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ABSTRACT We have utilized cDNA probes and in vitro
translation analysis to quantitate the levels of rat liver glutathi-
one transferase (glutathione S-aralkyltransferase; RX:gluta-
thione R-transferase, EC 2.5.1.18) and DT-diaphorase [NAD-
(P)H:quinone-acceptor oxidoreductase, EC 1.6.99.2] mRNAs
in persistent hepatocyte nodules induced by chemical carcino-
gens. Our results indicate that within the nodules, glutathione
transferase mRNAs specific for the Ya/Yc and Yb subunits
are increased 3-fold and 5-fold, respectivqly, over the levels
observed in normal liver or in the liver tissue surrounding the
nodules. Similarly, the level of DT-diaphorase mRNA is in-
creased 5- to 7-fold within the nodules as compared to sur-
rounding liver tissue or normal liver. When animals were ad-
ministered 3-methylcholanthrene, a typical inducer of these
nRNAs in normal animals, a further increase in the glutathi-
one transferase Yb mRNA(s) and DT-diaphorase mRNA was
observed in the nodules; however, the Ya/Yc mRNA levels re-
mained unaffected. Our data indicate that during chemically
induced neoplastic transformation, the mRNA levels for the
Yb subunit of glutathione transferase and DT-diaphorase arp
increased in the nodules but still retain the capacity to be regu-
lated by 3-methylcholanthrene. Although the glutathione
transferase Ya/Yc mRNAs are also increased in the nodules,
they lost their ability to be regulated by 3-methylcholanthrene.
These latter data suggest that within the nodules there is a
specific defect in the regulatory mechanism(s) that leads to an
induction of the Ya/Yc mRNAs in normal tissue by xenobi-
otics.

The administration of a single initiating dose of diethylnitro-
samine to rats followed by a low level of 2-acetylaminofluo-
rene plus a partial hepatectomy induces foci of altered hepa-
tocytes, which have been referred to as persistent hepato-
cyte nodules, hyperplastic nodules, or preneoplastic nodules
(1). Persistent hepatocyte nodules are thought to represent
precursors for the subsequent development of hepatocellular
carcinomas and, thus, have been utilized as a model system
to study chemically induced neoplastic transformation (1, 2).
Biochemically the nodules have elevated levels of various
drug-metabolizing enzymes {e.g., glutathione transferases
(glutathione S-aralkyltransferase; RX:glutathione R-trans-
ferase, EC 2.5.1.18), DT-diaphorase [NAD(P)H:quinone-ac-
ceptor oxidoreductase, EC 1.6.99.2], and epoxide hydro-
lase}; however, cytochrome P-450 levels appear to be de-
pressed (3-11). The elevated levels of some phase II drug-
metabolizing enzyme activities and a decreased level of
cytochrome P-450 are consistent with the observation that
persistent hepatocyte nodules are more resistant to the cyto-
toxic effects of carcinogens as compared to normal liver
(12). In fact, Farber (2) has hypothesized that an early or
even first biological cellular event in liver carcinogenesis is

the induction in a rare hepatocyte of resistance to the cyto-
toxic effect of carcinogens.

In order to understand the mechanisms of chemical carcin-
ogenesis, a basic understanding of the regulation of the en-
zymes involved in carcinogen metabolism is essential. In the
present study, we have focused on defining the molecular
events that are responsible for the increase of glutathione
transferase and DT-diaphorase enzyme activities in nodular
tissue. We utilized cDNA probes complementary to the
mRNAs of the rat liver glutathione transferases as well as in
vitro translation and immunoprecipitation (in the case of DT-
diaphorase) to measure mRNA levels in nodular tissue, sur-
rounding liver tissue, and normal tissue. We also have exam-
ined whether glutathione transferase and DT-diaphorase
mRNAs can be regulated in nodular tissue by 3-methylcho-
lanthrene (3MC) a typical inducer of these mRNAs in normal
animals. Our results demonstrate that glutathione transfer-
ase and DT-diaphorase mRNAs are increased in the nodules
relative to the liver tissue surrounding the nodules. Further-
more, it appears that the level of glutathione transferase Yb
mRNA(s) and the DT-diaphorase mRNA in nodular tissue
can be augmented by 3MC administration, whereas the
Ya/Yc mRNA levels remain unaffected.

METHODS
Persistent Hepatocyte Nodule Induction. Male Sprague-

Dawley rats from Charles River Breeding Laboratories were
utilized in all experiments. Persistent hepatocyte nodules
were induced by using the Solt-Farber model (1). Diethylni-
trosamine was given at a dose of 200 mg/kg of body weight
i.p. in 0.9% NaCl. After a 1- to 2-wk period, animals were
given three doses at daily intervals of 2-acetylaminofluorene
(20 mg/kg of body weight, intragastrically), followed on day
4 by a partial hepatectomy. In order to induce large nodules,
the selection procedure was repeated two or three times us-
ing three doses of 2-acetylaminofluorene at daily intervals,
followed by carbon tetrachloride, which served as a stimulus
for cell proliferation (13). Carbon tetrachloride was dis-
solved 1:1 in corn oil and was administered intragastrically at
a dose of 0.4 ml/100 g of body weight. In the induction stud-
ies, rats received 3MC (40 mg/kg of body weight) for 5 days
and were sacrificed 24 hr after the final injection.
RNA Isolations, Cell-Free Protein Synthesis, and Immuno-

precipitation of DT-Diaphorase and Cytochrome P-448. Total
rat liver RNA was isolated from nodular tissue or the tissue
surrounding the nodules by the guanidine thiocyanate meth-
od of Chirgwin et al. (14). Poly(A)+ RNA was isolated from
the total rat liver RNA preparations by oligo(dT).-cellulose
chromatography as described (15). Total liver poly(A)+
RNA was translated for 90 min at 30°C in a micrococcal nu-
clease-treated rabbit reticulocyte lysate system. The reac-
tion mixture has been described in detail (15).

Abbreviation: 3MC, 3-methylcholanthrene.
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DT-diaphorase and cytochrome P-448 were recovered
from the translation mixtures by indirect immunoprecipita-
tion utilizing protein A-sepharose. The purification of DT-
diaphorase (16) and cytochrome P-448 (17), and the prepara-
tion of antibodies against the purified proteins have been de-
scribed (18). For the immunoprecipitation of DT-diaphorase,
translation mixtures were diluted 1:5 with 190 mM NaCl/50
mM Tris-HCl, pH 7.5/6 mM EDTA/1.0% Triton X-100/
1.0% sodium deoxycholate and centrifuged at 100,000 x g
for 1 hr to pellet ribosomes. Ten microliters of rabbit-anti
DT-diaphorase IgG were added to the supernatant, followed
by 100 ,u1 of protein A-sepharose. The mixture was incubat-
ed overnight at 40C with end-to-end rotation. The immune
complex/protein A-sepharose mixture was pelleted by cen-
trifugation and washed five times with phosphate-buffered
saline containing 0.1% NaDodSO4 and 0.5% Nonidet P-40.
The antigen was eluted from the antibody by boiling in Na-
DodSO4/polyacrylamide sample buffer containing 10 mM
dithiothreitol. The protein A-sepharose was removed by
centrifugation, and the supernatant containing the antigen
was subjected to NaDodSO4/polyacrylamide gel electropho-
resis.
The radiolabeled DT-diaphorase was identified by fluo-

rography utilizing ENLIGHTNING (New England Nucle-
ar). Cytochrome P-448 was immunoprecipitated from in vitro
translation mixtures as described (19). Briefly, translation
mixtures were made 2% in NaDodSO4, boiled for 3 min, and
diluted with 4 volumes of 2.5% Triton X-100/190 mM
NaCl/50 mM Tris HCl, pH 7.4/6 mM EDTA. The mixture
was preincubated for 2 hr with 10 ,ul of IgG obtained prior to
immunization (preimmune IgG) and 100 ,u of protein A-
sepharose to decrease nonspecific binding. The preimmune
IgG-protein A-sepharose complex was removed by centrifu-
gation, and 10 ,ul of rabbit anti-rat cytochrome P-448 and 100
I.l of protein A-sepharose were added to the supernatant.
The immune complexes bound to the protein A-sepharose
were recovered by centrifugation and elution as described
above for DT-diaphorase. In order to quantitate the level of
translatable DT-diaphorase, the regions of the gels contain-
ing the radiolabeled prQtein were excised and dissolved in
60% perchloric acid/30% hydrogen peroxide at 60°C. Aqua-
sol-2 was added to the solubilized gel slices, and total radio-
activity was determined by liquid scintillation counting.
Background radioactivity was determined by excising gel re-
gions above and below the radiolabeled DT-diaphorase and
solubilizing the slices as described above. The values ob-
tained were then subtracted from the radioactivity obtained
in the slices containing DT-diaphorase.

Analysis by RNA Gel Blot Hybridization. For the RNA gel
blot hybridizations, two cDNA clones complementary to the
rat liver glutathione transferases were utilized. The cDNA
clones, pGTB38 and pGTA/C36, have been characterized
by hybrid-selected translation and restriction endonuclease
mapping (20). Clone pGTB38 harbors a 950-base-pair cDNA
insert that by hybridization selects the Ya and Yc mRNAs of
the rat liver glutathione transferase, whereas pGTB/C36
harbors a 400-base-pair cDNA insert that by hybridization
selects the Yb mRNA(s). The sequence of the Ya/Yc clone,
pGTB38, has been determined, and the deduced amino acid
sequence of the corresponding protein that represents a Ya
subunit has been determined (20). Total rat liver poly(A)+
RNA (5,ug) was electrophoresed in 1.5% agarose gels con-
taining 10mM methylmercury(II) hydroxide (21) and trans-
ferred to diazobenzyloxymethyl paper as described by Al-
wine et al. (22). After transfer, filters were treated prior to
hybridization overnight at 420C in 50% formamide/25 mM
sodium phosphate, pH 6.5/0.75 M NaCl/75 mM trisodium
citrate/0.2% NaDodSO4/0.02% bovine serum albumin/
0.02% Ficoll/0.02% polyvinylpyrrolidone/1% glycine/
1 mg of sonicated denatured salmon sperm DNA per ml. Af-
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FIG. 1. [35S]Methionine-labeled translation products directed by
poly(A)+ RNA isolated from normal rat liver (lane 2), liver tissue
surrounding persistent hepatocyte nodules (lane 3), and nodular tis-
sue (lane 4). Lane 1 represents endogenous protein synthesis in the
absence of added mRNA. The arrowheads indicate polypeptide(s)
whose levels are decreased in the translations programmed with
mRNA isolated from persistent hepatocyte nodules, whereas the
dots represent those polypeptides whose levels are increased. The
molecular weight markers (shown x1l-3) are phosphorylase B (Mr
92,000), bovine serum albumin (Mr 66,200), ovalbumin (Mr 45,000),
carbonic anhydrase (Mr 30,000), and soybean trypsin inhibitor (Mr
21,500).

ter the prehybridization treatment, the solution was removed
and replaced with a fresh aliquot of the same solution con-
taining 4 x 106 dpm of 32P-labeled pGTB38 or pGTA/C36
and incubated overnight at 420C. After incubation, the filters
were washed twice in 0.36 M NaCl/20 mM sodium phos-
phate, pH 7.0/2 mM EDTA/0.1% NaDodSO4 at room tem-
perature and twice with 18 mM NaCl/1 mM sodium phos-
phate, pH 7.0/0.1 mM EDTA/0.1% NaDodSO4 for 30 min at
50°C. The diazobenzyloxymethyl paper was allowed to dry
and then exposed to Kodak AR2 x-ray film. The audioradio-
graph was scanned with a densitometer to quantitate relative
mRNA levels.
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FIG. 2. Fluorograms of NaDodSO4/polyacrylamide gel electro-
phoresis of DT-djaphorase immunoprecipitated from translation
mixtures programmed with poly(A)+ RNA isolated from normal liv-
er (lane 1), surrounding liver tissue (lane 2), and nodular tissue (lane
3). The arrow shows the migration of purified DT-diaphorase in the
NaDodSO4/polyacrylamide gel. The molecular weight markers
(shown x 10-3) are identical to those presented in Fig. 1.
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Table 1. DT-diaphorase mRNA levels in normal liver,
surrounding liver tissue, and nodular tissue isolated
from untreated rats

Total radioactivity in im-
munoprecipitated DT-

diaphorase, cpm

Tissue Exp. 1 Exp. 2

Normal liver 1161 (1.0) 788 (1.0)
Surrounding liver 1825 (1.6) 1476 (1.9)
Nodules 6153 (5.3) 5769 (7.3)

For experiment 1, the total input cpm used in the immunoprecip-
itation reaction was 28 x 106, whereas in experiment 2 the total in-
put cpm was 31 x 106. The values in parentheses represent the fold
increase over normal liver tissue. Liver tissue from three to five
animals was pooled for each experiment.

In Vitro Labeling of DNA. Cloned cDNA sequences were
labeled in vitro with [32P~dCTP (-800 Ci/mmol; 1 Ci = 37
GBq) by nick-translation (23).

RESULTS
Quantitation of mRNA Levels for DT-Diaphorase and Glu-

tathione Transferases in Normal, Nodular, and Surrounding
Liver Tissue. In order to quantitate the level of mRNA for
DT-diaphorase and the glutathione transferases, total rat liv-
er RNA was isolated from nodular tissue, surrounding liver
tissue, and normal tissue by the guanidine thiocyanate pro-
cedure of Chirgwin et al. (14). The total RNA was fractionat-
ed by oligo(dT)-cellulose chromatography and either trans-
lated in vitro by using the rabbit reticulocyte cell-free trans-
lation system or subjected to agarose gel-electrophoresis in
the presence of methylmercury(II) hydroxide. Based on both
of these assays, the mRNA from all tissues was judged to be
intact. Autoradiograms of the total translation products are
illustrated in Fig. 1. As can be seen from this figure, poly-
peptides with molecular weights ranging from 10,000 to
>100,000 were synthesized in the lysates programmed with
the various RNA preparations. Of particular interest were
the differences that could be observed grossly between the
translations programmed with the mRNA isolated from the
nodules (Fig. 1, lane 4) as compared to the corresponding
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FIG. 3. (A) RNA gel blot hybridization of the glutathione trans-
ferase Ya/Yc cDNA clone, pGTB38, to liver mRNA (5 Ag) isolated
from normal rat liver (lane 1), surrounding liver tissue (lane 2), and
nodular tissue (lane 3). The molecular weight markers represent re-
striction fragments from a Hae III digest of OX174RF DNA. (B)
RNA gel blot hybridization of glutathione transferase Ya/Yc cDNA
clone, pGTB38, to liver mRNA isolated from untreated rats (lane 1),
liver mRNA isolated from 3MC-treated rats (lane 2), surrounding
liver tissue mRNA isolated from 3MC-treated rats (lane 3), and nod-
ular tissue mRNA isolated from 3MC-treated rats (lane 4). The mo-
lecular weight markers are identical to those in A.
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FIG. 4. (A) RNA gel blot hybridization of the glutathione trans-
ferase Yb cDNA clone, pGTA/C36, to mRNA (5 ug) isolated from
normal rat liver (lane 1), surrounding liver tissue (lane 2), and nodu-
lar tissue (lane 3). The molecular weight markers are identical to
those presented in Fig. 3A. (B) RNA gel blot hybridization of gluta-
thione transferase Yb cDNA clone, pGTA/C36, to liver mRNA iso-
lated from untreated rats (lane 1), liver mRNA isolated from 3MC-
treated rats (lane 2), surrounding liver tissue mRNA isolated from
3MC-treated rats (lane 3), and nodular tissue mRNA isolated from
3MC-treated rats (lane 4). The molecular weight markers are identi-
cal to those presented in Fig. 3A.

mRNA isolated from normal liver tissue (Fig. 1, lane 2) or
surrounding liver tissue (Fig. 1, lane 3). The arrowheads
point to polypeptides of Mrs 19,000 and 52,000 that were di-
minished in the translations programmed with nodule
mRNA, whereas the closed circles represent polypeptides
whose syntheses were elevated.
To assess the level of specific mRNAs (i.e., DT-diapho-

rase and glutathione transferase mRNAs) in the nodules, we
used both in vitro translation analysis and specific immuno-
precipitation as well as RNA blot hybridization. Utilizing the
in vitro translation assay, we found that the level of function-
al DT-diaphorase mRNA was increased 5- to 7-fold in per-
sistent hepatocyte nodules, whereas the mRNA level in sur-
rounding liver tissue was only increased slightly (=1.8-fold)
as compared to normal liver tissue (Fig. 2 and Table 1). The
slight increase in mRNA level in the surrounding liver may
be due to a few microscopic nodules in this tissue. For the
RNA blot-hybridization experiments, we utilized two cDNA
clones, pGTB38 and pGTA/C36, which selectively hybrid-
ize with the Ya/Yc mRNAs and Yb mRNA of the rat liver
glutathione transferases, respectively (20). Utilizing these
cDNA clones, we found that the level of the Ya/Yc mRNAs
and the Yb mRNA(s) of the rat liver glutathione transferases
were increased 2.8-fold and 5.3-fold, respectively, in the
nodules, with only a slight increase being observed in the
surrounding liver tissue (Figs. 3A and 4A and Table 2).

Induction of Glutathione Transferase and DT-Diaphorase
mRNAs in Persistent Hepatocyte Nodules by 3MC. Since DT-

Table 2. Glutathione transferase mRNA levels in normal liver
tissue, surrounding liver tissue, and nodular tissue isolated
from untreated rats

Relative mRNA level

Tissue Ya/Yc mRNA Yb mRNA

Normal liver 1.0 1.0
Surrounding liver 1.2 1.8
Nodules 2.8 5.3

The relative levels of mRNA specific for each subunit was deter-
mined by scanning the x-ray films (Figs. 3A and 4A) obtained from
the RNA gel blot hybridizations with a densitometer in order to de-
termine the area represented by each hybridization signal. The
mRNA level in normal liver was arbitrarily assigned a value of 1.

Biochemistry: Pickett et aL
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Table 4. Glutathione transferase mRNA levels in normal liver
tissue, surrounding liver tissue, and nodular tissue isolated
from 3MC-treated rats

Relative mRNA level*

Treatment Tissue Ya/Yc mRNA Yb mRNA

None Untreated liver 1.0 1.0
3MC Normal liver 4.3 3.0
3MC plus nodule Surrounding 2.9 4.6

induction liver
3MC plus nodule Nodules 3.2 13.0

induction

*The relative mRNA levels were determined as described in the leg-
end of Table 2.
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FIG. 5. Fluorogram of NaDodSO4/polyacrylamide gel electro-
phoresis of DT-diaphorase immunoprecipitated from translation
systems programmed with poly(A)+ RNA isolated from normal rat
liver (lane 1), liver isolated from 3MC-treated rats (lane 2), sur-

rounding liver tissue from 3MC-treated rats (lane 3), and nodular
tissue from 3MC-treated rats (lane 4). The arrow represents the mi-
gration of purified DT-diaphorase on the NaDodSO4/10% poly-
acrylamide gel. The molecular weight markers (shown x 10-3) are
identical to those presented in Fig. 1.

diaphorase and glutathione transferase mRNA levels were
increased in the nodules, we asked whether these levels
were still regulated by 3MC. We had demonstrated previous-
ly that 3MC leads to an increase in both DT-diaphorase
mRNA (24) and the Ya/Yc and Yb mRNAs of the glutathi-
one transferase when normal rats are injected with the poly-
cyclic aromatic hydrocarbon (20). After 3MC administration
to rats, the level of functional DT-diaphorase mRNA in the
nodular tissue was increased 14- to 21-fold over the level in
untreated rats (Fig. 5) and was ~3-fold higher than the level
found in either the surrounding liver tissue or in normal ani-
mals after treatment with 3MC (Table 3). In RNA blot-hy-
bridization analysis, the Yb mRNA(s) of the rat liver gluta-
thione transferases followed a pattern similar to DT-diapho-
rase mRNA (Fig. 4B). From the RNA blot-hybridization
data, the Yb mRNA(s) level in the nodules was increased 13-
fold over normal levels after 3MC administration and -3.5-
fold over the level observed in the surrounding liver tissue of
the same animals or in normal animals given the same dose
of 3MC (Table 4). In contrast, however, the mRNA level for
the glutathione transferase Ya/Yc mRNAs was not in-
creased further in the nodular tissue by 3MC (Fig. 3B and
Table 4). There was very little difference between the level

Table 3. DT-diaphorase mRNA levels in normal liver tissue,
surrounding liver tissue, and nodular tissue isolated from
3MC-treated rats

Total radioactivity in
immunoprecipitated
DT-diaphorase, cpm

Treatment Tissue Exp. 1 Exp. 2

None Untreated liver 742 (1.0) 552 (1.0)
3MC Normal liver 4,569 (6.2) 2,907 (5.3)
3MC plus nodule

induction Surrounding liver 4,292 (5.8) 3,358 (6.1)
3MC plus nodule

induction Nodules 10,002 (13.5) 11,801 (21.4)
The input cpm used in each immunoprecipitation reaction was 14

x 106. The values in parenthesis represent the fold elevation over

the level of mRNA in untreated rats.

of the Ya/Yc mRNAs in nodular tissue, surrounding liver
tissue, or normal tissue removed from 3MC-treated rats.

Induction of Cytochrome P-448 mRNA in Nodular Tissue.
Since 3MC administration led to a dramatic increase in the
level of cytochrome P-448 mRNA (19, 25-28), we deter-
mined whether this mRNA could be induced in nodular tis-
sue. It should be pointed out that cytochrome P-448 mRNA
levels in the nodular tissue, surrounding liver tissue, and
normal tissue cannot be detected by the translational assay
used in this study (data not shown). Upon treatment of rats
with 3MC, a tremendous increase of cytochrome P-448
mRNA occurred in all tissues (Fig. 6). The amount of cyto-
chrome P-448 mRNA in all three tissues was very similar.
Therefore, there was no impairment in the ability of 3MC to
induce cytochrome P-448 in the nodules.

DISCUSSION
By utilizing the Solt-Farber liver carcinogenesis model (1),
persistent hepatocyte nodules can be easily induced, identi-
fied, and removed from surrounding liver tissue. These
properties make the Solt-Farber model an attractive system

92.5-

66.2-

45.0--

31.0-

1 2 3 4

FIG. 6. Fluorogram of NaDodSO4/polyacrylamide gel electro-

phoresis of cytochrome P-448 immunoprecipitated from translation

systems programmed with poly(A)+ RNA isolated from normal rat

liver (lane 1), from liver isolated from 3MC-treated rats (lane 2),
from surrounding liver tissue isolated from 3MC-treated rats (lane
3), and nodular tissue isolated from 3MC-treated rats (lane 4). The

arrow represents the migration of purified cytochrome P-448 on the

NaDodSO4/10% polyacrylamide gel. The molecular weight markers

are identical to those in Fig. 1.
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to define the molecular events that lead to alterations in the
level and/or activity of various enzymes within the nodules.
In the present study, we have found that DT-diaphorase
mRNA as well as the Ya/Yc and Yb mRNAs of the glutathi-
one transferases are increased in the nodules compared to
surrounding liver tissue or normal tissue. In addition, the
level of DT-diaphorase mRNA and the glutathione transfer-
ase Yb mRNA(s) can be augmented by 3MC administration,
whereas the Ya/Yc mRNAs are no longer responsive to the
inductive effect of 3MC. Cytochrome P-448 mRNA also ap-
pears to be induced normally in the nodules by 3MC treat-
ment.
The increase in the various mRNA levels observed in this

study is consistent with the increases found in the catalytic
activity and/or level of glutathione transferases and DT-di-
aphorase in persistent hepatocyte nodules by other investi-
gators (6, 10, 11). Consequently it would appear that the syn-
thesis of these enzymes are increased specifically in the nod-
ules as compared to the surrounding liver tissue and suggest
a differential expression of the glutathione transferase and
DT-diaphorase genes in nodular versus surrounding liver tis-
sue during chemically induced neoplastic transformation.
Although the expression of genes encoding glutathione

transferase and DT-diaphorase appears to be aberrant in per-

sistent hepatocyte nodules, the normal regulatory mecha-
nisms that lead to an induction of these mRNAs in normal
tissue are for the most part still operative in nodular tissue.
This is best illustrated by our observation that the levels of
DT-diaphorase mRNA, cytochrome P-448 mRNA, and glu-
tathione transferase Yb mRNA in nodular tissue are aug-

mented by 3MC administration to rats.
In contrast, however, the glutathione transferase Ya/Yc

mRNA levels in nodular tissue are not elevated by 3MC and
suggest that the regulatory mechanisms that lead to an in-
crease in these mRNAs are not functional in nodular tissue.
Since the level of glutathione transferase Yb mRNA(s), DT-
diaphorase mRNA, and cytochrome P-448 mRNA can be
augmented in nodular tissue by 3MC, our data suggest that
the lack of inducibility of the Ya/Yc mRNAs is a specific
defect in the regulatory region of the gene(s) encoding this
protein rather than any general defect in transcription or

post-transcriptional processing. A detailed comparison of
genes for the glutathione transferase Ya/Yc subunit in nor-

mal and nodular tissue should define the basis for the lack of
induction of the Ya/Yc mRNAs in nodular tissue by 3MC.
One of the major questions regarding the changes in the

various mRNA levels in nodular tissue is centered around
the relationship these increased mRNA levels have to the
carcinogenic process. Although this question cannot be an-

swered presently, it is clear that a specific increase in the
glutathione transferase and DT-diaphorase mRNAs (and
their corresponding proteins) would confer added protection
to cells against the cytotoxic effects of some carcinogens. As
mentioned previously, Farber (2) has suggested that an early
cellular event during liver carcinogenesis is the development
of resistance in subpopulations of hepatocytes to the cyto-

toxic effects of carcinogens.
Although the molecular basis underlying the elevation of

the mRNA levels in nodular tissue has not been defined in
the present study, it is intriguing to speculate that the gene(s)

encoding these drug metabolizing enzymes have been ampli-
fied in nodular tissue as a result of the acetylaminofluorene
selection procedure utilized in the induction of the nodules.
Amplification of specific genes has been found to be a typi-

cal response when mammalian cells are selected on the basis

of their resistance to various xenobiotics (29-31).
In conclusion, an examination of the expression and orga-

nization of the glutathione transferase and DT-diaphorase
genes in nodular tissue and the resulting hepatocellular carci-
nomas should provide important insight into regulatory

mechanisms that are operative during chemically induced
neoplastic transformation. The relationship these alterations
have to the carcinogenic process will be an important ques-
tion to address.
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