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INTRODUCTION

Rat chemical hepatocarcinogenesis has been most extensively studied and sequential
analysis of the processes involved has played an important role in generating the
hypothesis that chemical carcinogenesis comprises at least two or three stages; initia-
tion and promotion, together with further progression stages." The initiation stage is
generally understood to be an irreversible process(es), during which alterations of
specific genes and in particular the activation of cellular proto-oncogenes occurs.®'"
During the promotion stage, groups of preneoplastic cells have been observed in many
organs prior to appearance of malignant cancers,” ® and in rat chemical hepatocarcino-
genesis enzyme-altered foci and hyperplastic nodules {hepatocyte nodules) or neo-
plastic nodules have excited much interest as putative precursor populations.”™ They
express specific enzymatic phenotypes; i.e. they are characterized by a number of
alterations in enzyme expression which have been used as markers." '>'® Drug-
metabolizing enzymes, including the glutathione S-transferase (GST) family, which is
one of the most important detoxifying systems in the liver having multifunctions
performed by multimolecular forms,'®? are commonly altered. In particular, a novel
neutral GST form purified from rat placenta by our group and named the placental
form (GST-P)™ has been identified as a new reliable marker enzyme for preneoplastic
lesions in rat hepatocarcinogenesis.”> In the present paper, the properties of GST-P
(newly named GST 7-7%*7") as a marker for rat hepatic preneoplastic lesions, as well
as hepatocellular carcinomas (hepatomas), will be reviewed mainly on the basis of our
own and joint work with other groups. GST forms in other species which are related to
rat GST-P will be also briefly reviewed.

Molecular Forms and Functions of Rat GSTs

GSTs are a family of multifunctional
dimeric proteins and multimolecular forms
are known to exist in the various organs of
different species.’**” Rat GST forms have
been most extensively studied and most of
them are localized in the cytosol. However,
one microsomal GST form has been purified
from rat liver microsomal fractions,”™? and
an unidentified GST form(s) involved in
leukotriene C, synthesis was also reported to
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be present in particulate fractions from rat
basophilic leukemia cells.**? So far, at least
13 molecular forms have been identified in the
cytosol from rat tissues, mainly in liver
cytosol,” but new forms continue being dis-
covered. The basic forms including subunits
1(Ya), 2(Yc), 3(Yb)), and 4(Yb,} (Table I)
have been well studied, but more recently
attention has concentrated on the neutral and
acidic forms (Table I). Rat GST forms have
been variously named in different labora-
tories,”) and, although they were originally
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Table I. Molecular Forms of Rat Glutathione S-Transferase

Names pl as dimer MrSubumt ol Class
Qg b ) o d ) 2) n)
1-1 ligandin YaYa 10 (9.8) 25,000(25,555 7.7 alpha

or 25,567)

1-2 B YaYc 9.9 (9.7)
2-2 AA YeYce 9.8 (9.6) 28,000(25,322) 7.6 alpha
3-3 A Yb, Y, 89 (8.8) 26,500(25,915) 7.4 mu
3-4 C YbYb, 8.0 (8.4)
4-4 D(X) Yb,Yb, 6.9 (8.2) 26,500(25,705) 6.8 mu
5-5 E 7.3 26,500
6-6 (YnYn) 58 (5.7) 26,000 6.6,6.0% mu
7-7 P YpYp*(YfYL) 7.0 (8.3 24,000(23,307) 6.8 pi
3-8 (YkYk) 6.1 (5.8) 24,500 6.3 alpha
3.6 (Yb.Yn) ?7 (8.3 mu
4-6 (Yb,Yn) 7 (6.2) mu

a) Jakaby et ¢l* &) Mannervik™ and Hayes & Mantle™ for names in parentheses.
¢) By isoelectric focusing. d) By chromatofocusing. ¢) Mannervik’” and our results.

f) From cDNA (Tu et al™ and Sugioka er al*™}.

g) By two-dimensional electrophoresis (our results). #) Mannervik et ol
% Named by us.™ %% Yn can be divided into Yn, and Yn, with different pls.*®

defined by their elution order on ion exchange
chromatography,’®”® they are now princi-
pally classified on the basis of isoelectric
points (pIs) determined by either isoelectric
focusing or chromatofocusing (see Fig. 2)
and their subunit molecular weights {(Mrs) on
SDS-polyacrylamide gel electrophoresis, as
first suggested by Bass et al* (Table I). A
new nomenclature was proposed by Jakoby et
al*® in which GST subunits receive numbers
referring to the order in which they were
isolated and characterized (Table I), but this
has not gained general approval. In another
species-independent classification proposed by
Mannervik et al,’® GST subunits in the rat,
human and mouse were grouped into three
classes with respect to amino-terminal amino
acid sequence, and enzymatic and immuno-
logical properties.

GST species catalyze the conjugation of
electrophilic compounds with reduced
glutathione (GSH). Many compounds with
electrophilic centers are produced from
xenobiotics by biotransformation®” and also
may arise from endogenous substances.’” The
GSH conjugation reaction is the first step of
the mercapturic acid pathway,™?" which is
one of the most important detoxication reac-
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tions. The second step of this pathway is
catalyzed by r-glutamyl transpeptidase (7-
GTP), which has gained considerable atten-
tion as a useful marker for enzyme-altered
faci in rat liver.> ™™™ [n addition, certain
forms such as rat GST 1-2, 2-2 and 7-7
(GST-P) are known to possess Se-indepen-
dent GSH peroxidase activity towards lipid
peroxides.™ *? Furthermore, since the finding
that ligandin, identified as a protein capable
of binding steroids, bilirubin, carcinogens and
a number of exogenous organic anions,’” is a
basic form of GST*® (GST 1-1 or together
with 1-2 (Table I)), this and other forms have
been shown to act as binding or carrier pro-
teins for several dyes (bilirubin, bromosulfo-
phthalein and indocyanine green), cholic
acids, steroid hormones, hematin (heme) and
carcinogens.'”***® Thus, GSTs including
ligandin have attracted the attention of many
investigators studying chemical carcino-
genesis (see reviews'™ 2 ¥y,

Purification and Protein Properties of Rat
GST-P (GST 7-7)

During investigation of changes in GST
isoenzymes in rat hepatocarcinogenesis, we
first noted that GST-A (3-3) was increased
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in hyperplastic nodule (HN)-bearing rat
liver.”** Subsequently, we purified a new
neutral form from rat placenta and named it
the placental form {GST-P),”™ since this was
almost only the form present in this tissue.
Then, by using anti-GST-P antibody prepared
in a rabbit, we noted that GST-P was mark-
edly increased in HN-bearing rat liver,” and
using this source we have prepared large
quantities of rabbit antibody,” which has
been used extensively by our and other
groups.* Later, it was demonstrated using
our anti-GST-P antibody by Mannervik and
his co-workers***? that this form is immuno-
logically identical with the new GST form
(GST 7-7) purified from rat kidney and lung
by them. GST-P (YpYp) seems to be related
to GST-A (YfYf) purified from human lung
by Hayes and Mantle® but differs in subunit
composition from the P form (YblYn, GST
3-6) named by them.”” GST-P (7-7) is
characterized by the smallest Mr and a neu-
tral pI**?* (Table I). Immunologically, it is
not crossreactive with other forms but does
crossreact among many species: rat, mouse,
hamster, dog, horse and human.***” By single
radial immunodiffusion using the anti-GST-P
antibody and later by immunohistochemical
methods, it was found that this form is pres-
ent at a very low level in normal rat liver
{negative in parenchymal cells but weakly
positive in bile ductular cells), and even in the
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placenta (trophoblast), but it is present in
significant quantities in adult rat kidney
(proximal and distal tubules) lung (brom-
chiolar epithelial cells), pancreas (ductular
cells) and spleen,”™* and also in brain
(astroglia).*” Immunohistochemically, GST-
P is also detectable in small intestine (colum-
nar epithelial cells), skin (epithelial cells) and
ovarium (primary follicles). Thus, the GST-P
(7-7) form seems to be almost universally
albeit weakly expressed in various rat tissues.
It is now grouped into the Class pi of the
species-independent classification of GST®
{Table I).

GST-P as a Rat Hepatic Preneoplastic Marker

Enzyme-altered foci and hyperplastic
nodules are easily inducible in rat liver by
chemical carcinogens using different
protocols™ ** ' such as the Solt and Farber
(Solt-Farber) model®”; ie. ip injection of
diethylnitrosamine (DEN) (200 mg/kg of
body weight) followed by administration of
N-2-acetylaminofluorene (AAF) (0.02% in
diet) for 2 weeks and partial hepatectomy (see
Fig. 1).

In 1983, we observed by double im-
munadiffusion using the antibody to GST-P
purified from the placenta that GST-P is
markedly increased in HN-bearing rat liver.’®
This was confirmed using two-dimensional
electrophoresis.™ D In addition to basic

Fig. 1. Induction of GST-P and »-GTP
in early stages of rat chemical hepatocar-
cinogenesis using a Solt-Farber model
modified by feeding AAF from week 2 for
4 weeks. CDNB, l-chloro-2,4-dinitroben-
zene; DEN, diethylnitrosamine; AAF, 2-
acetylaminofluorene; BD, basal diet; PH,
partial hepatectomy. GST-P content, and
GST and 7-GTP activities were deter-
mined using 105,000g supernatants, as pre-
viously reported.”* ' Northern blot anal-
ysis using GST-P ¢cDNA probe (pGP5)%™®
(generous gift of Prof. Muramatsu) is
shown in the inserted figure, in which
numbers at the top indicate number of
weeks after DEN injection in the above
model.

r-GTP activity, units/g
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GST subunits such as Ya, Ye, Yb(Yb;) and
Yb'(Yb,) (subunits, 1, 2, 3 and 4, respec-
tively) present in normal rat liver cytosol,
two polypeptides, 26000/6.8 (Mr/pl) (major)
and 6.3 (minor), were detected, that were not
detectable in normal liver.”**" These poly-
peptides were identified as charge isomers of
the GST-P subunit by immuno-affinity
column chromatography using the anti-GST-
P antibody*” and later by immunoblotiting
(Western blotting) using the antibody.***"
Sugioka er al”® (1982) had earlier detected
increased polypeptides of 26/6.9 and 26/6.6
(kilodalton/pl) in hyperplastic nodules and
hepatomas induced by AAF by using two-
dimensional gel electrophoresis and were able
to confirm these to be charge isomers of GST-
P by using our GST-P antibody.” Roomi et
al> and Eriksson et @’ (1983) (both in the
group of E. Farber) also reported the appear-
ance of a polypeptide with Mr 21,000 (named
p21) commonly detectable by SDS-polyacryl-
amide slab gel electrophoresis in isclated
hyperplastic nodules induced by six different
protocols including the Solt-Farber model,*”
and this polypeptide was found to be identical
with the GST-P subunit by using our anti-
body.” Later p21 was described as p26; the
subunit of a polypeptide of Mr 52,000, which
was again confirmed to be GST-P.*” A new
GST form, GST 7-7, was reported to be in-

Table II.
Rat Hepatocarcinogenesis®”

creased in primary hepatomas induced by
N,N-dimethyl-4-aminoazobenzene by Meyer
et al® and in hyperplastic nodules induced by
AAF by Jensson et al””

By single radial immunodiffusion using the
anti-GST-P antibody it was established that
the amounts of GST-P in HN-bearing livers
and in primary hepatomas induced by different
carcinogens and also a transplantable hepa-
toma (Morris 5123D) were between 10 and
100 times higher than in normal liver but
negligible in transplantable AH 130.*¥ It was
also found to be very low in fetal and regen-
erating livers,” indicating that GST-P expres-
sion in hepatocarcinogenesis is not oncofetal
and not simply a reflection of cell growth.

The amount of GST-P protein together
with that of the mRNA increased in parallel
with increasing 7-GTP activity during the
early stage of hepatocarcinogenesis with the
Solt-Farber model (Fig. 1), with a remarkable
sex-dependence in favor of males (Table II),
similar to that found for foci development.
However, as is evident in Table II, the
amounts of basic GST subunits 1 plus 2 and 3
plus 4 are also enhanced in HN-bearing livers
and to a much higher extent than for GST-P
{7-7), even when the latter was maximally
increased (at 4 weeks after administration of
AAF in Fig. 1). Indeed, GST-P was found to
be responsible for only a small proportion of

Changes in GST Subunit Content and GST Activity during Early Stages of

Subunit Total activity
Treatment 1 plus 2 3 plus 4 7 towards CDNB
mg/g of liver units/g of liver
Nontreated 3.8+0.2" 34303 0.0410.01 1517
(5.7%0.1 2.1%0.2 0.0610.01 141 6)?
1 week? 3.9+0.2 4.010.5 0.2210.01 157+9
(5.9+0.4 23101 0.180.02 179£23)9
3 weeks” 7.8£0.2 6.010.2 1.12+0.14 360+ 13
(7.6+0.1 4.5+0.1 0.360.07 321E£11)°
Lead nitrate® 63X13 4.0£0.3 0.29+0.11 303+41

a) N. Tateoka, et al. unpublished data. &) MeantSD.

¢) Female rats. d) After hepatectomy in Fig. 1.
&) Three days after ip injection of 100 gmol/kg.

Subunit amounts were determined by using antibodies to GST 1-2, 3-4 and GST-P (7-7),
respectively, and the total activity towards CDNB (l-chloro-2,4-dinitrobenzene), as described

previousky.*
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total activity (see Fig. 2). Thus, it should be
borne in mind that basic GST forms may play
important roles in detoxication and other
functions in foci and nodules.

By using the peroxidase-antiperoxidase
(PAP)*® or the avidin-biotin - peroxidase
complex (ABC)™ immunohistochemical
methods with anti-GST-P antibody, enzyme
protein was demonstrated to be localized in

=

GST activity, units/ml

50 160 150 200
Fraction number

Table III.

Induction of GST-P-positive Foci™™

almost all enzyme-altered foci detectable by
7-GTP activity staining.”” In contrast, an ap-
preciable number of GST-P-positive foci did
not show increased y-GTP activity,™ sug-
gesting it may be the more accurate marker.
This was furher indicated by the fact that le-
sions induced by a large number of protocols
using different hepatocarcinogens and pro-
moters,”*) and hepatomas induced by AAF,

Fig. 2. Representative GST isoenzyme pat-
terns in normal and hyperplastic nodule
(HN)-bearing male rat livers separated by
chromatofocusing (pH 10-7.0). In Fig. A,

T normal liver cytosol (105,000g supernatant)
and in Fig. B, HN-bearing liver cytosol ob-
tained from rats fed AAF for 4 weeks, as
shown in Fig. 1, were used. Chromatofocus-
ing was carried out as described previ-
ously.™ The names of the GST forms are
shown in Table I,

Hepatocarcinogen and
promoter

Single cells/mini-foci

Large foci/hepatoma

I) Carcinogen
1) Genotoxic (mutagenic)®
DEN, DMN, AfB,
AAF, 3'-Me-DAB
2) Nongenotoxic
Clofibrate (other peroxisome-
proliferating agents)
Methapyrilene-HCI, orotic acid
Di(2-ethylhexyl)phthalate™
Ethynyl estradiol —
Ethionine ?
1I) Promoters
Phencbarbital, methylcholanthrene
polychlorinated biphenyls, isosafrole

{+) (rapidly, within 7 days} (+)
{+) (slowly, 4-8 weeks) (+)
(—) (—)
(—) ?
(—) (=)
(=) ?
(+)
(—) (=)

a) By Ames test.

b) Recently, it was reported that di(2-ethylhexyl)phthalate, a peroxisome proliferator, lacks both initiating

and promoting activities in rat liver,™™
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3’-methyl- 4 -dimethylaminoazobenzene (3 -
Me-DAB), aflatoxin B, (AfB;) and ethionine
were all strongly stained using the anti-GST-P
antibody.

Recently, however, several groups have
reported that a new type of carcinogen (non-
genotoxic) including the peroxiseme-prolifer-
ating hypolipidemic agents, e.g. clofibrate,®"
is associated with GST-P- and/or 7-GTP-
negative foci and hepatomas®™® and these
results have been confirmed in our laboratory
(Table III). However, ethionine, which is
known to be nongenotoxic, does induce GST-
P-positive foci and hepatomas.® The “ini-
tiated cells” induced by DEN (a2 mutagenic
carcinogen) develop to form GST-P-positive
foci by administration of AAF, as observed in
the Solt-Farber model, but lead to GST-P-
negative lesions after treatment with clofi-
brate, suggesting that expression of the enzyme
may be controlled in the promotion in addition
to initiation stages.

GST-P-positive Minifoci in an Early Stage of
Hepatocarcinogenesis

Immunochistochemical staining has revealed
GST-P-positive minifoci (composed of 2-5
cells) (Fig. 3B) or even single cells (Fig. 3A)
in resected liver obtained at partial hepa-

N

Fig. 3.
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tectomy in the Solt-Farber model,’” before
the increase in GST-P content and parallel
increase in y-GTP activity become apparent,
as is evident in Fig. 1. Furthermore, these cells
can be detected at a very early stage, being
observed 48 hr after single doses of the hepa-
tocarcinogens DEN, dimethylnitrosamine
(DMN), AfB,, and methylazoxymethanol ac-
etate.””? The number of single cells correlates
with increasing dose of initiator (e.g., DEN),
but the cells are not induced by promoters of
liver carcinogenesis (inducers of mixed-
function oxidase) such as phenobarbital,
methylcholanthrene, polychlorinated biphe-
nyls and isosafrole.”” Therefore, these GST-P-
positive cells deserve consideration as “ini-
tiated cells” pointing to GST-P as a very early
marker. GST-P-positive single cells, and more
especially minifoci were also detectable for
long periods (at least 6 months) after a single
injection of DEN {200 mg/kg}, whereas they
were not visible using other marker enzymes
such as y-GTP. Furthermore, after such long
periods, large foci (Fig. 3C) were inducible in
the livers of the rats by feeding AAF (0.02%)
for 2 or 3 weeks followed by partial hepa-
tectomy (selection pressure), as performed in
the Solt-Farber model. A significant direct
correlation between number of single cells/

GST-P-positive single cell and minifocus in resected liver and large focus in the remaining liver of
the same rat subjected to “selection pressure” 6 months after a single ijection of DEN (200 mg/kg). Single
cell (A) and minifocus (B), X400. Large foci (C), X40. For “selection pressure,” see text.
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minifoci in the resected livers and number of
large foci in the remaining livers of the same
rats was observed (K. Satch and I. Hatayama,
unpublished data). Takahashi et al™ also
observed small GST-P-positive foci 37 weeks
after single treatment with even 10 mg/kg of
DEN.

The fact that single doses (ip) of DEN,
DMN and AfB, induced GST-P-positive
single cells/minifoci very rapidly within 1 or 2
weeks, whereas AAF and 3'-Me-DAB in the
diet bring about their development more
slowly after 4 to 8 weeks (Table III), taken
together with the finding that nongenotoxic
hepatocarcinegens do not induce either GST-
P-positive single cells/minifoci or GST-P-
positive large foci’™ (Table IIT), strongly sug-
gests that the GST-P-positive single cells rep-
resent precursor (“initiated”) lesions of GST-
P-positive large foci. Therefore, detection of
GST-P-positive minifoci would appear to be
of importance for characterization and screen-
ing of hepatocarcinogens, especially those in-
complete examples such as benzo[a]pyrene
and dimethylbenz[a]anthracene, which alone
can not induce large enzyme-altered foci.

Inducibility of GST-P by Short-term Adminis-
tration of Drugs

In direct contrast to a large number of
other drug-metabolizing enzymes, GST-P was
found not to be inducible by administration of
a large number of carcinogens, tumor pro-
moters or modulators (AAF, 3'-Me-DAB,
ethionine, choline-methionine-deficient diet,
clofibrate, phenobarbital, 3-methylcholan-
threne, a-hexachlorocyclohexane, cyproter-
one acetate, carbon tetrachloride, and poly-
chlorinated biphenyls) without appearance
of enzyme-altered foci and hyperplastic
nodules.***” Although GST-P was found to
be slightly induced by two antioxidants,
butylated hydroxyanisole (BHA) and butyl-
ated hydroxytoluene, in periportal areas, this
was not to such an extent as to disturb
detection of focal elevations.”” Among the
other drugs examined, lead nitrate, a hepatic
mitogen, proved an exception in inducing sig-
nificant amounts of GST-P in rat livers, but in
this case the total biochemical pattern con-
cerning drug-metabolizing enzymes was very
similar to that exhibited in hepatic nodules.”
Expression of GST-P was confirmed im-
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munohistochemically in the whole liver but
more strongly in the zone III and hepatic
levels of GST-P 3 days after 100 gmol/kg (ip)
of lead nitrate were almost the same as those
in HN-bearing livers induced by the Solt-
Farber model (see Table III), thereafter pro-
ving reversible and returning to normal levels
after 2 weeks. Thus, it has been suggested that
lead nitrate will be useful for future investiga-
tion of the mechanism of GST-P gene expres-
sion in chemical hepatocarcinogenesis.”

Enzymatic Properties of GST-P and Possible
Functions in the Foci

The actual roles and functions of GST-P in
(pre)neoplastic cells remain to be clarified.
However, it has been reported that putative
preneoplastic foci are resistant to cytotoxic
agents including hepatocarcinogens, thus
being termed “resistant cells,”">>® and basic
GSTs in the liver are well known to have
large capacities for binding of endogenous
substances such as bilirubin, cholic acids and
hematin as well as exogenous compounds.'*"
As shown in Table IV, activities of GSTs 1-1,
1-2 and 2-2 were markedly inhibited by bili-
rubin and hematin, while those of G8Ts 3-3,
3-4 and 4-4 were more sensitive to (glyco)-
cholate. GST-P was, in contrast, almost insen-
sitive to inhibition by these endogenous com-
pounds and, therefore, increased activity of
GST-P in foci might be accounted for by a
requirement to replace, in part, the activity
of basic GSTs for efficient detoxification of
cytotoxic agents.

Robertson er al*® reported that the GST
7-7 purified from rat lung has the highest
activity towards (+)-73,8-diol-9,10-oxide of
benzo[ a]pyrene; it shows stereoselectivity for
the (++) enantiomer. Hiratsuka et al,”” how-
ever, found that GST-P purified by our group
from HN-bearing rat liver stereoselectively
conjugates GSH at the benzylic carbon (C;)
of the (—) enantiomer (78, gR) of 9,10-di-
hydrobenzo[ 2] pyrene-7,8-oxide, while other
basic forms preferred the () enantiomer.
These results suggest that GST molecular
forms may have different stereoselectivities
towards the same substances, and GST-P may
have unique properties.

Ketterer and co-workers®™ reported that
the GST 7-7 purified from hepatoma has an
Se-independent GSH-peroxidase activity to-

Jpn. J. Cancer Res. (Gann)
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Table IV. Inhibitor Sensitivities (ICx) of Seven Molecular Forms of Rat Hepatic Cytosolic GST?

Molecular  Bilirubin ~ Hematin ~ Cholate Glycocholate  Bile 2“;21;- D;::;?iy‘ saSI:gli;:"

form () (M) (mM) (M) (%) (mM)  acid(mM) (M)
1-1 2.4 0.02 0.8 1.5 0.7 0.5 0.45 0.42
I-2 5.0 0.6 1.6 4.1 0.54

22 5.8 3.1 24 5 0.39 0.71 >25

3-3 28 1.1 0.13 0.5 0.34 0.09 2.0
3-4 36 1.4 0.15 0.55 0.9 0.24

4-4 15 2.3 0.25 0.6 0.27 0.03 27
7-79 =350 8.5 2.0 >3 6 >0.5 0.80 >25

1Cs, concentration of a test compound required to give 509 inhibition of GST activity assayed with imM

GSH and ImM i-chlore-2,4-dinitrobenzene.
a) Satoh et al., unpublished data.
by Tsuchida et ql*®

¢} Purified from HN-bearing rat liver as previously reported.™

wards lipid peroxides, especially towards ara-
chidonate and linoleate hydroperoxides, We
also found that GST-P possesses significant
activity towards 4-hydroxynonenal, which is
one of the most potent lipid peroxides derived
from arachidonate,”™ though GST 4-4 has the
highest activity (our unpublished data). Thus,
GST-P (7-7) may be related to the prevention
of cytotoxic lipid peroxidation, which has
been considered to play an important role(s)
during tumor promotion, and may be of es-
sential significance to the drug-resistant char-
acter of preneoplastic foci. The oxidized
glutathione (GS8SG) produced in the GSH
peroxidase reaction can be supplied by GSSG
reductase reaction, in which NADPH is
necessary. The fact that GSSG reductase™
and NADPH - generating G6P dehydro-
genase, > *** 3 key enzyme of the pentose
phosphate pathway, are also increased in en-
zyme-altered foci is interesting in this respect.
GST-P also has appreciable LTC, synthase
activity,* but the significance of this finding
remains to be clarified,

It is noteworthy that GST-P is detectable
immunohistochemically in nuclei of pre-
neoplastic lesions, especially in early stages of
chemical carcinogenesis in rat liver’ and
hamster pancreas.® Similarly, human GST-7
was detected in nuclei of human cervix
dysplastic cells,*” and mouse GST II, which is
immunologically related to rat GST-P and is
present abundantly in normal male mouse

79(5) 1988

liver,*” was also observed within hepatocyte
nuclei. This phenomenon is not associated
with antibodies to other GST forms,*” and,
therefore, appears to be specific. Thus, it can
be speculated that GST-P (human GST-7 and
mouse GST II) in the nuclei either acts to
detoxify genotoxic substances from the cyto-
sol or functions as a carrier protein of some
exogenous and endogenous substances such
as carcinogens and hormones. With respect
to this point, it is noteworthy that GST 7-7
has a high activity towards thymine hydro-
peroxide.’

Structure of GST-P and Regulation of GST-P
Expression

The mechanism of GST-P gene expression
during chemical hepatocarcinogenesis has
been extensively investigated by Muramatsu
and co-workers®” in Japan. Sugioka et al®
cloned a cDNA (pGP5) of rat GST-P from a
¢DNA library prepared from poly(A)™ RNA
2 -acetylaminofluorene (AAF) -induced rat
hepatocellular carcinoma by screening with
synthetic DNA probes designed on the basis
of a partial amino acid sequence (25 amino
acids) of a GST-P subunit and determined the
complete amino acid sequence. The subunit
had 209 amino acids and the calculated Mr
was 23,307 (Table I). They also showed by
Northern blot and dot blot analysis using their
cDNA probe (pGP5) that GST-P mRNA
{about 750 nucleotides) is present abundantly
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in hyperplastic nodules and Morris 5123D,
7316A and 7794A as well as chemically in-
duced hepatocellular carcinomas, whereas it is
almost absent in normal liver, fetal liver and
regenerating liver and in the undifferentiated
hepatoma AH 130. Lower amounts of mRNA
were detected in lung, testis, kidney spleen
and placenta generally in this order, in-
dicating that the placenta is in fact not a
representative tissue in which this gene is nor-
mally strongly expressed. The authors con-
cluded from these data that the amount of
GST-P in a tissue is primarily, if not com-
pletely, regulated at the transcriptional
level.*® Knoll et o™ also cloned cDNA of
GST-P from a c¢cDNA library constructed
from the mRNA species of a primary
hepatoma induced by DEN and found that
the nucleotide sequence of this cDNA was
identical to that reported by Sugioka et al.*®
Pembie ez al*®*" and Taylor et al’ (both in
the Ketterer group) also cloned a cDNA
(pGSTr7) of GST 7-7 by using poly(A)~
RNA isolated from N,N-dimethyl-4-amino-
azobenzene-induced rat hepatoma and found
that the amino acid sequence of GST 7-7 was
identical with that reported by Sugioka et
al® Okuda et al* in Muramatsu’s group
have isolated GST-P gene from a 4 phage rat
genomic library using a GST-P cDNA clone
(pGP5) as a probe. The rat GST-P gene was
found to be about 3 kilobase pairs long and to
contain 7 exons and 6 introns, encoding the
same GST-P protein specified by pGPS5. The
cap site was mapped 70 nucleotides upstream
from the translation initiation site and the
promoter “TATA”™ box was found 27 base
pairs upstream from the putative cap site. The
200 base pairs upstream from the cap site
were rich in G+ C residues (61%), and the
hexanucleotide sequence 5'-GGGCGG-3’
was found at position —47 to —42. Mura-
matsu and co-workers® * also analyzed the
cis-acting regulatory DNA elements of the rat
GST-P gene by the chloramphenicol acetyl-
transferase (CAT) activity assay method.
Various regions of the 5'-flanking sequence
were fused with a bacterial CAT gene and the
transcriptional activity of each construct was
determined by transient expression assay after
introduction into a hepatoma cell line (dRLh
84). Two enhancing elements were found at
2.5 kilobase pairs and 61 base pairs upstream
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from the transcription start site.”® The up-
stream enhancer, that is more potent, was
divided into two domains; GPE I and GPE 11,
Both GPE 1 and the downstream enhancer
sequence contained a 12 -O-tetradecanoyl-
phorbol-13-acetate (TPA) response element.
GPE II contained two of the S¥40 and one of
the polyoma enhancer core-like sequence. A
silencing element was found at 400 base pairs
upstream from the cap site. TPA enhanced
the expression of transfected GST-P gene in
HeLa cells as well as in hepatoma cells. From
these and other observations, they speculated
that one of the causes for specific expression
of GST-P gene during hepatocarcinogenesis is
an activation of the protein kinase C-mediated
signal cascade in an early stage of this pro-
cess.” Furthermore, they are examining the
factors transacting on the enhancer regions by
gel-mobility shift analysis. The GST-P gene is
located on rat chromosome 1 at band g43.*"
cDNAs and genomic DNAs of other rat GST
subunits have been cloned by other groups.
Pickett and his co-workers®*®® have been in-
vestigating the expression of genes encoding
GST subunits Ya (1), Yc (2) and Yb (3 and
4) in normal and preneoplastic liver and Tu
and his co-workers™ ' have cloned cDNAs
of Ya, Ha, Yb (basic) and Yb (anionic} and
calculated the respective Mrs (Table I).
Muramatsu and co-workers® *™ found that
the GST-P subunit (Yp) and Ya had only a
32% amino acid homology, while Ya and Yc
had 65% homology. Thus, they speculated
that GST-P had evolved from the ancestral
gene at a far earlier stage than that at which
Ya and Ye separated.

GST-P-related  Forms as
Markers in Other Species

{Pre)neoplastic

GST-P was found to be immuno-crossreac-
tive among many species and, therefore, the
anti-rat GST-P antibody has proved useful for
detection of preneoplastic lesions and neo-
plastic tissues in other animals. For example,
hamster pancreatic ductal dysplasias and ad-
enocarcinomas induced by N-bis(2-hydroxy-
propylnitrosamine (or methylnitrosourea),
which are histologically similar to dysplasia
and carcinoma in the human pancreas, were
strongly  stained.*® 'Y Cholangiocellular
lesions'® and lung prencoplastic lesions'™ in-
duced by propylnitrosamine in Syrian ham-
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sters were also found to be positive. In addi-
tion, acinar cell lesions of rat pancreas in-
duced by hydroxyaminoquinoline I-oxide™™
express an altered phenotype including en-
hanced GST-P expression.

An analogous approach has been taken to
the investigation of human tissues. Several
groups have applied the antibody raised by
our laboratory against GST-z purified from
human term placenta according to the method
of Guthenberg and Mannervik,'"™ modified
by us by using S-hexylglutathione column
chromatography and chromatofocusing,'®
and a number of precancerous states, or
dysplasias, and differentiated carcinomas in
several human organs have proved positive.
For example, Kodate et al""" demonstrated
that some human colon adenomas (about
50%) are positive and that colon carcinomas
(nearly 90%) are stained even more strongly,
while normal colon mucosa is negative or only
slightly stained. In human uterine cervix,
normal mucosa was similarly almost negative,
whereas mild dysplasia including koilocytosis,
suggesting infection with human papilloma
virus, was mildly stained and severe dysplasia
(about 70%), squamous cell carcinoma in situ
and invasive carcinomas {about 80%) were
strongly positive.?® Similar results have been
obtained on esophagus dysplasia and carcino-
ma (T. Nishihira et ¢l., unpublished data) and
it has furthermore been immunohistochemi-
cally demonstrated that stomach carcinomas,
with the exception of the signet ring cell type,
express high levels of GST-7.'" Interestingly,
surface mucous cells and glandular cells of the
stomach from a fetus aged 18 weeks dem-
onstrated a high GST-z content, indicating
that its expression in human stomach carci-
noma may be oncofetal. Some paris of liver
cirrhosis and of differentiated hepatomas were
also stainable, albeit weakly. By using the
single radial immunodiffusion method, the
content of GST-7 in esophagus, colon and
cervix carcinomas was demonstrated to be

about 10-fold higher than that of correspond-
ing normal tissues (S. Tsuchida, er al, un-
published data). It was also increased in
cholangiocarcinomas and their metastases
originating from the gallbladder, stomach and
colon.'™ The finding that the levels of GST-7
in sera of patients (30 to 50%%) with stomach
and esophagus carcinomas were significantly
elevated (S. Tsuchida, er ql, unpublished
data) may hopefully prove of diagnostic sig-
nificance.

Cloning of ¢cDNA of the human GST-z by
Kano et ¢l revealed a subunit Mr of 23,224
and also that GST-z and GST-P, both of
which consist of 209 amino acids, have exten-
sive homology (85.6%), differing in only 30
amino acids.

Although mouse GST M II is similarly
related in immunological and other properties
to both rat GST 7-7 (GST-P} and human
GST-7,’® the GST M II is basic, whereas rat
GST 7-7 is neutral and human GST-7 is
acidic. The N-terminal amino acid sequences
of all three, however, are quite similar, as
pointed out by Mannervik et al’® and con-
firmed for the whole amino acid sequences of
GST-P and GST-z.' Normal hepatic
amounts of these forms differ among the three
species™ and the adult male mouse liver in
particular contains exceptionally high levels
of the GST II. Furthermore, it is inducible by
injection of testosterone into females®™ or by
administration of drugs such as BHA. In con-
trast, the level of GST-P (7-7) is very low in
rat liver and this form is not easily inducible
by drugs (including testosterone) prior to the
appearance of preneoplastic nodular hepato-
cytes. Interestingly, the levels of GST M II in
male livers proved reducible by castration to
the low levels of female mice,” whereas the
contents of GS8Ts M I and III were hardly
affected by castration or by administration of
testosterone. Variation of these GST forms
and their roles in mouse hepatocarcinogenesis
remain to be investigated.

CONCLUSIONS

So far, many marker enzymes for preneoplastic foci in rat liver have been re-
ported.* ' '*'® Among them, glucose-6-phosphatase, calcium-dependent adenosine
triphosphatase, ¥-GTP and glucose-6-phosphate dehydrogenase have often been used
for histochemical detection of enzyme-altered foci.® ' "% "' Some of these alterations
are known to be unstable,"” "> but GST-P expression is stable."'” Thus, GST-P has
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become established as one of the best markers for early detection of putative pre-
neoplastic and neoplastic cells in rat chemical hepatocarcinogenesis, although it is not
expressed in lesions associated with nongenotoxic (nonmutagenic) hepatocarcinogens.
GST forms related to rat GST-P were also found to be possible markers for (pre)-
neoplastic lesions in organs other than the liver in other species.

Thus, GST-P has been introduced as a marker for analysis of (hepato)carcinogenic
processes and for screening of carcinogens and carcinogenic modifiers (promoters and
inhibitors) inside and outside Japan. For example, Ito and his co-workers®® !> ¥} have
developed an in vivo short-term screening test for hepatocarcinogens, which includes
DEN (200 mg/kg) ip injection (as an initiator) followed by a 6-week administration of
test compounds starting 2 weeks later and hepatectomy at week 3. So far, they have
investigated 112 chemicals for potential to modify GST-P-positive foci development
initiated by DEN and, of the liver carcinogens, 10 out of 11 (90.9%) mutagenic, and
11 out of 13 (84.6%) non-mutagenic compounds gave positive results (mean, 87.5%).
Carcinogens other than hepatocarcinogens gave less positive resuits (2 out of 17,
11.8%), but none of the compounds reported as non-carcinogenic was positive. This
test is unique in screening not only (hepato)carcinogens but also modifiers (promoters
and even inhibitors such as antioxidants) of hepatocarcinogenesis.

It is interesting that GST-P is expressed not only in putative preneoplastic hepatic
foci induced by chemicals but also in spontaneous lesions. Thus, the isoenzyme was
observed in spontaneous ‘“altered cell foci” in the livers of aged Fischer 344 rats,
especially in males."'” Furthermore, GST-P-positive foci spontaneously appeared in the
livers of LEC rats, predominantly in males, without administration of any exogenous
carcinogen.''®

The GST-P gene is also a good model for gene expression in chemical carcinogenesis,
as shown by the investigations of Muramatsu and co-workers. It is important to clarify
whether or not GST-P expression is related to the activation of specific oncogenes and,
in this respect, it is interesting to note that GST-P is highly expressed with the
malignant transformation in vive of primary hepatocytes either by transfection with ras
oncogenes or by treatment with metabolically activated AfB,.'"”

Recently, GST-P (-z) and other GST forms have further attracted attention in
studies of (multi-)drug resistance mechanisms in experimental and also human
tumors'® ¥ along with other multidrug-resistance genes.'”>'*" Further investigation
of this enzyme family would appear warranted.
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