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ABSTRACT

Administration of 2-acetylaminofluorene to rats for 12 weeks
induces hyperplastic nodules (HPNs) and later well-differentiated

hepatocellular carcinomas (HCCs) in the liver. Total cellular pro
teins from normal liver, HPN, and HCC were analyzed by two-

dimensional gel electrophoresis with a high resolution. Several
hundred polypeptides were well resolved as seen by Coomassie
blue staining, forming a reproducible and characteristic pattern
for each tissue. The polypeptide patterns were very similar
among normal liver, HPN, and HCC. Especially the proteins of
HPN and HCC were almost indistinguishable. These neoplastic
lesions, however, were clearly different from control liver in that
a new spot p35-6.6 (designated by molecular weight x 10~3 and

pi) appeared, and five polypeptides, p57-6.9, p57-6.7, p26-6.9,
p26-6.6, p26-6.4, increased dramatically in amount as compared
with normal liver. These last three spots were found to be a new
type of glutathione S-transferase as judged from the specific
binding to the antibody. The same changes in polypeptide pattern
were found in HCCs induced by other chemical carcinogens,
diethylnitrosamine and 3'-methyl-4-dimethylaminoazobenzene,

but not in regenerating and neonatal livers. Fetal liver showed a
rather different pattern than adult liver, but only p26-6.6 was

increased among the spots characteristic of HPN and HCC.
Protein phosphorylation was also examined for these cells by
incubating tissue slices with 32PCv After alkali treatment of the

gels to eliminate serines phosphorylation, several dozens of
phosphoproteins were clearly detected. The patterns of the
labeled spots were again very similar among control liver, HPN,
and HCC. Only the intensity of a spot designated p57-6.6 in

creased markedly in both HPN and HCC. This spot was further
resolved by an expanded pH gradient into four distinct spots,
the major one of which contained phosphothreonine. Similar
changes in phosphorylation were noted in hepatomas induced
by diethylnitrosamine and 3'-methyl-4-dimethylaminoazoben-

zene but not in regenerating, fetal, and neonatal livers. These
changes are discussed in terms of gene expression relevant to
malignant transformation of hepatic cells.

INTRODUCTION

Identification of genes that are either activated or inactivated
in chemically transformed cells is of prime importance, since
major human cancers are known to be caused by chemical
carcinogens (9, 28).

The study of viral oncogenesis has revealed a group of onco-

genes which are present in normal cells but are either activated
or mutated in transformed cells (8, 17, 18, 32, 36, 45, 47).
Although these oncogenes are certainly operative in some steps
of transformation in human cancers, other categories of genes
that are not identified by the current methodology may also be
involved in the formation of natural tumors.

As an alternative to the widely adopted approach which utilizes
transformation of a certain cell type with DNA extracted from
tumor cells, we attempted to identify relevant changes in gene
expression during carcinogenesis through changes in proteins
produced by cells undergoing transformation. For this purpose,
we have chosen the system of hepatocarcinogenesis in the rat
by AAF.4 Feeding animals with 0.03% AAF diet for 12 weeks

provides us HPNs (20, 37), which are putative precancerous
lesions (1, 11-13, 37, 48), and subsequently HCCs of a well-

differentiated type (20, 37). The cells comprising the HPN are
morphologically rather similar to liver parenchymal cells but show
distinct enzymatic deviations similar to those seen in HCC (15,
20,30). It may be expected that these early precancerous lesions
and HCCs of a well-differentiated type would reveal early but

definitive changes in gene expression leading to cancer as pro
tein products with minimal interference by irrelevant noises that
would occur in later stages of tumor progression. Both the HPN
and HCC are shown to be clonal cell origin in nature (35, 40).
Therefore, the changes found in one focus (or nodule) may be
regarded as representative of the constituent cells, the individu
ality of the foci reflecting the variety of changes occurring during
carcinogenesis.

The 2-dimensional gel analysis of cellular proteins developed
by O'Farrell (29) is especially suitable for the above objectives,

since the method can separate a large number of polypeptides
in the cell, permitting a precise comparison between different
collections of proteins with minor changes in the component.
With minor modifications (Ref. 46; Footnote 5), we have set up
an apparatus which is applicable for small amounts of protein
obtainable from one small nodule (or focus) of hepatic lesions
and could run 5 samples at a time without losing the high
resolution. In the present study, we have compared with this
technique patterns of cellular polypeptides among several differ
ent cell types related to hepatic cancer. We also studied the
pattern of phosphorylated polypeptides by labeling the cells with
32PO4.It was found that, although the polypeptide patterns of

control liver, HPN, and HCC are surprisingly similar, at least one
spot (peptide) appeared new, and 5 other spots increased dra
matically in the latter 2, reproducibly and irrespective of the
carcinogen used. The 3 increasing spots with a molecular weight
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of 26,000 were identified as a new type of glutathione S-trans-
ferase (38). Furthermore, a remarkable increase in phosphoryla-
tion of a group of protein was noted for HPN and HÃ’C. The
changes in the polypeptide and phosphorylation patterns in
regenerating, fetal, and neonatal livers and other more pro
gressed hepatic tumors were also studied.

MATERIALS AND METHODS

Animals and Carcinogens. Male Donryu rats weighing about 150 g
(3 weeks old) were obtained from Nihon Rat Co., Urawa, Japan. The
animals were fed a diet containing 0.03% AAF for 12 weeks and then
kept on a basal diet. A total of 9 HPNs was enucleated from 7 animals
immediately or 3 weeks after discontinuation of AAF feeding. A total of
30 HCCs was obtained from 15 animals during 6 to 15 months after
AAF.

Several rats were given DEN in drinking water (0.01%) for 8 weeks or
given 3'-Me-DAB (0.06% in diet) for 12 weeks. Three DEN-induced
HCCs and one 3'-Me-DAB-induced HCC were obtained at 13 and 3

months after the carcinogen treatment, respectively. Livers obtained
from 15-day fetus; first- and seventh-day neonatal rats; animals at 13,
19, and 48 hr after two-thirds partial hepatectomy; and untreated adult

rats at 3 to 18 months of age were used for comparative studies. A
Morris hepatoma 5123D was a kind gift from Dr. M. Watanabe, Research
Institute for Tubreculosis and Cancer, Tohoku University, Japan. An
ascites hepatoma cell line, AH130, was kept in Donryu rats. Highly
purified glutathione S-transferases A and B were kindly supplied by Dr.

A. Kitahara and Dr. K. Sato, Hirosaki University School of Medicine.
Extraction of Total Cellular Protein. The livers were perfused with

cold Eagle's minimal essential medium. HPN and HCC nodules were

excised carefully from the livers. Control, neonatal, and regenerating
livers were used after cutting into small pieces and fetal livers as a whole.
AH130 cells were collected from ascites fluid by a low-speed centrifu-

gation, and the pellet was rinsed twice with PBS to remove RBC. About
0.1 g of the sample was homogenized in 2 volumes of 20 HIM Tris-HCI
(pH 8.8) containing 2% Nonidet P-40 and 1 TIM phenylmethylsulfonyl
fluoride (freshly prepared). After addition of RNase A (100 ^g/ml) (Wor-

thington), the homogenate was sonicated for 2 min and stood on ice for
30 min. DNase I (Worthington) was added to a concentration of 100 ng/
ml. After standing on ice for 15 min, the mixture was centrifugea at 600
x g for 10 min. Then, 5 volumes of ethanol were added to the superna
tant, and the mixture was kept at -20Â° for at least 3 hr. The resulting

precipitates were collected by centrifugaron at 1000 x g for 20 min. The
pellet was extracted twice with 50 volumes of chlorofornvmethanol (2:1,
v/v) by homogenizing in a small glass-Teflon homogenizer. The pellet

was washed once with methanol:ethanol (1:1, v/v) and twice with 80%
ethanol. The protein was dissolved in 9 M urea:2% camer Ampholine,
pH 3.5 to 9.5 (LKB):20 mM dithiothreitol. Before application on the first-

dimensional gel, the sample was standing for 1 hr at room temperature.
Subcellular fractionation of control liver and AAF-induced HCC was

carried out with a modified method of Schneider and Hogeboom (41).
Nuclei of AAF-induced HCCs were purified by the procedure of Chauveau

et al. (5).
Two-Dimensional Gel Electrophoresis. The procedure of O'Fanrell

(29) that had been modified by Takami and Busch (46) was used after
further improvement as described below. Protein (120 ng) was loaded
onto each nonequilibrium first-dimensional gel, containing 9.1 M urea,

2% Ampholine (pH 3.5 to 9.5), 3.8% acrylamide, and 0.2% bisacrylamide.
After isoelectric focusing, the gel was equilibrated in 0.0625 M Tris-HCI
(pH 6.8):2.3% sodium dodecyl sulfate:5% /S-mercaptoethanol for 10 min
at room temperature. The second dimension, sodium dodecyl sul-

fate:polyacrylamide gel, was run using the buffer system described by
Laemmli (25). The stacking gel (1 cm) was 4.38% acrylamide:0.12%
bisacrylamide. The separating gel (8 cm) was 10.6% acrylamide:0.3%
bisacrylamide. The electrophoresis was turned off when bromophenol

blue reached about 1 cm from the bottom, and then the gel was stained
in 0.06% Coomassie Blue R-250 (Sigma) in 10% trichloroacetic acid:10%

acetic acid:30% methanol for overnight. Destaining was done in 10%
acetic acid: 10% isopropanol.

Immunoblot Analysis of the Spots with Anti-Glutathione S-Trans-

ferase P Antibody. The protein spots on the polyacrylamkJe gel were
transferred to nitrocellulose paper (3) with the aid of a Trans-Blot appa
ratus (Bio-Rad) at 30 V and 0.1 A overnight at room temperature using

the transfer buffer containing 20 mw Tris, 150 mM glycine, and 20% (v/
v) methanol. The nitrocellulose paper was treated with a solution con
taining PBS, 3% gelatin (Merck), and 0.05% Tween 20 (Wako Pure
Chemicals) for 45 min at 37Â°with gentle agitation and then placed in

Buffer A (PBS:1% gelatin:0.05% Tween 20) for 10 min at room temper
ature. The paper was incubated in a sealed bag with 2.5 ml Buffer A
containing the purified rabbit anti-glutathione S-transferase P antibody

(supplied by Dr. Akio Kitahara and Dr. Kiyomi Sato) for 3 hr at room
temperature. The paper was then washed 3 times at room temperature
in Buffer B (PBS:0.05% Tween 20) for 10 min, each time using a shaker
platform. The paper was further washed with 200 ml of PBS for 10 min
at room temperature and then incubated in a sealed bag with 2.5 ml of
the reaction buffer (PBS:1% gelatin) containing the peroxidase-conju-
gated goat anti-rabbit IgG (Cappel Laboratories, Inc.) for 1 hr at room

temperature. The antibody was used at a 1:500 dilution. The paper was
again washed 3 times with 200 ml of Buffer B, each time for 10 min at
room temperature, and once with 200 ml of PBS. Then, the paper was
immersed in 120 ml of ice-cold development solution, PBS containing
0.06% 0-phenylenediamine (Wako Pure Chemicals) and 100 n\ of H2O2.

When red spots appeared on the paper clearly, they were marked with
a ball point pen, and the paper was stained with 0.1% Amido black
(Sigma) in 10% acetic acid:30% methanol for 45 min. After destaining,
the marked areas coincided with the relevant spots on the nitrocellulose
paper.

32P Labeling and Preparation of Cellular Polypeptides. The livers
were perfused with cold phosphate-free Eagle's minimal essential me

dium, and HPNs and HCCs were excised from the livers. Control,
neonatal, and regenerating livers and the Monis 5123D hepatoma were
cut into 10- x 10- x 10-mm blocks. These nodules and blocks were
sectioned with a razor blade into slices of approximately 0.5-mm thick

ness. Fetal livers were used as a whole after giving several incisions.
After rinsing the samples 3 times with phosphate-free Eagle's minimal

essential mediur, 0.1-g wet weight of sliced samples was incubated in
1 ml of the same medium containing MPO4 (200 to 500 Â¿tCi/ml)equili
brated with 95% O2 and 5% C02 at 37Â°with a gentle agitation (19). The

labeling of slices or cells was continued for 3 hr, up to which time the
incorporation of MP into protein was found to be linear. Then, the samples

were collected by centrifugation at 1500 rpm for 10 min. Total cellular
protein was prepared for O'Farrell's 2-dimensional gel electrophoresis

as described above.
Detection of 32P-labeled Proteins on 2-Dimensional Gel. Duplicate

2-dimensional gel electrophoreses were performed as described above.
After staining with Coomassie Blue R-250, one gel was dried. The other

gel was immersed in N NaOH at room temperature for 15 min and after
changing the solution at 40Â°for 60 min. It was followed by incubation in

destaining solution at room temperature for 20 min. After drying, the gels
were exposed to Kodak X-ray film together with the counterpart.

Phosphoamino Acid Analysis. The method was essentially as de
scribed by Kobayashi ef al. (24). "P-labeled spots on the gel were cut

out from 20 gels that were not treated with alkali. Pieces of gels were
homogenized in 1 ml H2O, to which Pronase was added to 25 fig/ml.
The solution was incubated at 37Â°overnight, followed by centrifugation

at 5000 rpm for 10 min. The supernatant was reserved, and the broken
gels were incubated once more in 1 ml H2O at 37Â°overnight. Combined

supernatant was evaporated in vacuo in an ampul. Then, the samples
were added with 60 Â¡Aof 6 N HCI (constant boiling) and heated at 110Â°

for 2 hr under nitrogen gas. Acid hydrolysis was stopped by chilling the
samples on ice. The sample was evaporated in vacuo at room temper-
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ature, and evaporation was repeated 4 times with 60 n\ of H2O each
time to remove HCI completely. To the sample, 20 ^1 of a solution
containing 1 ^g each of standard phosphoserine, phosphothreonine, and
phosphotyrosine were added, and then the sample was applied on a
cellulose thin-layer plate (0.1 x 200 x 200 mm; Merck). Electrophoresis

was carried out for 120 min at 1.3 kV in acetic acid:formic acid (88% by
volume):H2O [78:25:897 (v/v/v)] at pH 1.9 and for 90 min at 900 V in
acetic acid:pyridine:H2O [50:5:945 (v/v/v)] at pH 3.5. After staining with
ninhydrin, the thin layer was autoradiographed with an intensifier at -80Â°

for 1 month.

RESULTS

Variability of Polypeptide Patterns of Different Cell Types.
We have first checked the reproducibility of the procedure. As
shown in Fig. 1, more than 300 well-resolved polypeptides were
stained with Coomassie blue on this 2-dimensional gel system.

Different runs with the same protein sample were found to
produce always identical patterns, indicating a high reproducibil
ity of the system. Different protein samples from the same tissue,
either liver, HPN, or HCC, also yielded almost identical patterns,
indicating that the effect of the delipidation procedure was not
significant. Protein samples from different livers (from animals of
3 to 18 months) showed no significant difference in spots. In the
case of HPN and HCC, however, small differences were ntoed
among different nodules, such that a few new spots appeared
in some HPN but not in others. This shows the presence of some
individuality in HPN and HCC, although the vast majority of the
spots was common to all the samples examined from the same
category of the tissue. Therefore, we decided to compare only
these common and reproducible spots. Incidentally, the familiar
liver proteins, albumin and glutathione S-transferase (EC

2.5.1.18) A and B, are numbered in Figs. 1 and 2. The former
was identified by immunoblot analysis with a rabbit anti-rat

albumin antibody, and the latter 2, by comigration of highly
purified enzymes on the 2-dimensional gel.

Polypeptide Patterns of Liver Cells during AAF Hepatocar-
cinogenesis. On the basis of the above-mentioned criterion, we

have compared the polypeptides of control liver, HPN, and HCC
in the course of AAF-induced hepatocarcinogenesis. The poly-

peptide patterns were very similar among these 3 cell types.
Especially, the patterns of HPN and HCC were almost indistin
guishable. Careful examination of a number of samples (see
below), however, indicated that, in both HPN and HCC, one spot
(polypeptide) that was not detected in control liver appeared
new, and 5 spots that were present in very low amounts in
control liver increased significantly. These changes were present
without exception in the comparison of 18 control livers, 9 HPNs
from 7 rats, and 30 HCCs from 15 rats. The areas containing
altered spots are enlarged in Fig. 2, showing 6 proteins men
tioned above by arrows and arrowheads. Two polypeptides,
designated p57-6.9 and p57-6.7, were seen in very small
amounts in control liver but increased significantly (about 10-
fold) in both HPN and HCC (Fig. 2, A to C). Polypeptide p35-6.6

was not detected in the control liver but appeared new as a
distinct spot in both HPN and HCC (Fig. 2, D to F). Three
components, p26-6.9, p26-6.6, and p26-6.4, appear to be pres

ent in small quantities in the control liver but showed a dramatic
increase (10- to 100-fold) in HPN and HCC, thus p26-6.9 becom

ing one of the major polypeptides on the gel (Fig. 2, G to /). It
should be mentioned that none of these 6 polypeptides increased

progressively from HPN to HCC. We could not find by this
procedure any spots which consistently diminished or disap
peared from liver cells during the course of HPN and HCC
formation. Glutathione S-transferase A, which has been shown

to increase during the course of AAF hepatocarcinogenesis (22,
23, 44), was also detected as a significantly increased spot on
the gel (Figs. 1 and 2). There were a few components that
decreased in some of the HPNs and HCCs in comparison with
the control liver, but these were not pursued further.

Polypeptide Patterns of HPNs and HCCs Caused by Other
Carcinogens and of Other Hepatomas. Polypeptide patterns of
DEN- or 3'-Me-DAB-induced HCCs were very similar to those of

AAF-induced HCC (Fig. 3). The proteins p57-6.9, p57-6.7, p26-
6.9, p26-6.6, and p26-6.4 all increased in amounts, and the spot
p35-6.6 also appeared in DEN- and 3'-Me-DAB-induced HCCs

as well. The polypeptide pattern of a Morris hepatoma 5123D
was also somewhat similar to that of HCCs induced with AAF
and other carcinogens. However, several proteins were appar
ently different in relative concentration. Typical variable spots
are marked by hooks in Fig. 3C. The proteins p57-6.9, p57-6.7,
and p35-6.6 observed in AAF-induced HCC showed a similar

increase in 5123D hepatoma as indicated by arrows and an
arrowhead in Fig. 3C. The polypeptides p26-6.9, p26-6.6, and
p26-6.4 of 5123D were increased some, but to a lesser extent
than AAF-induced HCCc. In a very undifferentiated hepatoma

cell line, AH 130, a large number of polypeptides differed from
AAF-induced HCC, making the comparison of individual spots
difficult. The proteins p57-6.9, p57-6.7, p35-6.6, p26-6.9, and
p26-6.4 could not be detected in this hepatoma, but the poly
peptide p26-6.6 appeared to be present in a concentration similar
to AAF-induced HCC. These results were confirmed by the
comigration electrophoresis of AH130 and AAF-induced HCC

proteins (data not shown).
Polypeptide Patterns of Regenerating, Fetal, and Newborn

Livers. Next, we compared different stages of development and
regeneration of liver cells. In a regenerating liver at 13 hr after
partial hepatectomy, no significant changes of the polypeptide
pattern were observed as compared with the control liver (Fig.
4A). The proteins p57-6.9, p57-6.7, p26-6.9, p26-6.6, and p26-
6.4 were not increased, and p35-6.6 was not detected either in

regenerating liver (Fig. 4A). Similar results were obtained with
regenerating livers at 19 and 48 hr after operation (data not
shown). By contrast, polypeptide patterns of developing liver
tissues were considerably different from adult (control) liver. As
seen in Fig. 48, a large fraction of polypeptides was changed.
Although polypeptide p26-6.6 was prominent like AAF-induced
HCC, the other polypeptides that increased in AAF-induced HCC

were not apparent in the fetal liver. Interestingly enough, many
components of the fetal liver appear common to AH130, an
undifferentiated hepatoma cell line (Figs. 3D and 4B). In contrast
to fetal liver, neonatal livers showed polypeptide patterns very
similar to adult (control) liver. However, a few obvious differences
were observed between the first-day and the seventh-day neo

natal livers (Fig. 4, C and D). A close examination revealed that
the polypeptides p26-6.6 and p26-6.4 were increased signifi
cantly in both first- and seventh-day neonatal livers in comparison
with the control liver, though not so prominently as in AAF-
induced HCC. Other changes that were found in AAF-induced

HCC were not detected at these 2 stages. The polypeptides that
change in different cell types as mentioned above are summa-
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Table 1
Altered polypeptides in liver cells during chemical hepatocarcinogenesis and at

various stages of development
Polypeptides(M, x 10~3-pl)

Cell types 57-6.9 57-6.7 35-6.6 26-6.9 26-6.6 26-6.4

Control liver
AAF-induced HPN
AAF-induced HCC
DEN-induced HCC
3'-Me-DAB-induced HCC

Regenerating liver
15-day fetal liver
Newborn liver
7-day neonatal liver
Morris 5123D
AH 130

+"

++

a +, control level (slightly stained); -, absent; ++, apparently increased (about

one order of magnitude) compared with control liver; +++, remarkably increased
(nearly 2 orders of magnitude) compared with control liver; (-), probably absent

but not quite identified.

rized in Table 1.
To determine subcellular localization of these polypeptides,

these tissues were fractionated into nuclear, mitochondria!, mi-

crosomal, and cytosol fractions by using a conventional proce
dure of cell fractionation (41). The examination of each fraction
on the gel indicated that all the 6 polypeptides mentioned above
were present predominantly in the cytosol fraction, although
other fractions also contained some amounts of these polypep
tides (data not shown).

Identification of p26-6.9 as Glutathione S-Transferase. Dur

ing the course of this study, we obtained information from Dr.
Kiyomi Sato at Hirosaki University, that a new type of glutathione
S-transferase that was present mainly in placenta and kidney
might migrate to the same location as p26-6.9 on the 2-dimen

sional gel. Therefore, a Western blot analysis was made on the
gel using an antibody to this enzyme (see "Materials and Meth
ods"). As seen in Fig. 5, only 3 spots, p26-6.9, p26-6.6, and p26-

6.4, were stained clearly, indicating that these 3 spots repre
sented glutathione S-transferase P as designated by Sato et al.

(38).
Phosphoprotein Patterns of Liver Cells during Chemical

Hepatocarcinogenesis. Next, we have compared the phospho-
protein patterns of the above cell types by 2-dimensional gel
electrophoresis followed by autoradiography. For the total phos-

phorylated proteins, exact comparisons were not possible be
cause of the variable noises due to high-turnover phosphorylated

compounds of nonprotein origin. Alkali treatment of the gel,
which removes phosphates from serine residues, clarified most
of the noises and made a quantitative comparison possible for
the alkali-resistant spots which were supposed to contain either
threonine or tyrosine amino acid residues (6). As shown in Fig.
6, several dozens of alkali-resistant spots were detected on each
autoradiograph. The patterns of alkali-resistant phosphopolypep-

tides were very similar among control liver, HPN, and HCC. The
only but remarkable change was that a spot designated pp57-

6.6 by molecular weight and pi increased markedly (at least
several times) in size and intensity in HPN and HCC as compared
with the control liver. There was no clear difference between
HPN and HCC. The alkali-resistant phosphopolypeptide patterns
of HCC induced by other chemical carcinogens, DEN and 3'-

Me-DAB, were almost identical to that of AAF-induced HCC
(e.g., see Fig. 6). In a minimal-deviation Morris hepatoma 5123D,

the phosphorylation pattern was very similar to AAF-induced
HCC with a high labeling of pp57-6.6, but, in a highly undiffer-

entiated hepatoma AH 130, the pattern of labeled spots was
extremely deviated from the control liver, and no phosphopoly-
peptides were detected within the area of pp57-6.6 (data not

shown).
The patterns of 32PO4-labeled proteins in regenerating and

seventh-day neonatal liver showed a high similarity to that of the
control liver, no significant increase in pp57-6.6 being found in
these cell types (data not shown). The labeling pattern of 15th-

day fetal liver was markedly different from that of the control
liver, the radioactivity of pp57-6.6 being even lower than the

control liver (data not shown).
Resolution of pp57-6.6 into Subcomponents and Analysis

of the Phosphoamino Acids. The spot of pp57-6.6, which was

rather broad on the standard gel, was resolved into 2 distinct
spots by using an expanded pH gradient of 6 to 8 (Fig. 7). These
2 spots were seen on the autoradiographs of all 3 types of the
cell. On careful examination, however, 2 more 32PCvlabeled

polypeptides were detected to the acidic side of these spots
when the gel was not treated with alkali, although they were
rather faint. The spot of the lowest pi was very faint. With the
aid of comigration electrophoresis of 2 different samples from
control liver, HPN, and HCC, all 4 spots, designated pp57-6.6-1,
-2, -3, and -4 (to the order of decreasing pi), were found to have

identical mobilities among different tissues (data not shown).
Coomassie blue staining revealed faint spots corresponding to
the labeled area, but they were so faint that the difference in
amounts between liver and HCC was not apparent. Incidentally,
none of these spots corresponded with the peptide p57-6.7
described in a previous section. As shown in Fig. 7, the phos-
phoamino acid of pp57-6.6-1 was mainly phosphothreonine,

though a small amount of phosphoserine was also detected. The
phosphoamino acids of pp57-6.6-2 were phosphothreonine and

phosphoserine in comparable amounts. The phosphoamino
acids of pp57-6.6-3 and -4 were mainly phosphoserine, although

a very small amount of phosphothreonine was also detected.
Phosphotyrosine was not detected in any of these spots.

DISCUSSION

We have shown in this study that, during the course of
hepatocarcinogenesis with AAF, several proteins either appear
new or increase significantly at the stage of HPN and maintain
high levels in HCC. The same changes are demonstrated in
HCCs induced by other carcinogens, DEN and 3'-Me-DAB.

Therefore, these changes are not carcinogen dependent, but
they appear to be inherent to hepatocarcinogenesis per se.

The significance of these findings has to be analyzed with
respect to the limitation of the methodology used. We have
checked the reproducibility of the procedure and the variability
of the pattern from one nodule to another. This 2-dimensional

gel system has a remarkable reproducibility as judged by the
patterns of different runs as discussed in the first section of
"Results." However, different hyperplastic nodules or hepatomas

were found to have slightly different patterns, such as the
presence of a few extra spots, indicating the presence of some
individuality among these lesions. This finding is consistent with
the previous biochemical and histochemical observations (2, 20,
30, 33, 34). In this connection, the fact that this 2-dimensional
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gel analysis can be applied simultaneously on many individual
nodules is highly advantageous to examine clonal differences of
various foci. Although the resolution of proteins by this system
is high, we could count only about 400 spots at best by Coo-

massie blue staining. Since liver cells should contain considerably
more protein species, we are looking at only part of the total
protein species present in the liver. Silver staining could detect
more spots with lower content, but, with this staining, the spots
with larger amounts become so big that they interfere with the
detection of the smaller spots. With this technique, therefore, we
are comparing only proteins which exist in relatively large
amounts in the liver. If a protein crucial to transformation of liver
cells acts with a very small amount in the cell, it will not be
detected by the present technique.

It is interesting to note that we could identify only spots which
either appeared new or increased in amounts but not spots
which disappeared or decreased significantly during HCC for
mation. Previous biochemical and histochemical studies have
indicated remarkable reduction or loss of some enzymes related
with hepatic functions, such as glucose 6-phosphatase, ATPase,

etc. These enzymes may have escaped from detection in this
study because of their small amounts. The present study, how
ever, may indicate that the early changes in gene expression in
carcinogenesis are the activation of more genes rather than
inactivation. The fact that not only HPNs but also HCCs showed
a very similar pattern to the control liver confirms that the gene
expression is not extensively altered in these malignant cells at
this early stage and suggests that a rather small number of
proteins may determine the behavior of the cell as HPN or HCC.
Whether the several proteins that were found to increase in our
study are among those proteins or whether they just represent
secondary changes accompanied by hepatocarcinogenesis has
to be clarified by future studies. The progression of hepatoma
exhibited a remarkable alteration in the polypeptide pattern as
seen in AH130, where few spots could be identified with refer
ence to the control liver. In this connection, even Morris hepa
toma 5123D had the pattern more shifted from normal liver than
AAF-induced HCC nodules. This perhaps is ascribed to the tumor

progression that occurred during the long transplantation period.
It is known that hepatoma cells induced by 3'-Me-DAB are

usually less differentiated than those by AAF (21, 27, 39, 51).
The reason why the polypeptide pattern of the former is not
different from the latter is most probably because we have used
only well-differentiated nodules of HCC in this study. In fact, a

variety of nodules and other neoplastic lesions could be seen in
the 3'-Me-DAB-treated livers. The fetal liver showed a pattern

much deviated from that of adult liver, rather resembling an
undifferentiated tumor, AH 130. This is probably due to the fact
that the liver at this stage is occupied mostly by hematopoietic
cells including undifferentiated stem cells.

The dramatic increase of a new type of glutathione S-transfer-

ase needs further consideration. This enzyme species is normally
found in kidney and placenta (38). There are at least 3 polypep-
tides on the gel, reacting with the antibody to glutathione S-

transferase P. In view of the near identity of the molecular weight,
they are likely to be modified forms of the same enzyme mole
cule. The possibility, however, cannot be ruled out that they
represent different molecules with partial homology showing
common antigenicity. In this study, we found a large increase in
the enzyme p26-6.9 in all of the HPNs and HCCs studied, such

that it became a major protein in the cell. This molecule, however,
is not so prominent in Morris hepatoma 5123D and is almost lost
in AH130. Another subspecies p26-6.6, on the other hand, is

apparently increased in fetal liver and AH130, as well as in HPN
and HCC, and is present in neonatal liver in a slightly higher
amount than control liver. These observations suggest that the
appearance of this enzyme is closely associated with the process
of hepatocarcinogenesis. The presence of this enzyme in fetal
and neonatal livers suggests that it may fall in the category of
oncofetal antigens. Glutathione S-transferase is one of the de

toxification enzymes involved in the metabolism of AAF as well
as other carcinogens. The induction of this enzyme family in
hepatocytes is interesting in regard to the Farber's hypothesis

of resistant cells (13). However, the enzyme species represented
by p26 is not induced in AAF-treated liver cells but becomes

constitutive in HPN and HCC even after removal of AAF. This
suggests that some unknown mechanisms are underlying the
derepression of this gene during hepatocarcinogenesis. The
elucidation of these mechanisms will help understand the molec
ular basis of transformation of hepatic cells.

Well-known marker enzymes and antigens of hepatomas, y-
glutamyltranspeptidase (49), epoxide hydratase (26), and pre-

neoplastic antigen (16, 31 ) do not seem to correspond to any of
the other characteristic spots (p57-6.9, p57-6.7, and p35-6.6) on

the basis of molecular weights. Indeed, no specific binding was
demonstrated on p35-6.6 by the immunoblot analysis with the
antibody to -y-glutamyltranspeptidase. These and other marker

enzymes may be too small in amounts to be reproducibly de
tected in our system.

In this study, we have also examined the pattern of protein
phosphorylation during chemical hepatocarcinogenesis. Al
though the complex patterns of total phosphopolypeptides were
hard to analyze, alkali treatment of the gel clarified the noises
together with major population of the labeled spots due to
phosphorylated serine residues, leaving several dozens of well-
resolved phosphopolypeptides containing either phosphothreo-

nine or phosphotyrosine (6).
Comparison of these alkali-resistant phosphopolypeptides

among control liver, HPN, and HCC revealed that, although the
patterns are almost identical, the phosphorylation of a group of
proteins, designated pp57-6.6, was increased significantly in the

latter 2. The apparent broad spot seen on the standard pH
gradient was resolved into 4 spots of nearly identical molecular
weight but with slightly different pis, which were designated as
pp57-6.6-1 to -4 in the order of decreasing pi. The analysis of

phosphorylated amino acid residues in these spots indicated that
only the pp57-6.6-1 and -2 had threonine residues and hence
were alkali resistant. pp56-6.6-1 contained phosphothreonine as
the major component. pp57-6.6-2 showed the phosphorylation
of both threonine and serine residues, while pp57-6.6-3 and -4
contained mostly phosphoserine. Whether these polypeptides
are the same molecules with different degrees of phosphorylation
or whether they are completely different polypeptides remains to
be seen. As pp-57-6.6-2 is more acidic than pp57-6.6-1 and

contains both threonine and serine, it is possible that the former
is formed from the latter by additional phosphorylation at a serine
residue.

In the present study, we have demonstrated that at least
labeling of both pp57-6.6-1 and -2 is increased several times in

HPN and HCC as compared with control liver. The labeling of
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pp57-6.6-3 and -4 does not seem to be increased appreciably.

The molecular event underlying this increased labeling must be
elucidated by further characterization of these phosphoproteins.

The increase in phosphorylation of pp57 protein was also
demonstrated in HOC induced by other carcinogens, DEN and
3'-Me-DAB. Therefore, it appears to be a general phenomenon

associated with chemical hepatocarcinogenesis per se. On the
other hand, however, the increased phosphorylation was seen
in a minimal deviation hepatoma, Morris 5123D, but not in
AH130, a highly undifferentiated ascites hepatoma. These ob
servations suggest that the increased phosphorylation of this
protein is an event which characterizes rather early stages of
hepatocarcinogenesis but not required at the late stage of can
cer.

A number of oncogenes are known to have protein kinase
activity and autophosphorylate themselves (7,14, 43, 50). v-Ha-
ras product pp21, in particular, was reported to have phospho-

rylated threonine residues (42, 43). Other oncogene products
which may phosphorylate threonine residues include pp21 of Ki-
ras (4, 43), pp110 fusion protein of gag-myc (10), and pp75

fusion protein of erb A (17). None of these proteins match the
pp57-6.6 by their molecular weights. The possibility, however,

may exist that this protein is one of the target or acceptor
proteins of some oncogene product, and its high rate of phos
phorylation has something to do with the carcinogenic change
of liver cells.
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Fig. 1. Two-dimensional gel electrophoresis of total cellular protein from control liver (A), HPN (B), and HCC (C). Two-dimensional gel electrophoresis was carried out

as described in "Materials and Methods" with 120 ng protein for each run. Proteins were stained with Coomassie Brilliant Blue R-250 Arrow, polypeptide which appeared
new in HPN and HCC; arrowheads, polypeptides which increased significa'.*Â» in HPN and HCC. Some identified proteins are numbered as follows: 1, albumin; 2,
glutathione S-transferase B; 3, glutathione S-transferase A. Abscissa, pH range; ordinate, molecular weight x 10~3.
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Fig.3. Two-dimensionalgel electrophoresisof total cellularprotein from DEN-inducedHCC (A),3'-Me-DAB-induced HCC (B),Morris hepatoma5123D (C),and AH130

(D). In this and subsequent figures, nonequilibriumpH gradient electrophoresis is in the horizontal dimensionspanningfrom pH 4.5 to 8.5, the acidic end of the gradient
on the right, whereas electrophoresis with sodium dodecyl sulfate is in the vertical dimension. Protein (120 fig) is used for each run, and the polypeptides are detected
by staining with Coomassie brilliant blue. In A and fl, the arrowheads indicate p57-6.9, p57-6.7, p26-6.9, p26-6.6, and p26-6.4. The arrows indicate p35-6.6. In C, the
arrowheads point to p57-6.9, p57-6.6, p26-6.9, p26-6.6, and p26-6.4. The arrow indicates p35-6.6. V, polypeptides showing decreased amounts in Morris 5123D as
compared with AAF-inducedHCC.
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Protein (120 Â¿ig)is used for each run, and the proteins are stained with Coomassie brilliant blue.
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Fig. 5. Immunobtotting analysis of the 2-dimensionalgel with anti-glutathioneS-transferase P antibody. After 2-dimensionalgel electrophoresis with 120 ng of total
cellular protein from AAF-induced HCC, the polypeptides were transferred to nitrocellulose paper and incubated with rabbit anti-glutathioneS-transferase P. The paper
was further incubated with peroxidase-conjugatedgoat anti-rabbit IgG and developed with H202and o-phenylenediamine(see "Materials and Methods"). The colored
spots were marked and then stained with Amido black. The marked spots coincide preciselywith p26-6.9, p26-6.6, and p26-6.4, respectively.
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Fig.6. Two-dimensionalgel patterns of the alkali-resistant ^PCvlabeled polypeptides from control liver Â¡A),AAF-inducedHPN (8), AAF-inducedHCC (C),and DEN-

induced HCC (D).pH gradient encompassesfrom 4.5 to 8.5 in the horizontal dimension (from right to /eft), and the molecularweight spans from 2,000 to 20,000 in the
vertical dimension (from bottom to fop). The preparationof the total cellularprotein and gel etectrophoresiswere carried out as described in "Materialsand Methods." All
the gels are treated with NNaOH at 40Â°for 1 hr. A group of phosphopolypeptidesdesignated pp57-6.6 by molecularweight and pi is marked with arrows.
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