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ABSTRACT

The Solt-Farberresistanthepatocyte(RH) and Reddy(dietaryper-
oxisome proliferato!-)hepatocarcinogenesisprotocolswere utilized to
induceboth preneoplasticand neoplasticnodules in male F-344 rats.
Totalcellularpolypeptidesfromnormalliver,ciprofibrate(CP)-induced
and RH nodules were analyzedfor both qualitativeand quantitative
changesusingcomputer-assisted,high resolutiontwo-dimensionalpol)-
acrylamidegel electrophoresis.Approximately800-1000 cytosolicand
1000-1200 pariiculatepolypeptideswerereadilyseparatedanddetected
usingan ultrasensitivesilverstain.The two-dimensionalpolyacrylamide
gel electrophoresispatternswereverysimilarforeachtissuewithrespect
to both the numberof polypeptidesdetectedand the overallpatterns.
Three cytosolic poiypeptides,E, 6.90/47; F, 6.90/46; and G, 6.50/28
(designatedpI/Af,x 10~3),andtwo particularpolypeptides,B, 5.90/43;

and D, 5.70/21; were detected in CP nodulesbut not in normalliver.
PolypeptidesB andD werealso detectedin RH nodules.No qualitative
polypeptidedifferencesweredetectedamongthe individualpreneoplastic
or individualneoplasticCP nodulesor betweenpreneoplasticand neo
plasticCP nodules.Numerousquantitativechangesin bothknownmark
ers forhepatocarcinogenesisandinas yet unidentifiedpolypeptideswere
noted. In RH nodules the Ya subunitof glutathione-5-transferaseB
(GST-B) and the Yb subunitof GST-A were increased2-4-fold as
comparedto normalliveror in replicatingliverfollowinga 70%partial
hepatectomy,whilein CP nodulesthe Yb subunitwas unalteredandthe
Ya subunitincreased4-foldas comparedto normal.The Yp subunitsof
GST-P wereincreasedfromalmostnondetectablelevels in normalliver
to one of the most abundantcytosolicpolypeptidesin RH nodules.In
contrast,the Yp subunitswere not detectedin any of the CP nodules
either on the two-dimensionalpolyacrylamidegel electrophoresisgels
themselvesor followingWesterntransferandimmunoblotanalysiswith
antibodyagainstGST-P. Two additionalpolypeptidespots, whichmay
representYcchargeshiftvariants,appearedatthesamemolecularweight
as the constitutivelyexpressed Yc subunitof GST-B but shifted one
chargeuniteachtowardthe acidicregionin CP nodules.DT-diaphorase
whichwasincreased2-3-fold inRH noduleswasunalteredinCPnodules.
In additionto these changesin knownmarkers,34 (22 cytosolicand 12
particular)polypeptidesweresignificantlyincreasedwhile27 (12 cyto
solic and15 partÂ¡culate)polypeptidesweredecreasedduring< I'-induced
hepatocarcinogenesis.Inall casesthemagnitudeanddirectionof changes
werethesameinbothlate preneoplasticandneoplasticnodulesgenerated
by CP administrationwith the exceptionof six cytosolicpolypeptides.
Polypeptides622, 629, and721 wereincreasedin preneoplasticnodules
andwereincreasedto a greaterextentin neoplasticnodules.Conversely,
polypeptides557, 876, and887 wereprogressivelydecreasedduringthe
transitionfrom preneoplasticto neoplasticlesions in CP nodules.Of
thesequantitativechangesassociatedwithCP-inducedhepatocarcinogen
esis threecytosolicandeight particularpolypeptideswerecoordinately
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modulatedin transformationsproducedeitherby CP or RH regimensas
comparedto normalliver.

INTRODUCTION

It is now well established that the process of cancer develop
ment, including hepatocarcinogenesis, follows a programmed
series of distinctive cellular and tissue changes which ultimately
result in the formation of primary carcinomas (1-4). One of
the early events during the course of hepatocarcinogenesis is
the development of focal areas of altered hepatocytes. These
focal proliferations begin as small microscopic areas during or
shortly after initiation and enlarge to become grossly visible
hyperplastic nodules after further exposure to complete carcin
ogens or to promoting stimuli such as phÃ©nobarbital (4-9).
These nodules are then believed to serve as sites for the devel
opment of primary carcinomas (4, 10-14). This sequence of
events appears to be independent of the carcinogenic agent
since chemical carcinogens of widely varied structures and
classes (i.e.. genotoxic versus nongenotoxic) produce the same
sequential changes (4, 10, 12, 13, 15-18). Using the RH3
hepatocarcinogenesis model originally developed by Solt-Far
ber (15), we have previously shown that overall cellular poly
peptide expression is not extensively altered in preneoplastic
and neoplastic RH nodules as compared to normal liver al
though both qualitative and quantitative polypeptide differences
were noted (19). In particular, the expression of one cytosolic
and three membrane polypeptides appeared to be closely asso
ciated with early stages of hepatocarcinogenesis in RH nodules.
Recently Reddy and coworkers have demonstrated that expo
sure of rats and mice to certain hypolipidemic agents results in
extensive hepatomegaly, marked peroxisome proliferation in
liver parenchymal cells, and a very high incidence of HCC
induction (17, 20-23). Furthermore, the liver tumors induced
by these hypolipidemic agents are indistinguishable histologi-
cally from tumors induced by a variety of synthetic and naturally
occurring carcinogens (17, 21-23). The mechanism by which
peroxisome proliferators induce HCC is unknown, although
these agents may act by inducing free radical formation (17, 24,
25). Since these compounds cause no mutagenic activity in the
Salmonella/microtome assay, DNA damage in the lymphocyte
[3H]thymidine incorporation assay or exhibit oxidative damag
ing potential (20, 26-29), they may represent a class of nongen
otoxic chemical carcinogens quite distinct from the previously
described nongenotoxic carcinogens such as steroidal hormones
(30, 31), 2,3,7,8-tetrachlorodibenzo-p-dioxin (32), and the in
organic salt, sodium bisulfite (33). In related studies we have
demonstrated the coordinate regulation of the expression of

1The abbreviations and trivial names used are: RH, resistant hepatocyte; CP,
ciprofibrate. 2-[4-(2,2-dichlorocyclopropyl)phenoxy]-2-methylpropionic acid;
HCC, hepatocellular carcinoma; DEN, diethylnitrosamine; 2D-PAGE, two-di-
mensional-polyacrylamide gel electrophoresis; NEPHGEL, nonequilibrium is-
oelectric focusing gel electrophoresis; GGT, -y-glutamyltranspeptidase; TBS, 20
mM Tris-HCl. 500 mM NaCl, pH 7.4; TTBS, TBS plus 0.05% Tween 20; GST,
glutathione-5-transferase(s); GST-P, placenta! isoform of glutathione-5-transfer-
ase; ALDH, aldehyde-NAD(P) oxidoreductase (aldehyde reducÃase);CE, corre
lation coefficient of matched polypeptide intensities; DT, DT-diapho-
rase[NAD(P)H:quinone oxidoreductase].
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HEPATOCARCINOGENESIS: COORDINATE POLYPEPTIDE EXPRESSION

specific cellular polypeptides during neoplastic transformation
of Syrian hamster embryo cells by both nongenotoxic (bisulfite)
and genotoxic [benzo(<z)pyrene] carcinogens. These results sug
gested that carcinogens with either epigenetic or genetic effects
may affect similar changes in cellular polypeptide expression
during carcinogenesis independent of the nature of initiation
(34). In the present work we have now extended these studies
to investigate the 2D-PAGE patterns of polypeptide synthesis
in early preneoplastic and neoplastic liver nodules induced using
the nongenotoxic peroxisome proliferator, CP, and to compare
these changes to those polypeptide changes observed in the RH
model initiated utilizing the genotoxic carcinogen, DEN (35).

MATERIALS AND METHODS

Treatment of Animals. Male 1 344 rats (100-120 g) were obtained
either from the NIH Animal Supply or purchased from Charles River
Breeding Laboratories, Wilmington, MA. Animals were housed in
temperature- and humidity-controlled rooms and maintained on Purina
rat chow and a daily cycle of alternating 12 h periods of light and
darkness. Animals were allowed food and water ad libitum and were
acclimatized to their environment for at least 1 week prior to experi
mentation. The experimental protocol used for the generation of the
RH hyperplastic nodules and HCC was essentially that described by
Solt and Farber (IS) and modified by Wirth et al. (19). Induction of
neoplastic transformations using dietary CP (Sterling-Winthrop Re
search Institute, Rensselaer, NY) was performed as previously described
by Rao et al. (36).

Subcellular Fractionation. Animals were sacrificed by cervical dislo
cation and individual liver nodules of approximately the same size were
removed and carefully dissected from any nonnodular tissue. Small
sections of each nodule were fixed in 10% neutral buffered formalin for
routine histolÃ³gica!evaluation (hematoxylin & eosin staining) or in ice-
cold 95% ethanol overnight and processed for histochemical localiza
tion of GGT activity (37). HistolÃ³gica!evaluation of individual nodules
was performed according to criteria as described by Squire and Levitt
(38). The remainder of the nodule was homogenized in ice-cold 10 m\i
Tric-HCl, pH 7.2, containing 0.1 mM phenylmethylsulfonyl fluoride as
a protease inhibitor. Homogenates (SO mg tissue/ISO /Â¿Ibuffer) were
centrifuged at 200,000 x g for 30 min in a Beckmann TL-100 Ultra-
centrifuge and separated into cytosolic and paniculate polypeptides. It
should be pointed out that this crude paniculate fraction may also
contain very minor concentrations of absorbed soluble proteins in
addition to the major cellular components such as plasma membranes,
mitochondria, nuclei, lysosomes, and endoplasmic reticulum. The cy
tosolic fraction was carefully pipetted so as to avoid contamination
with the upper lipid-containing layer and the surface of the pellet was
carefully washed with 0Â°C10 mM Tris buffer. The lyophilized cytosolic
and paniculate fractions were solubilized in O'Farrell lysis buffer A

(39).
Two-Dimensional Electrophoresis. 2D-PAGE analysis of cytosolic

and crude paniculate polypeptides from normal and from hyperplastic
nodules generated using the Solt-Farber protocol or with dietary CP
was performed as described by Winh et al. (19). Equilibrium pH
gradient electrophoresis was used in the first dimension and sodium
dodecyl sulfate-PAGE in the second dimension. Ampholytes (1KB
Instruments, Rockville, MD) were used at concentrations of 1.6% (pH
range, 5-8), and at 0.4% (pH range, 3.5-10.0). Lyophilized protein
samples were dissolved in O'Farrell's lysis buffer A (39) to a final

concentration of 10 ng protein/^1 lysis buffer A and 100 ng of protein
loaded at the basic end of the first-dimension isoelectrofocusing tube
gels (inside diameter, 2.0 x 160 mm). Greater protein loads resulted in
gel overloading and decreased resolution of individual polypeptides.
Samples were electrophoresed at 750 V for 16 h at room temperature
and finally at 1000 V for l h (13,000 V-h total). Nonequilibrium
isoelectric focusing (NEPHGEL) was performed as described by O'

Farrell et al. (40) with minor modifications. Ampholytes were at a
concentration of 2% with a pH range of 3.5-10.0. Samples were loaded
at the anode (acidic end), overlaid with 30 n\ of overlay solution (6 M

urea:4% NP-40), and focused toward the cathode. Samples were elec
trophoresed at 375 V for 16 h at room temperature. Sodium dodecyl
sulfate-PAGE was performed at constant current (20 mg/gel) using
0.75-mm thick 10% polyacrylamide gels. Following electrophoresis
gels were silver stained using the procedure of Morrissey (41) and
replicate images made using Kodak X-Omat duplicating film (19).
Films were scanned and analyzed using a semiautomated computer
analysis system as previously described (19). For quantitative purposes,
each polypeptide spot has been expressed (normalized) as a percentage
of the total integrated density (summed intensities of all polypeptide
spots) on each gel.

Immunoblot Analysis with Anti-GST-P Antibody. Polypeptides were
transferred from 2D-PAGE gels to 0.45 pm nitrocellulose membranes
(Schleicher and Scimeli, Keene, NH) using a Trans-Blot apparatus
(Hoefer Scientific Instruments, San Francisco, CA) at 60 V and 0.2
amps at 4*C using a transfer buffer containing 20 mM Tris-HCl, 150

mM glycine, and 20% (v/v) methanol (42). After transfer overnight the
nitrocellulose paper was treated with TBS for 10 min at room temper
ature with gentle shaking and then placed in TBS containing 3% gelatin
for 30 min at room temperature. The nitrocellulose was incubated in
TBS containing 1% gelatin and anti-GST-P antibody at a dilution of
1:1000 for 2 h at room temperature. The nitrocellulose was washed
twice with IT US for 10 min at room temperature and incubated in
TBS containing 1% gelatin and peroxidase-conjugated goat anti-rabbit
IgG (Bio-Rad Laboratories, Richmond, CA) for l h at room tempera
ture. The antibody was used at a 1:2000 dilution. The paper was washed
twice with TTBS, each time for 10 min at room temperature with
gentle shaking. For development, the paper was immersed in 60 ml of
chilled (4Â°C)development solution [50 ml TBS containing 0.05% 4-

chloro-1-naphthol (Bio-Rad), 0.03% hydrogen peroxide, and 10 ml
methanol]. Development was stopped when red-purple spots appeared
on the paper.

RESULTS

Male F-344 rats were fed dietary CP (10 mg/kg/day) for a
period of 52 weeks after which a large population of well-
defined hyperplastic nodules were formed (18). RH nodules
were similarly induced in male Fischer rats as previously de
scribed (19). Individual nodules (10 nodules taken from each of
two animals from each treatment group: CP induced and RH)
of approximately the same size (2-4 mm) and macroscopic
appearance were removed and dissected free of any nonnodular
tissue. Small sections of each nodule were taken for histolÃ³gica!
evaluation and the remainder of each nodule fractionated into
paniculate and cytosolic proteins. In general, all nodules ap
peared very similar to each other with respect to gross appear
ance; however, histolÃ³gica! examination (hematoxylin & eosin
staining) of the individual nodules revealed the formation of
both preneoplastic and neoplastic (HCC) cell populations (38).
Histochemically, all of the RH nodules stained strongly for
GGT activity, while all of the CP nodules were negative (data
not shown).

2D-PAGE Analysis of Cytosolic and Paniculate Polypeptides.
Fig. 1 illustrates the 2D-PAGE separation of silver stained
cytosolic polypeptides from normal untreated rat liver, a CP-
induced hyperplastic nodule (Reddy), and a RH nodule (Solt-
Farber). Approximately 800-1000 individual polypeptides over
the pH range of 5.0-7.5 and molecular weight range of 18,000-
100,000 were readily visible on each electrophoretogram. The
electrophoretic patterns of cytosolic polypeptides were very
similar between normal liver and either CP-induced or RH
nodules with respect to both the number of polypeptides de
tected and the overall 2D-PAGE patterns although both quali
tative and quantitative polypeptide differences were observed
among the different tissues. It should be noted, however, that
some of the less abundantly expressed polypeptides, more spe-
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Fig. 1. Two-dimensional elect rophorciic patterns of cytosolic polypepi ides from normal liver, CP-induced nodule (labeled Reddy), and RH nodule (Solt-Farber).
Poly pepi ides were separated in the first dimension by isoelectric focusing between the pH range of S (left) and 8 (right). Abscissa, pH range; ordinate, molecular weight
x 10 '. Qualitative polypeptide differences (C. O) between normal liver, CP induced nodules, and RH nodules. Common quantitative polypeptide changes (O) among

the three tissue types. Amount of protein loaded in the first dimension was 100 fig in all gels.
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cifically, those expressed at concentrations less than 10 ng/
mm2 on the gels, may not be visible on the composite photo
graphs. Fig. 2 illustrates a representative 2D-PAGE separation
of paniculate polypeptides from normal rat liver, a CP nodule
(Reddy), and a RH nodule (Solt-Farber). Once again the elec-
trophoretograms were very similar with respect to both the
number of polypeptides detected (1000-1200 individual poly
peptides) and the overall patterns.

Comparison of polypeptides from CP nodules with those
from normal rat liver revealed seven consistently observed
qualitative differences. These are illustrated in Figs. 1 and 2
and in greater detail in Figs. 3 and 4. Three cytosolic polypep
tides (polypeptide E, 6.90/47 kDa; polypeptide F, 6.90/46; and
polypeptide G, 6.50/28) (designated pI/A/r x 10~3) were ex

pressed in both preneoplastic (gel not shown) and neoplastic
CP nodules but not detected in either normal liver or RH
nodules (Fig. 3). In each figure small diamonds have been
positioned at the expected pi and molecular weight coordinates
for the missing polypeptides. Furthermore, the constitutive
expression of one cytosolic (polypeptide H, 6.00/38) and one
paniculate polypeptide (polypeptide I, 6.30/16) found in both
normal liver and RH nodules was absent in all CP nodules (Fig.
3).

We have previously identified one cytosolic (polypeptide A,
6.8/57) and three membrane-associated or paniculate polypep
tides (polypeptides B, 6.25/41; C, 6.75/24; and D, 6.05/21)
that are expressed in both preneoplastic and neoplastic RH
nodules but not detected in normal control liver or regenerating
liver following 70% partial hepatectomy (19). These polypep
tides are illustrated with the lettered boxes in Figs. 1 and 2,
respectively. Although polypeptides A and C were not detected
in CP nodules (Fig. 1 and 2, respectively) polypeptides B and
D are expressed in both preneoplastic and neoplastic CP nod
ules as illustrated in Fig. 4. The pi values of polypeptides B (pi
6.05) and D (pi 5.90) varied slightly from previously reported
values probably as a result of variability of commercial ampho-
lyte preparations (43). The relative positions of polypeptides B
and D to their neighboring polypeptides were, however, the
same in CP and RH nodules as compared to normal liver.
Comparison of both cytosolic and paniculate polypeptides
among individual preneoplastic and neoplastic nodules within
each treatment group (e.g., CP versus CP nodules and/or RH
versus RH nodules) revealed only quantitative polypeptide dif
ferences.

Quantitative Polypeptide Differences among CP and RH Nod
ules and Normal Liver. In addition to these qualitative polypep
tide differences more numerous quantitative polypeptide differ
ences were also noted between normal liver and both CP and
RH nodules. Fig. 5 illustrates scatter plots of the quantitative
polypeptide changes observed in cytosolic polypeptides from
normal liver, CP nodules, and RH nodules. Scatter plots are
very useful because they display both the intensity of each
polypeptide spot and the "degree of similarity" among polypep

tide patterns. In each plot paired polypeptide spots have been
expressed as a percentage of the total integrated density of each
gel and have been plotted in a pairwise log-log comparison.
Polypeptides lying along the center diagonal with a CE value
of 1.0 have identical concentrations (44). Comparison of paired
polypeptide spots between two representative neoplastic CP
nodules (Fig. 5B) resulted in a rather tight clustering of poly
peptides along the center diagonal which was not significantly
different from the normal scattering observed between two
normal control liver samples (Fig. 5,4). Of the greater than 800
polypeptides compared from two CP nodules (CE 0.96) only

14 (1.7%) varied greater than 4-fold and 35 (4.3%) varied
greater than 2-fold from each other. Comparison of polypep
tides from normal liver with CP nodules (Fig. 5Q (CE 0.78) or
comparison of corresponding polypeptides between a CP nod
ule and a RH nodule (Fig. 5D) (CE 0.69) showed a much greater
scattering of polypeptide intensities indicating a greater mod
ulation of polypeptide expression during hepatocarcinogenesis.
Comparison of paniculate polypeptides in the same manner
gave results similar to those observed with comparison of the
cytosolic polypeptides (scatter plots not shown).

We have previously shown that 22 polypeptides (7 cytosolic
and 15 paniculate) are significantly up-regulated while 30 poly
peptides (10 cytosolic and 20 paniculate) are down-regulated
in both preneoplastic and neoplastic RH nodules as compared
to normal liver (19). A similar comparison of quantitative
polypeptide changes in CP nodules as compared to normal liver
revealed that 34 (22 cytosolic and 12 paniculate) polypeptides
were significantly increased while 27 (12 cytosolic and 15
paniculate) polypeptides were decreased during CP-induced
hepatocarcinogenesis. These are illustrated in Fig. 6. In all
cases the magnitude and direction of changes were the same in
both preneoplastic and neoplastic CP nodules with the excep
tion of six cytosolic polypeptides. Polypeptides 622, 629, and
721 were increased in preneoplastic nodules and were increased
to a greater extent in neoplastic nodules. Conversely polypep
tides 557, 876, and 887 were progressively decreased during
the transition from preneoplastic to neoplastic in CP nodules.
These data are summarized in Table 1. Of the total number of
polypeptides, three cytosolic and eight paniculate polypeptides
are coordinately modulated in both CP and RH nodules as
compared to normal liver. These are illustrated in Figs. 1 and
2, respectively, with the small circles. Eight polypeptides (one
cytosolic and seven paniculate) were down-regulated in both
CP and RH nodules while only three (two cytosolic and one
paniculate) were up-regulated during early stage carcinogenesis
in both CP and RH nodules. These common quantitative dif
ferences are summarized in Table 2 and illustrated in Fig. 6.

NEPHGEL Analysis of Cytosolic Polypeptides. In order to
investigate changes in basic proteins during CP-induced hepa
tocarcinogenesis, cytosolic polypeptides were separated in the
first dimension under nonequilibrium isoelectric focusing con
ditions (NEPHGEL). Fig. 7 illustrates the 2D-PAGE separa
tion of cytosolic polypeptides from normal liver, a CP nodule
(Reddy), and a RH nodule (Solt-Farber). CP treatment resulted
in the appearance de novo or a substantial increase in the
expression of two polypeptides with molecular weights of
21,000 and 78,000. The M, 78,000 polypeptide has previously
been identified in CP-treated rat livers as PPA-80 and has been
shown to be associated with peroxisome proliferation in liver
cells (45-47). PPA-80 was also observed in both control liver
and RH nodules but at much lower concentrations. Quantita
tively, PPA-80 is expressed in CP nodules at concentrations
similar to albumin, roughly 2-3% of the total cytosolic protein
(Table 2). The M, 21,000 polypeptide appeared only in CP
nodules.

We have previously shown, using 2D-PAGE, that DT-diaph-
orase and specific subunits of GST are increased during early
stages of hepatocarcinogenesis (19). Fig. 8 illustrates regions of
2D-PAGE gels corresponding to the location of the Ya, Yb,
Yc, and Yp subunits of GST-B, GST-A, and GST-P isozymes,
respectively, as well as DT-diaphorase. In RH nodules the Ya
subunit of GST-B and the Yb subunit of GST-A as well as the
three isoelectric point variants of the Yp subunit of GST-P are
significantly increased as compared to either normal liver or
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Fig. 2. Two-dimensional electrophoretic patterns of paniculate polypeptides from normal liver, CP-induced nodule (Reddy), and a RH nodule (Solt-Farber).
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Fig. 3. Mosaic composites of areas of 20-
PAGE gels from normal liver, CP-induced
nodule, and a RH nodule illustrating polypep-
tides E-I. Open circles have been placed at
expected pi and molecular weight regions on
respective gels for missing polypeptides.
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replicating liver following a 70% partial hepatectomy (data not
shown). Quantitatively, the Yb and Ya subunits are increased
2-4-fold, respectively, in RH nodules as compared to normal
liver (Table 1). The Yp subunit of GST-P is increased from
almost undetectable levels in normal and replicating liver to
one of the more abundantly expressed polypeptides (1-2% of
total cytosolic protein) in RH nodules (Table 2). The Yb subunit
is unaltered in CP nodules while the Ya subunit is increased 4-
fold as compared to normal or replicating liver. In normal liver
and in CP nodules, numerous polypeptides appear at the pi and
A/r coordinates corresponding to the expected location of the
Yp subunits (enclosed box Fig. 8), however, Western transfer
and immunoblot analysis of transferred polypeptides with rab
bit anti-GST-P antibody (kindly supplied by Drs. Sato and
Satoh) (Fig. 8) failed to detect significant expression of the Yp
subunits in either normal liver or in CP nodules. Although the
Yc subunit of GST-B and/or ligandin appears to be unaltered
in both RH and CP nodules two additional polypeptides differ
ing by one or two charge units and indicated with small unlet
tered arrows are expressed in CP nodules at slightly more acidic
pi. These may represent charge shift variants of the constitu-
tively expressed Yc subunit (39, 48). DT-diaphorase which is
increased 2-3-fold in RH nodules is unaltered in CP nodules
(Fig. 8 and Table 2).

DISCUSSION

Exposure of rodents to various dietary hypolipidemic agents,
including CP, results in a massive hepatomegaly, marked per--

oxisome proliferation, and after prolonged exposure, formation
of HCC (17, 20, 21,49). The mechanism by which peroxisome
proliferators induce HCC is not known. None of these agents
are mutagenic in either the Salmonella microsome assay or in
eukaryotic systems (28, 50-53). In the Solt-Farber RH proto

col, on the other hand, initiation of hyperplastic nodules is
caused by exposure to the genotoxic carcinogen, DEN (1, 5,
15). Although both the Reddy and the Solt-Farber hepatocar-

cinogenesis protocols are markedly different with respect to
both the nature of the initiating carcinogen and the mode of
promotion, the sequence of biological events, however, appears
to follow a similar course. In both models the appearance of
HCC is preceded by the formation of altered areas and hyper-
plastic nodules which exhibit the same morphological features.
Accordingly, although each experimental protocol would be
expected to result in the expression and/or suppression of
specific genes, it is reasonable to assume, due to the common
ality of biological changes observed, that the induction of HCC
by several peroxisome proliferators (18,20, 23,36), and via the
Solt-Farber protocol should involve the expression and/or sup-
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NORMAL LIVER CP NODULE RH NODULE
Fig. 4. Mosaic composites of areas of 2D-PAGE gels from normal liver, CP-induced nodule, and a RH nodule illustrating polypeptides B and D.

Fig. 5. Scatter plots illustrating quantita
tive comparison of cytosolic polypeptides from
untreated normal liver, CP-induced, and Solt-
Farber RH nodules. Individual polypeptide
spot intensities have been expressed (normal
ized) as a percentage of the total integrated
density from each gel and are plotted in a
pairwise log-log density comparison. Care was
taken to exclude overly saturated spots which
would result in an underestimation of protein
concentrations from calculations. Each figure
has been divided into two regions to illustrate
groups of polypeptides undergoing quantita
tive changes of varying magnitude during he
patocarcinogenesis. Center diagonal (CE, 1.00)
and lightly shaded areas, polypeptides whose
intensities remain unchanged. Darker shaded
area, polypeptides showing changes greater
than 2-fold (either increasing or decreasing)
during carcinogen treatment.
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pression of a common set of genes resulting in the appearance
of a common pattern(s) of cellular proteins.

The 2D-PAGE patterns of silver stained cytosolic and partic-
ulate polypeptides were very similar among normal liver, CP,
and RH nodules with respect to both the number of polypep
tides detected and the overall polypeptide patterns. Analysis of

800-1000 cytosolic and 1000-1200 paniculate polypeptides
revealed both qualitative and quantitative polypeptide differ
ences among the various tissues (Figs. 1 and 2). Analysis of 20
individual CP nodules revealed a very high degree of uniformity
with respect to both cytomorphology and pattern of polypeptide
expression among individual preneoplastic and neoplastic nod-
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5.0 6.0 7.0 5.0 6.0 7.0

Fig. 6. Computer drawn composite maps
highlighting polypeptides significantly altered
during hepatocarcinogenesis. A and D, contour
maps of commonly expressed particulate and
cytosolic polypeptides, respectively, in normal
liver, CP-, and RH nodules. B, (particulate)
and / (cytosolic) illustrate polypeptides which
exhibit significant modulation during CP-in
duced hepatocarcinogenesis. C, (particulate)and /â€¢'(cytosolic) illustrate those polypeptides

under coordinate modulation during hepato
carcinogenesis initiated by DEN and CP. As
an aid for polypeptide location and orienta
tion, actin (membrane) and the cytosolic pro
teins. Alb, and a-AT have been illustrated.

A_ ^r^^^p- -J^______^^a^^iSiÃ‰iÃ-'

â€¢ ~r~^^TÃ•S^S^-^ ^^-Ã¬^t^g^"-^r^.i-*^V-

- Â«TT1 Ã¯- â„¢^\ ^**O" â€”^f^ ry*^ _ râ€¢"_-

\^AS4Ã¢5fe-^"â€¢=
^^"Â§^^^"Â¿-3=r-Â»

""â€¢7-,IB - ~"â€”"PnrticMlatftâ€”
tâ€” â€”1â€” â€”1â€”B

CP-.422

_457.460

546.-550
Actin588

_ __ %691-869â€”

m ~"741'â€¢"
797,847

818-1 859 870 Â»825
-900 -898 ^ -913

.971 916 â€”(1029

-1043D--

l 13"O 1354-**1356I

IIC

CP-RH--460â€¢*8|50

ActinB'*-971.10431317

D' 1354_Â«,,356i

i1

1D

^-^^5Â¿Ã:rf:==â€¢^^^Ã«ka^^^'^,^^fj^^Ã´.-^r^^^^^^^^^^-

--^â€”=^~^
" J*jtf-_Â» -^^^-^I^^PV^^ ^-^iâ€” =_â€ž.â€”-"V'

:-'^'if^^i?:â€”
~.Tr--=. "â€”~ T â€” " -~*â€¢

"*" -"Cytosolic1

1 11E

CP267Â«

AT AAlbuminâ€¢?â€¢â€¢*,.427 â€¢^r' '375505

583_ ?556 Â£
â€” 618 584 -yj* " ^ f,'_629883

76e" "Â« Ã¯3- ""F

- 905 -s^ â€žg . --826â€¢VAr**

"."â€¢il1070-
Â» ."2"51083_118Bâ€¢Â»a1289

1284.--H-936645362918

218 0râ€”

m
n93

c665--1

11F

CP-RH^

AlbuminÂ«
AT^799â€ž98,â€”

1188i.----3D45

^36g29118

V^-%

O93ri6645362918

ules (Fig. 5). Only quantitative polypeptide differences were
detected. We have previously shown that the patterns of poly
peptide expression in preneoplastic and neoplastic RH nodules
are likewise very similar to those of normal liver (19). This
suggests that in the liver, and possibly in other tissues as well,
chemical carcinogenesis exhibits a marked uniformity of gene
expression during early stages of the process and only during
the later stages does the characteristic heterogeneity of poly
peptide expression become evident (54). During early stages of
hepatocarcinogenesis, one cytosolic (polypeptide A, 6.8/57) and
three particulate polypeptides (B, 6.25/41; C, 6.75/24; and D,
6.05/21) are expressed in RH nodules but apparently not de
tected or at least in very small amounts in normal liver (19).
During CP-induced hepatocarcinogenesis three cytosolic poly
peptides are expressed in CP nodules but not in normal liver.
In addition, the constitutive expression of one cytosolic and
one particulate polypeptide was absent in CP nodules (Fig. 3).
Although the RH-associated polypeptides A and C were not
observed in CP nodules, polypeptides B and D were present but
at concentrations less than those in the RH nodules (Fig. 4 and
Table 2).

Studies in numerous laboratories have documented the mod
ulation or differential expression of several hepatic proteins
during chemical carcinogenesis, and some of these proteins

have been proposed as biological markers of neoplastic cells
(55-59). In certain virally transformed cells specific oncogene
products have been shown to play critical roles during cellular
growth and differentiation and if expressed in sufficient con
centrations can induce neoplastic transformation (60). Unfor
tunately, to date no such markers or cellular oncogene proteins
have been identified in chemically induced cancer. GGT has
been proposed to be the most efficient marker for altered foci
of cells during early steps in hepatocarcinogenesis in a variety
of experimental models, including the Solt-Farber RH protocol
(61-64). However, in the present study and in earlier reports,
GGT, visualized either histochemically or immunohistochem-
ically, appears to be absent or expressed at very low levels from
nodules and primary carcinomas induced by CP (data not
shown) or related peroxisome proliferators (25, 65-69).

Certain isoenzymes of the GST have also been proposed as
useful markers for early preneoplastic changes during hepato
carcinogenesis (55, 59, 68-73). The GSTs are a group of
multifunctional proteins localized mainly in the cytosolic frac
tion and composed of two individual subunit species ranging in
molecular weight from 21,000 to 28,500 and pi 6-8 which
show marked alterations during hepatocarcinogenesis. In par
ticular, the Yb subunit of GST-A, the Ya subunit of GST-B
and ligandin, and the Yp subunits of GST-P are markedly
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Table 1 Summaryof qualitativeand quantitativepolypeptidedifferencesbetweennormal liverand preneoplasticand neoplasticCP nodules

PolypeptidesPaniculateBDI422Â°45746054855058866969174175779781882584785987089890091391695797110291043131713541356CytosolicEFGH267375427505556557583584618622629672673721766799826833876883887905936941974981992995102710701083118812841289Pi5.905.706.305.227.255.186.205.135.056.556.126.205.606.805.856.784.856.056.455.824.906.456.207.205.057.055.006.806.606.907.207.256.706.056.907.426.455.206.206.225.655.855.206.207.406.527.006.306.186.507.106.907.006.206.705.556.505.506.905.305.906.605.505.505.656.056.856.60M,43,00021,00016,00063,00063,00053,00053,00050,00048,00045,00044,50043,00042,50040,00038,00038,00037,50037,50036,00035,00035,00034,50034,00032,50032,00030,00029,00020,00018,00018,00047,00046,00029,00038,00074,00066,00058,00060,00050,00050,00056,00056,00050,50046,00046,50046,00046,00045,00044,00045,00042,00042,00040,00040,00039,00038,00037,00037,00036,00035,00032,00036,00035,00032,00032,00029,00020,00020,000NormalNO

NO0.050
Â±0.0100.092

Â±0.0350.045
Â±0.0140.1

10Â±0.0300.217
Â±0.0240.180
Â±0.0190.1

83Â±0.0230.041
Â±0.0210.1

80Â±0.0200.063
Â±0.0150.042
Â±0.0150.023
Â±0.0060.2

16Â±0.0200.086
Â±0.0260.065
Â±0.0040.131

Â±0.0600.029
Â±0.0090.029

Â±0.0100.082
Â±0.0140.120
Â±0.0180.132

+0.0380.100
Â±0.0100.020

Â±0.0080.036
Â±0.0110.1

22Â±0.0300.121
Â±0.0270.1

18Â±0.0200.1
33Â±0.022NDNDND0.500

Â±0.1000.062
Â±0.0060.1

42Â±0.0310.039
Â±0.0130.031
Â±0.0060.024
Â±0.0060.036
Â±0.0050.023
Â±0.0100.067
Â±0.0220.017
Â±0.0010.031
Â±0.0070.073
Â±0.0220.028

Â±0.0180.087
Â±0.0040.056
Â±0.0150.036
Â±0.0260.105
Â±0.0250.029
Â±0.0050.040
Â±0.0130.048
Â±0.0190.054
Â±0.0030.070
Â±0.0II0.1

16Â±0.0240.032
Â±0.0030.046
Â±0.0080.1

64Â±0.0090.1
40Â±0.0300.027

Â±0.0010.1
78Â±0.0080.017

+0.0010.044
Â±0.0050.027
Â±0.0060.144
Â±0.0310.059
Â±0.0240.034
Â±0.002Cell

typePreneoplastic0.010

Â±0.005*0.020
Â±0.010ND0.052

Â±0.0080.1
44Â±0.0290.060

Â±0.0110.049
Â±0.0140.020

Â±0.0050.01
1Â±0.0020.1

17Â±0.0110.034
Â±0.0050.1

19Â±0.0340.091
Â±0.0220.051

Â±0.0200.090
Â±0.0150.151

Â±0.0540.037
Â±0.0090.054

Â±0.0140.097
Â±0.0170.064
Â±0.0180.1

96Â±0.0480.054
Â±0.0090.026
Â±0.0060.290
Â±0.0300.1

70Â±0.0200.1
68Â±0.0410.021

Â±0.0060.010
Â±0.0050.010
Â±0.0050.010
Â±0.0050.290

Â±0.1000.301
Â±0.1000.033

Â±0.010ND0.046

Â±0.0080.303
Â±0.0270.084
Â±0.0160.087
Â±0.0100.044
Â±0.0050.022
Â±0.0070.047
+0.0130.028
Â±0.0040.047
Â±0.0210.056
Â±0.0190.196
+0.0800.092
+0.0310.044
Â±0.0070.1

26Â±0.0300.083
Â±0.0140.223
Â±0.0500.061
Â±0.0070.021
+0.0060.030

Â±0.0100.020
Â±0.0030.044
+0.0110.042

Â±0.0100.121
Â±0.0610.103

Â±0.0370.070
Â±0.0160.284

Â±0.0600.064
Â±0.0240.072
Â±0.0140.1

33Â±0.0340.1
16Â±0.0130.070

+0.0350.040
+0.0130.1

87Â±0.0520.066
+ 0.018Neoplastic0.010

Â±0.0050.020
Â±0.010ND0.050

Â±0.0160.1
37Â±0.0090.064

Â±0.0100.050
Â±0.0110.024
Â±0.0080.025
Â±0.0110.095

Â±0.0210.031
Â±0.0070.115

+0.0330.089
Â±0.0170.046
Â±0.0150.087
Â±0.0140.1

32Â±0.0200.030
Â±0.0060.066
Â±0.0160.099
Â±0.0260.075
Â±0.0270.178

Â±0.0120.057
Â±0.0180.032
Â±0.0110.290
Â±0.0400.1

75Â±0.0230.183
+0.0500.022
Â±0.0050.010
+0.0050.010
Â±0.0050.010
Â±0.0050.302

Â±0.1100.334
Â±0.1200.040
Â±0.020ND0.034

Â±0.0110.300
Â±0.0600.077
Â±0.0090.079
Â±0.0020.045
Â±0.0100.018
Â±0.0030.049
+0.0120.034
Â±0.0050.030
Â±0.0030.072
Â±0.0250.223
Â±0.0710.097
+0.0080.041
Â±0.0050.149
Â±0.0250.094
Â±0.0200.250
Â±0.0600.061
Â±0.0080.023
+0.0080.022
Â±0.0020.024
Â±0.0040.030
+0.0050.043
Â±0.0140.120

Â±0.0150.098
Â±0.0170.071
Â±0.0140.292

Â±0.0700.053
Â±0.0140.075

Â±0.0110.1
18Â±0.0220.1
13Â±0.0280.052

+0.0170.039
Â±0.0080.1

82Â±0.0700.059
+ 0.012

*NO, not detected.
*Percentageof total integratedspot density(mean Â±SO of four samples).
' Polypeptidespot numberassignedby computer.

increased during early preneoplastic stages of chemical hepa- have reported that GST-P, which differs immunochemically

tocarcinogenesis and then decrease during the progression of from the other GST(s), is markedly increased in livers bearing
hepatocarcinogenesis from well-differentiated hepatomas to GGT-positive foci and hyperplastic nodules. Immunohisto-
poorly differentiated hepatomas (55, 71). Kitahara et al. (55) chemically, GST-P seemed to be localized primarily in GGT-
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Table 2 Summary of qualitativeand quantitativepolypeplidedifferencesbetweennormal liverand preneoplasticand neoplasticCP and RH nodules

PaniculateCytosolicGlutathione-.S-transferase(s)Yc

subunitYb
subunitYa
subunitYp

subunitPPA-80DT-diaphorasePolypeptides,

piU,B

5.90/43,000C
6.75/24,000D
5.70/21,0001
6.30/16,000460'
5.18/53,000550

5.13/50,000588
5.05/48,000971
5.05/32,0001043
5.00/29,0001317
6.80/20,5001354
6.60/18,0001365
6.90/18,000A

6.80/57,000E
6.90/47,000F
6.90/46,000G
6.50/28,000H
6.05/38,000799
6.50/45,000981
5.30/35,0001188

6.05/29,000NormalNO

NONO0.05

Â±0.010.11
Â±0.030.18
Â±0.020.18
Â±0.020.02
Â±0.010.1

2Â±0.030.12
Â±0.030.11
Â±0.020.13
Â±0.02NDNONDND0.50

Â±0.100.10
+0.010.14

Â±0.030.14
Â±0.030.55

Â±0.120.70
Â±0.230.12

Â±0.040.01
Â±0.010.05

Â±0.010.13

Â±0.04Cell

typeCiprofibratePreneoplastic0.01

Â±0.005*ND0.02

Â±0.01ND0.06

Â±0.010.02
Â±0.010.01
Â±0.010.17

Â±0.020.02
Â±0.010.01
Â±0.010.01
Â±0.010.01
Â±0.01ND0.29

Â±0.100.30
Â±0.110.03

Â±0.01ND0.22

Â±0.030.28
Â±0.060.04
Â±0.010.34

Â±0.100.82
Â±0.120.50
Â±0.150.01
Â±0.011.55

Â±0.200.29

Â±0.06Neoplastic0.01

5Â±0.005ND0.02

Â±0.01ND0.06

Â±0.010.02
Â±0.010.02
Â±0.010.17

Â±0.020.02
Â±0.010.01
Â±0.010.01
Â±0.010.01
Â±0.01ND0.30

Â±0.110.33
Â±0.110.04

Â±0.02ND0.25

Â±0.050.29
Â±0.070.04
Â±0.010.32

Â±0.120.78
Â±0.150.55
Â±0.130.01
Â±0.011.60

Â±0.030.31

Â±0.07Solt-FarberPreneoplastic0.16

Â±0.020.28
Â±0.040.07
Â±0.020.02
Â±0.010.08
Â±0.030.06
Â±0.020.06
Â±0.020.1

5Â±0.020.05
Â±0.010.03
Â±0.010.03
Â±0.010.05
Â±0.010.11

Â±0.02NDNDND0.11

Â±0.030.18
Â±0.030.25

Â±0.500.02
Â±0.010.54

Â±0.151.85
Â±0.160.45
Â±0.101.45

Â±0.14''0.03

Â±0.010.06

Â±0.02Neoplastic0.14

Â±0.020.25
Â±0.030.08
Â±0.020.02
Â±0.010.03
Â±0.010.05
Â±0.010.05
Â±0.010.16

Â±0.020.04
Â±0.010.03
Â±0.010.02
Â±0.010.04
Â±0.010.12

Â±0.03NDNDND0.08

Â±0.020.16
Â±0.020.27

Â±0.070.02
Â±0.010.56

Â±0.101.67
Â±0.520.46

Â±0.101.39
Â±0.500.03

Â±0.010.06

Â±0.02
* ND, not detected.
* Percentage of total integrated spot density (mean Â±SD of four samples).
' Polypeptide spot number assigned by computer.
J Summed intensities of three Yp subunits (see Fig. 7).

positive foci (55). Similar to that observed for GGT activity,
GST-P was not detected in any of the CP-induced nodules

examined (Fig. 8) (68).
DT-diaphorase (74, 75) and ALDH (76-80) have also been

shown to undergo characteristic changes during hepatocarci-

nogenesis. We have previously shown that purified ALDH
separates into five polypeptide spots (a-e) with pi 6.8-7.1 and

M, 54,000 in normal rat liver (19). During carcinogenesis one
of the isoforms of ALDH, polypeptide b (pi 6.9), undergoes a
characteristic shift toward the acidic region in both preneoplas
tic and neoplastic RH nodules. In CP nodules this shift is not
detected and ALDH is unaltered electrophoretically (gels not
shown) as is DT-diaphorase (Fig. 8). With respect to ALDH,
Lindahl and coworkers have investigated the expression of
tumor-associated ALDH activity in three different protocols of
hepatocarcinogenesis (77-80). In the RH model 96% of the
HCC examined possessed the tumor-associated ALDH phe-

notype while only 25% of the hepatic neoplasms induced by
ethionine combined with dietary choline deficiency expressed
tumor associated ALDH. While the mechanism(s) of both CP-
induced or ethionine hepatocarcinogenesis are not known, both
cause little or no DNA alkylation and both may induce cancer
formation via some type of free radical mediated lipid peroxi-

dation (24).
In the present study we have analyzed specific protein changes

associated with the formation of chemically induced hyperplas-
tic nodules using two markedly different hepatocarcinogenesis
protocols and have identified both qualitative and quantitative
domains of polypeptides specifically associated with each treat

ment regimen. More importantly, however, we have identified
two groups of polypeptides which appear to be under coordinate
modulation during hepatocarcinogenesis induced by the mm
genotoxic compound, CP, and the genotoxic carcinogen, DEN.
Two particulate polypeptides (5.90/43 and 5.70/21), corre
sponding to polypeptides B and D, are expressed in nodules
generated using either DEN or CP and not, or at least in very
small amounts, in normal liver. Concomitant with these quali
tative changes, three cytosolic and eight particulate polypep
tides are quantitatively expressed in a coordinate manner in
both CP and RH nodules as compared to normal liver (Fig. 6).

At present neither the identity nor the biological function(s)
of any of these polypeptides is known. The commonality of
polypeptide changes observed to occur both in the CP and RH
nodules suggest a possible common pathway of gene alteration
during early stages of carcinogenesis. The present data suggest
that independent of the nature of initiation [i.e., genotoxic
carcinogen (DEN) versus apparently nongenotoxic CP] a simi
lar subset of polypeptides undergo a coordinate modulation and
included in these may be certain polypeptides which may serve
either as critical modulators for either the growth and/or dif
ferentiation of these early stages of hepatocarcinogenesis. Work
is currently in progress to further characterize these proteins
and to define the possible role of these polypeptides in hepa
tocarcinogenesis.
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Fig. 7. Two-dimensional gel electrophoresis of cytosolic polypeptides from normal liver, CP-indiiced nodule (Reddy), and RH nodule (Solt-Farber). In this figure
polypeptides were separated in the first dimension under nonequilibrium conditions (6000 V-h) as described in "Materials and Methods." Due to the inaccuracies

associated with determining pH gradients formed in gels under nonequilibrium isoelectric focusing conditions, no attempt was made to determine apparent pi valuesof the individual polypeptides. In this figure the acidic end of the pH gradient is on the left. The positions of PPA-80 and an addition ( "P-associated polypeptide have

been indicated. Samples were applied at the anode (acidic end) and focused toward the cathode (basic end).
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