfection 
Experiments 

Although variable results have been 
obtained, the most compelling evidence that 
GST are of importance in drug resistance 
has been derived from transfection experi- 
ments. Such experiments are not as straight- 
forward as they might appear, and the use of 
different cell lines as well as different ex- 
pression vectors may give discrepant re- 
sults. For example, it is distinctly possible 

that the transfection of GST subunits with 
antioxidant properties will alter the expres- 
sion of many genes within the recipient cell, 
and hence modulate the intrinsic resistance 
of the cell to drugs; such GST-mediated 
changes in gene expression are certain to 
involve heat shock proteins or enzymes in- 
volved in oxidative stress responses. In nor- 
mal mammalian tissues, GST represent a 
substantial proportion of the cytosolic pro- 
tein (up to 2.0%), and it would therefore 
appear essential to achieve high levels of 
expression of GST following transfection to 
ensure that false-negative results are not 
obtained. Also, it should be borne in mind 
that high levels of GST protein may not 
equate with high levels of GST activity.M6 
In addition to considerations of GST ex- 
pression, particular care should be taken 
when selecting the cell line for transfection. 
As a first requirement, it is important that 
the recipient cell line should take up the 
drug of interest, by either passive or active 
uptake mechanisms. Also, the cells must 
possess low levels of endogenous GST, and 
other competing detoxification or repair 
pathways, to allow the transfected GST to 
make an impact on the intrinsic resistance 
mechanisms of the cell line. It is equally 
important that the cells of study should con- 
tain moderate levels of GSH and express 
the GS-X pump to ensure that the trans- 
fected GST can function efficiently. Finally, 
with certain xenobiotics, metabolic activa- 
tion is required for toxicity and it will be 
necessary that the cell contains the appro- 
priate enzymes and co-factors to effect ac- 
tivation of the agent under study. In view of 
these widely differing criteria for selection 
of cell lines to be used for transfection ex- 
periments, it is possibly not surprising that 
variable results have been obtained by dif- 
ferent research groups. Among the cell lines 
used for such experiments, COS, NIH-3T3, 
and MatB cells have, in general, yielded 
results demonstrating the protective effects 
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of GST, whereas MCF-7 cells have given 
generally disappointing results. 

The first demonstration that GST can 
confer resistance against toxic xenobiotics 
was reported by Fahl and his c o - w o r k e r ~ , ~ ~  
who expressed rGSTA2-2 from the SV40 
promoter in COS cells. In a mixed popula- 
tion of cells, they observed a 20- to 30-fold 
enrichment of GST overexpressing cells 
following exposure to benz[a]pyrene 
(*)-anti-diol epoxide. Later, using cytotox- 
icity assays, the same laboratory showed 
that rGSTA2-2 conferred between 1.3- to 
2.9-fold resistance on COS cells to 
chlorambucil and m e l ~ h a l a n . ~ ’ ~  Using the 
same cell line, they also reported that 
rGSTM 1 - 1 conferred 1 S-fold resistance to 
cisplatin and hGSTP1-1 conferred 1.3-fold 
resistance to adriamycin and 1 S-fold resis- 
tance to a mixture of 7P,8a-dihydroxy- 
9a ,  1 Oa-epoxy-7,8,9,1O-tetrahydrobenzo 
[alpyrene and 7a,8P-dihydroxy-9P, 10P-ep- 
oxy-7,8,9,lO-tetrahydroben~o[a]pyrene.~~~ 
Manoharan et a1.745 also suggested that dif- 
ferent GST might provide distinct resistance 
mechanisms to a specific drug, as COS cells 
that express both rGSTA2-2 and rGSTM 1 - 1 
are 25% or 75% more resistant to chlor- 
ambucil than COS cells that express either 
GST alone. More recently, Gulick and 
Fah1458 have shown that E. coli expressing 
rGSTA3-3 are 3.3-fold more resistant to the 
nitrogen mustard mechlorethamine than 
nontransformed bacteria. 

Similar results to those published by 
Fahl’s laboratory have been obtained inde- 
pendently by other groups of workers. Us- 
ing NIH-3T3 cells, Nakagawa et al.746 
showed that hGSTP1-1 can confer up to a 
3.0-fold resistance to the cytotoxic effects 
of adriamycin and a 7.9-fold resistance to 
ethacrynic acid. Black et a1.’j7 expressed 
hGSTA 1- 1 and hGSTP 1 - 1 in Saccharomy- 
ces cerevisiae and, in this organism, found 
that hGSTA1-1 can confer 3- to 16-fold 
resistance to adriamycin and two- to eight- 

fold resistance to chlorambucil, whereas 
hGSTP1-1 confers two- to tenfold resis- 
tance to adriamycin and two- to fivefold 
resistance to chlorambucil. 

To date, the largest increases in GST- 
mediated resistance to anticancer drugs have 
been reported by Schecter et al.748 who ob- 
tained a stable transfectant GST subline of 
MatB cells, using the pSV2neo vector con- 
taining the SV40 early region promoter, 
which stably expressed rGSTA3-3. The 
clone M49-8 was 6- to 12-fold resistant to 
melphalan, 10- to 16-fold resistant to 
mechlorethamine, and 7- to 30-fold more 
resistant to chlorambucil. In late passages 
(after 14 months), under continuous selec- 
tion with G418, GSTA3-3 expression di- 
minished in the transfected MatB cells, and 
was accompanied by a decrease in resis- 
tance to melphalan, mechlorethamine, and 
chlorambucil. Similar levels of resistance to 
alkylating agents as those reported by 
Schecter et aL7@ have been obtained with 
rGSTA3-3 in NIH-3T3 mouse fibroblast 
cells.7J9 

The possibility that mutant GST can 
confer greater levels of drug resistance than 
wild-type enzymes has been explored by 
Gulick and Fah1.458 By using random mu- 
tagenesis of the region encoding residues 
10 to 15 of rGSTA3-3, followed by selec- 
tion for resistance to mechlorethamine in 
E. coli, these workers isolated mutant trans- 
ferases with significantly improved cata- 
lytic activity toward the nitrogen mustard. 
Mutant enzymes were isolated that conferred 
up to 31-fold resistance toward mechlor- 
ethamine in E. coli, compared with 3.3-fold 
resistance confered by the wild-type enzyme. 
The improved catalytic activity for mechlor- 
ethamine was accompanied by decreased 
activity for CDNB and cumene hydroper- 
oxide. suggesting that the mutant rGSTA3-3 
may not confer increased resistance against 
all alkylating agents or organic hydroper- 
oxides. 
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All the studies described above have 
employed cytotoxicity rather than geno- 
toxicity as a biological end-point. However, 
GST may be better suited to provide protec- 
tion against genotoxic xenobiotics than cy- 
totoxic drugs. Fields et al.750 have reported 
that mGSTM 1 - 1 and hGSTP 1 - 1 protect 
MCF-7 cells against the covalent binding of 
4-nitroquinoline- 1 -oxide to DNA. These 
workers showed that although mGSTM1-1 
and hGSTP1-1 reduced the binding of 
4-nitroquinoline- 1 -oxide to macromolecules 
in MCF-7 cells by 92 and 70%, respec- 
tively, these GST did not protect against the 
cytotoxicity of 4-nitroquinoline- l-oxide as 
measured by clonogenic assay. Unfortu- 
nately, because of the poor record of GST- 
transfected MCF-7 cells in giving positive 
results in clonogenic it is not 
clear whether the disparity between the cy- 
totoxicity and genotoxicity of 4-nitro- 
quinoline- 1-oxide is a result specific to this 
cell line, or a general feature that holds true 
for all cell lines. 

XI. POLYMORPHIC EXPRESSION 
OF GST ASSOCIATION WITH 
DISEASE S U SC E PTl BI LlTY AND 
FAILURE OF CHEMOTHERAPY 

A. Variable Expression of GST in 
Experimental Models and 
Increased Sensitivity to 
Chemical Insult 

Considerable interest exists concerning 
whether failure to express GST influences 
susceptibility to disease. As is evident from 
Table 10, GST are involved in the metabo- 
lism of many carcinogens, environmental 
pollutants, anticancer drugs, and ROS, and 
it is reasonable to suppose that the absence 
of specific isoenzymes will have a profound 

effect on the tolerance of an organism to 
xenobiotics. The clearest example of a GST 
null phenotype giving rise to xenobiotic 
sensitivity is the GT112 inbred strain of 
maize that lacks an atrazine-metabolizing 
GST and, through failure to detoxify 
S-chlorotriazines, possesses a markedly in- 
creased sensitivity to this class of herbi- 
~ i d e . ~ ~ ~  Other strains of maize exist, bz2, 
which lack the GST encoded by the Bronze-2 
gene.755 The 6 2  plants accumulate cyanidin- 
3-glucoside in the cytoplasm of tissues and, 
although it is not known whether they pos- 
sess increased sensitivity to herbicides, they 
do exhibit significantly lower levels of ac- 
tivity to the model substrate CDNB. 

The evidence supporting the hypothesis 
that absence of GST results in increased 
susceptibility to chemical or oxidative stress 
is less obvious in rodents than in atrazine- 
sensitive maize GT 1 12. Indeed, the models 
described involve phenotypic alteration in 
expression of protein rather than genotypic 
changes in GST. In inbred strains of mice, 
marked variation in the expression of class 
pi GST, due to altered endocrine control, 
has been observed,45 but this has not been 
associated with sensitivity to chemical in- 
sult. Also, an increase in the level of rGSTA5 
has been noted in the livers of EHB rats26y 
and increases in rGSTA3, A4, M6*, and P1 
have been noted in the cerebellar cortex of 
Gunn rats,692 but again nothing is known 
about the biological consequences of these 
alterations in enzyme expression. In the 
absence of an example of a null GST poly- 
morphism in rodents resulting in sensitivity 
to xenobiotics, it should be remembered that 
the selective toxicity of aflatoxin B, in the 
rat and the intrinsic resistance of the mouse 
to this mycotoxin are attributed entirely to 
differences in the constitutive expression of 
orthologous class alpha isoenzymes, namely 
mGSTA3-3 and rGSTA5-5, in these two 
species.315.326..17? With the availability of 
"gene knock-out" technology, it is expected 
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that powerful experimental models will be- 
come available that will allow a better un- 
derstanding of the biological significance of 
GST null phenotypes. 

B. Null Polymorphisms and 
Increased Risk of Cancer 

1. Human Health Risk 
Associated with Deletion of the 
GSTMI Gene 

The in vivo contribution of GST to pro- 
tection against noxious chemicals is diffi- 
cult to assess in humans. However, the ex- 
istence of genetic polymorphisms in the 
population allows this question to be ad- 
dressed, at least for a limited number of 
GST genes, by utilizing molecular epidemi- 
ology to show an association between dis- 
ease and the absence of particular isoen- 
zymes. Although this approach is powerful, 
it should be pointed out that it does not 
prove whether an association between GST 
expression and disease susceptibility is di- 
rect or indirect. The fact that GST are part 
of a complex integrated detoxification sys- 
tem may frustrate attempts to demonstrate 
association between GST polymorphisms 
and disease. The ability of certain GST al- 
leles to influence the expression of other 
genes may represent a significant factor in 
modulating sensitivity to disease. Further- 
more, the overexpression of other genes may 
be able to compensate for the absence of 
particular GST isoenzymes. 

Interindividual differences in human 
class mu GST are commonly observed and 
were first described in the early 1980s.J2,3s8 
Such variation is due either to gene dele- 
tion, resulting in failure to express protein, 
or allelic variation, resulting in production 
of catalytically active protein with an al- 

tered charge. Thus, three common alleles 
exist at the locus for human GSTM 1, namely, 
GSTMl *A, GSTMl *B, and GSTMl*O, that 
give rise to the GSTMIA, GSTMIB, and 
GSTM 1 null phenotypes, respectively. The 
GSTM 1 a and GSTM 1 b subunits, encoded 
by GSTMl *A and GSTMl *B, have differ- 
ent p1363 but exhibit closely similar catalytic 
activities toward model substrates.365 The 
frequency of the three GSTM1 alleles var- 
ies significantly in different populations. The 
frequency of GSTMl *O homozygosity is 
58% in Chinese, 52% in English, 48% in 
Japanese, and 43% in French nationals, but 
it is significantly less common in Nigerians. 
In Nigeria, it is observed in only 22% of the 
population.756 Furthermore, the distribution 
of GSTMI *B is also heterogeneous, being 
found in only 5.8% of Nigerians, but 29% 
of Chinese, 16% of English, 40% of Japa- 
nese, and 9% of French nationals. In certain 
Micronesian and Polynesian populations, 
more than 90% of individuals have been 
found to be nulled for hGSTM 1 .43 This varia- 
tion in GSTMl expression among the con- 
trol population poses significant difficulties 
for researchers in the selection of suitable 
control groups to be used for determining 
the association between GST genotype and 
disease susceptibility. Considerable care 
should be taken when selecting controls, 
because Strange7s6 found that the frequency 
of GSTMl null varies in control groups 
obtained from hospital patients compared 
with post-mortem samples. 

Epidemiological studies suggest that 
individuals who are homozygous nulled at 
the GSTMl locus may have an increased 
risk of developing various types of neoplas- 
tic disease, including cancer of the bladder, 
colon, lung, skin, and stomach. Most of the 
efforts in this area have focused on lung 
cancer for the reason that hGSTM 1 a- 1 a and 
hGSTM 1 b- 1 b are active toward certain ep- 
oxides of PAH found in cigarette smoke 
and other combustion products. Most sig- 
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nificantly, it has not only been shown that 
lymphocytes that lack hGSTM la-la and 
hGSTM1b-lb are more prone to epoxide- 
induced cytogenetic damage,757 but it has 
also been shown that a positive association 
exists between the levels of PAH-DNA ad- 
ducts formed in human lung and the 
GSTMl *O/O genotype.758 Similarly, Liu 
et a1.759 showed that the presence of 
GSTM 1 a- 1 a, or GSTM 1 a- 1 b, or GSTM 1 b- 
1 b in human liver cytosol inhibited the abil- 
ity of benzo[a]pyrene as well as aflatoxin 
B,  to form adducts with calf thymus DNA. 

Seidegard et al.760 provided the first evi- 
dence that an association exists between the 
GSTM1 null phenotype and the risk of de- 
veloping lung cancer when they reported an 
approximate 1 .6-f0ld increase in the fre- 
quency of nulled individuals among patients 
with lung cancer. Using a trans-stilbene 
oxide enzyme assay to measure GSTMl 
activity in leukocytes, they reported that 
4 1 % of control individuals were negative 
for GST activity toward trans-stilbene ox- 
ide, whereas as many as 65% of lung cancer 
patients lacked this activity. Subsequent 
studies by other research groups have not 
always found a clear relationship between 
the GSTMl null phenotype and lung can- 

The reasons are almost certainly 
multifactorial and may be due to the use of 
insufficient or inappropriate controls, varia- 
tions in smoking habits of patients, variable 
dietary habits of patients recruited into dif- 
ferent studies, the presence of environmen- 
tal factors influencing disease progression, 
or differences in diagnostic or clinical prac- 
tice. It has been suggested, possibly due to 
some type of threshold effect, that high 
GSTMl activity (i.e., possession of two 
copies of GSTMl *A or GSTMl *B) is asso- 
ciated with a greater decrease in lung cancer 
risk among heavy than light cigarette smok- 
e r ~ . ~ ~ ~  Zhong et al.763 suggested that GSTM 1 
may protect against certain types of lung 
cancer, such as squamous and small cell 

carcinoma, but not against adenocarcinoma 
of the lung. The hypothesis that GSTMl *A 
and GSTMl *B alleles protect preferentially 
against squamous cell carcinoma is sup- 
ported by a study from Finland76J in which 
44% of controls lacked the GSTM1 gene 
and, although 53% of all lung cancer pa- 
tients were GSTMl nulled, the frequency of 
the GSTMl*O/O genotype was as high as 
62% in patients with squamous cell carci- 
noma. In a study of lung cancer patients in 
Japan, 45% of controls lacked the GSTMl 
gene. However, among patients with lung 
cancer, 54% of individuals with adeno- 
carcinoma were GSTMl *O/O, whereas as 
many as 63% of squamous and small cell 
carcinoma patients were GSTMl *O/O. When 
these patients were analyzed in relation to 
the degree of smoking, the proportion of 
GSTMl *O/O individuals increased in patients 
with a high smoking index. Other factors 
that should be considered in the connection 
between lung cancer and the GSTMl*O/O 
genotype include the antioxidant micronu- 
trient status. Examination of PAH-DNA 
adduct levels in circulating mononuclear 
cells of cigarette smokers shows that these 
are related to serum vitamin E and C levels 
only in GSTM 1-nulled  individual^.'^^ Thus, 
although GSTMl *O/O individuals appear to 
be more sensitive to DNA damage from 
exposure to cigarette smoke, this can be 
influenced by dietary factors. In lung cancer 
patients the frequency of sister chromatid 
exchanges is associated with the GSTMl *O 
allele and is inversely related to vitamin A 
and selenium intake.766 

hGSTM 1- 1 deficiency contributes to 
individual susceptibility to asbestos-induced 
pulmonary disease. In a study from North 
America it was found that among 80 car- 
penters who showed X-ray abnormalities 
associated with asbestos exposure, 65% of 
individuals were GSTMl *O/O compared to 
52% in a control population of carpenters.767 
These data suggest that individuals nulled 
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for hGSTM1-1 are more likely to develop 
nonmalignant asbestos-related disease than 
those who are not hGSTM1-1 deficient. 

A number of groups have found evi- 
dence that the GSTMI*O/O genotype is a 
risk factor for bladder cancer. Among can- 
cer patients from England, Daly et al.768 re- 
ported that 85% of 53 patients with bladder 
cancer were GSTMl *O/O compared with 
53% in healthy controls and 60% in patient 
controls. In a study from North America, 
Bell et al.769 reported that 61% of 213 
white patients with bladder cancer were 
GSTMl*O/O compared with 48% of con- 
trols, whilst 50% of 16 black patients with 
bladder cancer were nulled compared 
with only 33% of controls; on the basis of 
these data it was suggested that the 
GSTMI*O/O genotype confers a 70% in- 
creased risk of bladder cancer. Examin- 
ation of 296 bladder cancer patients from 
Germany has also revealed an increased 
frequency of GSTMl*O/O in affected indi- 
viduals, although in this case 59.1% of pa- 
tients were nulled compared with 50.7% of 
controls;770 on the basis of these data, 
Brockmoller et al.770 proposed that heritable 
GSTM 1 deficiency is responsible for 17% 
of bladder cancer cases. 

Absence of GSTMl may predispose 
toward stomach and colon cancer. Using 
starch-gel electrophoresis, Strange et al.771 
showed a marked increase in the GSTMl 
null phenotype from 50% in controls to 67% 
in a group of 47 patients from England with 
adenocarcinoma of stomach and colon, sug- 
gesting that nulled individuals have an ap- 
proximately threefold greater risk of devel- 
oping these malignancies. A similar 
increased frequency of GSTMl *O/O was 
found in a separate study of patients from 
Scotland with colon cancer in which 6 1.1 % 
of 175 patients were nulled compared with 
41.8% of Subdivision of these 
patients into two groups, according to the 
site of the tumor, revealed that 54.47~ of 

those with distal tumors were GSTMl *O/O, 
whereas 70.8% of those with proximal tu- 
mors were GSTMl *O/O. This finding sug- 
gests that GSTMl *A and GSTMl *B alleles 
protect against proximal colon cancer, sug- 
gesting that GSTMl *O/O individuals have 
an approximate twofold increased risk of 
developing this disease. 

Skin cancer is another malignancy where 
the GSTMl null genotype may confer in- 
creased risk of disease. In an extensive study 
from England of 629 patients with basal cell 
carcinoma, squamous cell carcinoma, or 
malignant melanoma, Heagarty et a1.773 
found that the frequency of GSTM1 *O/O in 
patients and controls was similar at 53%. 
However, in patients with two or more dif- 
ferent types of skin tumors, the frequency 
of GSTMl *O/O increased from 53% in con- 
trols to 71% in patients with multiple tu- 
mors. It has been proposed that the protec- 
tive role of the GSTM1 locus in skin cancer 
involves antioxidant defenses against ROS 
generated by UV light, rather than protec- 
tion against xenobiotics. Another interest- 
ing feature of the skin cancer patients with 
multiple basal cell carcinomas was the un- 
expected, but significant, decrease in the 
frequency of GSTMI *A/B heterozygotes, 
suggesting that the possession of both 
GSTMl *A and GSTMl *B alleles may have 
an enhanced protective effect. 

2. Human Health Risk 
Associated with Deletion of the 
GSTTl Gene 

Besides the null polymorphism at the 
GSTM 1 locus, an additional null polymor- 
phism among class theta GST at theTl lo- 
cus occurs commonly. The frequency of 
GS7TI *O homozygosity varies in different 
populations, being 16% in English, 12% in 
Germans, 38% in Nigerians and 32% in 
West Indians.7s6 The biological conse- 
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quences of the GSTTl *O/O genotype in the 
human is difficult to predict as this enzyme 
has both detoxification and toxification ac- 
tivities toward various environmental pol- 
lutants. GSTT1-1 will detoxify mono- 
halomethanes and ethylene oxide, but will 
toxify methylene chloride and other small 
bifunctional alkylating agents (Table 10). 
Furthermore, an important difference in the 
tissue-specific expression of class theta GST 
in rodents and humans complicates predic- 
tions, based on animal models, concerning 
the health risk associated with the null poly- 
morphism at the GSTTl locus. Specifically, 
unlike erythrocytes in rodents, human eryth- 
rocytes express hGSTT1-1, and this activity 
may allow the red cell to sequester reactive 
conjugates formed in G S m l * 1  individuals; 
the red cell has been referred to as a detoxi- 
fication sink in hGSTTl -positive samples. 
If this hypothesis is correct, then the eryth- 
rocyte hGSTT 1 - 1 will remove bifunctional 
alkylating agents from the circulation, pre- 
venting them from being transported to tis- 
sues where, once activated, they can pro- 
duce genotoxic damage. Support for this 
notion is provided by a study showing that 
in a population exposed to 1,3-butadiene, 
the GSirTl*O individuals demonstrated a 
16-fold increased frequency of sister chro- 
matid exchange in lymphocytes than 
GSTTl *I individuals.77J Although this 
study suggests that the putative role of the 
erythrocyte as a detoxification sink can pro- 
tect lymphocytes from 1,3-butadiene in 
hGSlT1 -positive individuals, its ability to 
protect other cells is less certain. For ex- 
ample, it is unlikely that the sequestration 
activity of erythrocytes will protect the res- 
piratory tract and lungs from small bifunc- 
tional alkylating agents as they are in direct 
contact with these noxious chemicals. Fur- 
thermore, if the capacity of the erythrocyte 
to remove bifunctional alkylating agents 
from the circulation is exceeded in GSTTl * I  
homozygotes, then the risk of carcinogenesis 

in such individuals is likely to be greater 
than in GSTTl *O homozygotes. 

Few data have been reported linking the 
GSTTl null genotype to cancer susceptibil- 
ity. Warwick et a1.775 found that the fre- 
quency of GSTTI *O is unaltered in cervical 
intraepithelial neoplasia or squamous cell 
cancer of the cervix. In a study of Austra- 
lian patients with colorectal cancer, the fre- 
quency of GSTTl*O homozygotes did not 
differ from controls. However, the nulled 
individuals were more common in patients 
diagnosed before 70 years of age than in 
those diagnosed after 70 years of age,776 
suggesting that the GSTT1 genotype may 
influence the age of onset of colon cancer. 

C. Null Polymorphisms and 
Failure of Cancer Chemotherapy 

A single study by Hall et a1.777 suggests 
that the absence of GSTMl is associated 
with increased success of cancer chemo- 
therapy. These workers found that in a group 
of 71 children with acute lymphoblastic 
leukemia, the GSTMl null phenotype cor- 
related with event-free survival. These pa- 
tients were all given induction therapy with 
vincristine, prednisolone, and asparaginase, 
while continuing therapy involved multiple 
drugs including 6-mercaptopurine and 
methotrexate. Among the 71 leukemia pa- 
tients studied, 44 (62%) were GSTMl null. 
However, among the 44 GSTMI null pa- 
tients, 36 (82%) remained in remission over 
12 to 108 months. Analysis of event-free 
survival suggests that possession of 
GSTMl *A and GSTMl *B alleles represents 
a threefold risk of relapse. The biochemical 
basis for this risk of failure of cancer che- 
motherapy in patients with GSTMl*A and 
GSTMI*B alleles is unclear because none 
of the drugs used by Hall et a1.777 is metabo- 
lized by hGSTMI-1. It is, however, pos- 
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sible that gene-gene interactions occur that 
might contribute to the failure of chemo- 
therapy and, in this context, it is interesting 
to note that GSTM1 *O/O individuals express 
lower amounts of GSTM3 protein in the 

It will be important to discover whether 
success of chemotherapy is associated with 
other null polymorphisms, particularly 
GSlTl*0/0, or the CYPlAl and CYP2D6 
genes.779 

XII. CONCLUSIONS 

The GST comprise a complex super- 
gene family of stress-responsive detoxifica- 
tion proteins. The ability of GST to pro- 
vide protection appropriate to a diverse 
range of chemical insults lies in the fact 
that individual GST genes are each regu- 
lated in a distinct fashion and each encodes 
a protein with unique catalytic activity. In 
this article the biochemical properties of 
individual class alpha, mu, pi, sigma, theta, 
and microsomal GST are reviewed and data 
are presented showing that these enzymes 
can detoxify carcinogens, environmental 
pollutants, therapeutic drugs, and reactive 
compounds produced by ROS. Certain class 
theta GST can activate dihaloalkanes and 
small bifunctional alkylating agents through 
conjugation with GSH. Knowledge of the 
activities of individual isoenzymes allows 
a rational understanding of the biological 
consequences of GST overexpression and 
underexpression. 

An extremely large number of chemi- 
cals, including phenolic antioxidants, 
Michael reaction acceptors, isothiocyanates, 
PAH, barbiturates, and glucocorticoids can 
serve as GST inducing agents. Evidence 
suggests that these inducers function through 
a number of cis-acting elements, including 
the ARE (EpRE), XRE, Barbie box, and 

GRE. The molecular mechanisms respon- 
sible for GST induction are largely unknown, 
and the identity of the transcription factors 
and signal transduction pathways involved 
remain uncertain. It is apparent that GST 
are an important part of an integrated adap- 
tive response mechanism of the cell to 
chemical stress that involves several detoxi- 
fication systems. The interdependence be- 
tween GST regulation and the expression of 
other detoxification enzymes is also evi- 
denced by the fact that, in certain instances, 
GST induction is effected by a metabolic 
cascade initiated by the actions of CYP 
isoenzymes. 

High levels of expression of GST are 
associated with increased tolerance of cells 
to noxious chemicals and failure to express 
GST is associated with increased risk of 
disease. Increased expression of GST can 
be advantageous to mammals and many 
chemoprotectors, both natural and synthetic, 
are potent inducers of GST activity. By con- 
trast, overexpression of GST in tumors may 
be disadvantageous to the host as it can be 
associated with resistance to the anti-cancer 
drugs BCNU, chlorambucil, mechlore- 
thamine, melphalan, cyclophosphamide, and 
thiotepa. In humans, absence of a particular 
class mu transferase, hGSTM 1 - 1, through 
nuli polymorphisms in the population, has 
been associated with predisposition to dis- 
ease, particularly bladder, colon, and skin 
cancer. A class theta transferase, hGSTTl- 1, 
is also subject to population polymorphisms 
but its contribution to disease susceptibility 
requires further study. 
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