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ABSTRACT

The expressions of albumin and a-fetoprotein (AFP) genes were
studied in early preneoplastic liver lesions produced by the Solt-Farber
protocol using "in sita" hybridization with single stranded RNA probes.

In normal rat liver, albumin was expressed at a lower level in the
centrilobular than in the periportal areas of the liver acinus, whereas the
bile duct epithelium did not show any expression. Five weeks after
initiation with diethylnitrosamine, islands of hepatocytes were present
which showed heterogenous expression of albumin and were surrounded
by cells comprised of albumin negative hepatocytes and oval cells. T-

Glutamyltranspeptidase positive foci of enzyme altered cells were located
in albumin positive areas. Albumin expression gradually decreased in
permanent nodules but increased in the hepatocytes outside the nodules
during the first five months after initiation with diethylnitrosamine.
Remodeling nodules, which were partly 7-glutamyltranspeptidase and

albumin positive, were also present. However, no consistent correlation
was found between â€¢Y-glutamyltranspeptidase positive and albumin neg

ative areas during the first 5 months after initiation. Occasionally, cells
showing an elevated expression of albumin were found in permanent
nodules. These cells were located in the vicinity of oval type cells, which
also showed a weak expression of albumin. AFP was expressed at high
level in oval cells 5 weeks after the initiation. However, oval cells observed
at later time points, either around the neoplastic nodules or inside the
nodules showed only low expression of AFP. Hepatocytes in the enzyme-

altered foci and in neoplastic nodules were always negative for AFP. The
presence of strongly albumin positive cells inside the neoplastic nodules
in close proximity to oval type cells suggests that these cells may be
derived from primitive "stem-ceH"-like oval cells.

INTRODUCTION

A great deal has been learned about the phenotypic modula
tions of hepatocytes during chemical hepatocarcinogenesis us
ing traditional histochemical, immunohistochemical, and mor
phometric methods (1-10). However, the critical events in the
sequential process beginning with initiation of hepatocytes by
chemical carcinogens and proceeding via phenotypes character
ized by enzyme-altered foci, hepatic nodules, and hepatocellular
carcinomas are undefined. Nevertheless, the frequently ob
served expansion of fetal phenotypes and either a total or partial
loss of differentiated hepatocellular functions has led to a
number of theories concerning the events occurring during the
neoplastic transformation. These include dedifferentiation dur
ing transformation of adult hepatocytes to some fetal like
phenotypes (11-12), partial or total block of ontogeny (13),
redifferentiation of a majority of "initiated" hepatocytes into

fully differentiated functional cells with the exception of a small
subset that progresses into primary hepatocellular carcinoma
(14), and bile epithelium derived nonparenchymal cells as alter
native target cells in hepatocarcinogenesis (15).

In order to examine the possible role of blocked cellular
differentiation in the early steps of chemical hepatocarcinogen
esis, we have used the technique of "IB situ" hybridization to
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determine the expression of the albumin and AFP2 genes in
preneoplastic liver lesions produced by the Solt-Farber method
(16). The in situ hybridization technique permits an estimation
of steady state mRNA levels within single cells in tissue sections
in addition to classical histochemical and morphological eval
uations of these sections. Consequently, a critical evaluation of
selective gene expression in putative preneoplastic cell popula
tions that characterize the early steps of chemical hepatocarci
nogenesis can be realized. Since these early preneoplastic le
sions are characterized by both the appearance of altered hep
atocytes and the emergence of oval cells, we have addressed two
questions: (u) what is the pattern of albumin gene expression
in these early foci and nodules of altered hepatocytes, and (b)
does AFP gene expression in oval cells change during the early
stages of hepatocarcinogenesis.

We observed that albumin expression is heterogenous in early
preneoplastic GGT positive lesions and later these lesions either
lack albumin mRNA or become homogenous for albumin
expression and simultaneously lose their positive staining for
GGT. The expression of AFP was highest in the early oval cell
population that emerges 4 to 6 weeks after the initiation. At
later time points AFP expression was decreased in the oval
cells, and 2 to 3 months after initiation no significant expression
of AFP was observed. No AFP expression was detected in
either enzyme-altered foci or early hepatic nodules.

MATERIALS AND METHODS

HepatocarcinogenesisModel. The Solt-Farber method was used for
the induction of preneoplastic changes in male Fischer rats (ISO g)
(16). This method includes i.p. administration of DEN (200 mg/kg
body weight) for initiation and partial hepatectomy combined with
administration of 2-AAF (0.02%) for selectivepromotion of growth of
initiated cells. We administered 2-AAF by gavage (dose, 1 mg/day) for
2 weeks. This dose may be less than that given in the original Solt-
Farber method. However, a prominent oval cell proliferation was
present shortly after the administration of 2-AAF.

Histological Methods. Frozen sections were used for staining with
hematoxylin and eosin and for histochemical demonstration of GGT.
GGT staining was done according to the method of Rutenberg et al.
(17).

In Situ Hybridization.The method used for in situ hybridization was
a slight modification of those described by Haase et al. (18), Hafen et
al. (19), Brigati et al. (20) and Shivers et al. (21). Liver samples were
frozen in liquid from freon at -50"C and cryostat sections (10 urn

thick) were mounted on gelatin/chromalum treated slides. The slides
were then kept on a slide warmer at 50Â°Cfor 2 min and air-dried at

room temperature for 1 h. Thereafter the samples were fixed in freshly
prepared paraformaldehyde (4% in 0.3 N NaOH in PBS, pH between
7 and 8) for 20 min. The slides were rinsed in 3x and 1x PBS and
dehydrated stepwisein ethanols and stored at -20'C for up to 2 months.

PrehybridizationTreatments. Slides were rehydrated in ethanols and
proteins denatured in 0.2 N HCI for 20 min at room temperature. The
slides were then rinsed in water and submerged in 2x SSC prewarmed
to 70*Cfor 30 min. After a short rinse in distilled water the slides were

2The abbreviations used are: AFP, a-fetoprotein; 2-AAF, 2-acetylaminofluo-
rene; DEN, diethylnitrosamine; GGT, -y-glutamyltranspeptidase; PBS, phosphate
buffered saline; SSC, standard saline citrate (0.3 M NaCI-0.03 M sodium citrate,
PH 7.2).
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treated for 10 min at 37'C with Pronase (Calbiochem from Behring

Diagnostics, La .lolla, Ã‡A)at a final concentration of 100 ^g/ml in 50
mM Tris-HCl, pH 7.5/5 mM EDTA. Enzyme digestion was stopped
with glycine (2 mg/ml in PBS). The slides were then rinsed twice with
PBS and postfixed in 4% paraformaldehyde for 20 min. After postfix
ation they were rinsed twice in PBS and dehydrated in ethanols.
Prehybridization (2 h) and hybridization (24 h) were performed as
described by Shivers et al. (21) using 3H-labeled riboprobes.

RNase Treatment and Washing. After hybridization the slides were
washed twice with 2x SSC, air-dried, and treated with heat-denatured
RNase A (Sigma Chemical Company, St. Louis, MO) 20 ^g/ml at 37Â°C

in humidified plastic boxes on a slide warmer for 30 min. Slides were
then washed with 2x SSC for 12 h and O.Sx SSC with two changes
over a 24-h period at room temperature.

Autoradiography. After washing, the slides were dehydrated tirsi with
70% ethanol/0.3 M ammonium acetate and then in 95% ethanol/0.3 M
ammonium acetate. The air-dried slides were immersed in Kodak NTB-
2 emulsion diluted 1:1 with 0.6 M ammonium acetate at 45Â°Cand air-

dried in the dark for 1 h. The slides were kept in dry light protected
boxes for 3 weeks at 4Â°C.The slides were then developed in Kodak D-

19 developer for 4 min, submersed in water for 30 s, and fixed in Kodak
fixer; they were counterstained with hematoxylin and eosin.

Synthesis of RNA Probes. pGEM2 vector (Promega Biotec, Madison,
WI) which contains two RNA promoters, SP6 and T7, and multiple
cloning sites, was used for production of riboprobes. To prepare the
template a 0.51-kilobase fragment of pRSA57 containing the 5' and

middle portion of rat albumin gene and a 0.52-kilobase fragment of
pRAF65 containing the 3' and middle portion of rat AFP gene were

excised by restriction endonuclease digestion at bordering Pstl sites.
These sequences were inserted by cohesion and ligation at the Pst\ site
of pGEM2 and the recombinants were used to transform Escherichia
coli HB101. Plasmid DNA was isolated from detergent lysates by the
method of Maniatis et al. (22).

Transcription of RNA Probes. RNA riboprobes were transcribed from
the pGEM2 vector containing either albumin or AFP inserts. Linear
ized plasmids were prepared by digestion with ///ndlll for SP6 pro
moter or Sail for T7 promoter. RNA was transcribed using T7 and
SP6 polymerases and 80 nCi [3H]UTP (specific activity, 42 Ci/mmol;

New England Nuclear) and l g template DNA. For primer extension,
'H labeling was carried out as described by Feinberg and Vogelstein

(23). At the end of the reaction the template was removed with DNase
and the enzymes were removed with phenohchloroform extraction
followed by chloroform extraction. Twenty tig of yeast tRNA were
added and the samples were run over P-30 gel columns (Bio-Rad,
Bethesda, MD) using Tris/EDTA buffer (10 and 0.1 mM, respectively)
to remove unreacted [3H]UTP. The specific activity of the tritium
labeled RNA probes varied from 6 x IO7 to 3 x 10* dpm/Mg. For

Northern blotting both sense and antisense riboprobes were labeled
with 32Pusing the riboprobe transcription system.

RNA Isolation and Northern Blot Analysis. RNA was isolated from
normal rat liver and from the rat hepatoma cell line, McA-RH-7777,
with guanidine thiocyanate as described by Schweizer and Goerttler
(24). Polyadenylic acid RNA enrichment was performed using oligo-
deoxythymidylic acid-cellulose chromatography (25). Polyadenylic
acid-enriched RNA (2 to 10 Â¿tg/lane)was applied to 1.0% agarose gel
containing 2.2 M formaldehyde. Electrophoresis and transfer of RNA
to nitrocellulose and prehybridization were performed as described by
Heilman et al. (26). The nitrocellulose filters were then hybridized both
with antisense and sense riboprobes prepared in the pGEM2 system
using 32P-labeled cytosine-triphosphate. Buffer for hybridization and

posthybridization washes for RNA blots were done as described earlier
(27). For autoradiography, the blots were exposed to Kodak XAR-5
film at â€”70Â°Cin the presence of an intensifying screen.

RESULTS

Northern Blotting. The use of single-stranded RNA probes
has significantly increased the sensitivity and specificity of
hybridization on Northern blots as well as in situ (28). When
RNA was prepared from the normal liver for hybridization on

nitrocellulose paper and hybridized with either antisense or
sense riboprobes, only the antisense riboprobe showed positive
hybridization (Fig. \A). Similar results were obtained when
AFP riboprobes were hybridized with RNA obtained from AFP
positive McA-RH-7777 cells (Fig. \B).

Histology. Five weeks after initiation with DEN the liver
lobule showed GGT-positive enzyme-altered foci. Hepatocytes
in these foci were either acidophilic or basophilic and the
presence of lipids was frequently observed. The hepatocytes
were arranged in plates of two or more cell thicknesses. The
nuclei had a prominent nucleoli and chromatin was arranged
at the nuclear borders. In the areas surrounding the enzyme-
altered foci the normal trabecular arrangement of the hepato
cytes was disrupted by the prominent proliferation of GGT-
positive oval cells. The cells formed a track of small basophilic
cells with oval nuclei between the periportal zones and thus
divided the liver lobules into areas of hepatocytes surrounded
by oval cells (Fig. 2). Two to three months after initiation,
neoplastic nodules were present compressing the surrounding
hepatocytes. Cells inside the nodules were irregular in size and
showed acidophilic or basophilic staining. The nodules were
frequently surrounded by oval types of cells. Occasionally, oval
cells were seen inside the nodules as well (Fig. 3). GGT staining
of the nodules showed two patterns: some nodules stained
uniformly, whereas in others, irregularities in GGT staining
were evident. Hepatocytes surrounding these nodules were
mostly arranged in normal trabecular structures. However, the
oval cell tracks, radiating from the periportal areas, were still
clearly visible. The morphological picture was very similar at 5
months after the initiation to that observed after 2 months.
However, macroscopically the nodules were larger and appeared
either as light gray or as liver-like nodules.
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Fig. 1. .I. bottom, polyadenylic acid RNA (2 Â«Â¿g)from rat liver sample frac
tionated on a denaturing formaldehyde gel and stained with ethidium bromide.
RNA ladder from Bethesda Research Laboratories was used to establish the RNA
size. Top, RNA from formaldehyde gel transferred to nitrocellulose and hybridizedto a ''I' labeled sense (Lanes I and 2) and antisense (Lanes 3 and 4) albumin
riboprobe (see under "Materials and Methods"). li, bottom, polyadenylic acid
RNA (10 Mg)from McA-RH-7777 cells, fractionated on a denaturing formalde
hyde gel and stained with ethidium bromide. Top, RNA from formaldehyde geltransferred to nitrocellulose and hybridized to a 'â€¢'!'labeled sense (Lanes 1 and
2) and antisense (Lanes 3 and 4) AFP riboprobe (see under "Materials and
Methods"). Kb, kilobase.
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Fig. 2. GGT staining of liver 5 weeks after initiation. The normal arrangement
of hepatocytes is disrupted by a prominent proliferation of GGT-positive oval
type cells (short arrows) which intermingle with hepatocytes and divide the liver
acinus into rounded islands of GGT-posilive (long arrows) or -negative hepato
cytes. Bar, 300 Â»m;x 30.

Fig. 3. Hepatic nodule 2 months after initiation fixed with Bouin's fixative

and stained with hematoxylin and eosin. Note the presence of basophilic oval
type cells (short arrows) in addition to larger basophilic cells (long arrows). Bar,
30 Â»im;x 300.

Fig. 4. Normal distribution of albumin expression in liver acinus. Note the
low expression of albumin mKNA in centrilobular areas of liver acinus. Bar, 120
firn; x 75. Inset, x 300.

EflBHMS^**.1

Fig. 5. High expression of albumin in periportal hepatocytes whereas bile duct
cells, which show a prominent proliferation, do not express albumin. Bar, 120
jim; x 75.

Fig. 6. Liver section 5 weeks after initiation. Albumin-expressing hepatocytes
are present as rounded areas surrounded by albumin-negative hepatocytes and
oval cells. Bar, 300 um; x 30.

Expression of Albumin and a-Fetoprotein. In normal liver,
albumin was expressed less in centrilobular areas of the liver
acinus than in the periportal areas (Fig. 4), as previously shown
by Schwarz et al. (29). No expression of albumin was observed
in bile ducts as shown in Fig. 5.

The pattern of albumin expression at 5 weeks after initiation
appeared as islands of hepatocytes surrounded by albumin-
negative hepatocytes and oval cells (Fig. 6). Albumin expression
in cells that formed the albumin-positive areas were heteroge-
nous and a number of GGT positive foci coincided with these
areas (Fig. 7). However, these GGT positive foci usually covered
only a portion of albumin-positive areas. In addition to the
heterogeneity of GGT expression as judged by the histochemi-
cal staining in these islands, approximately 75% of the hepa
tocytes were albumin positive. Albumin expression was not
detected in the areas which corresponded to the tracks of oval
cells intermingling with hepatocytes (Fig. 7b). At the early time
points (5 to 6 weeks after initiation), oval type cells were
strongly AFP positive (Fig. 8), whereas GGT-positive foci were
always AFP negative (data not shown).

Albumin expression in the early neoplastic nodules occurring
2 months after initiation was decreased as compared to normal
liver. Approximately 25% of the cells showed a detectable
expression of albumin (Fig. 9). The level of albumin mRNA in
hepatocytes surrounding the nodules, in which albumin was
previously less expressed, had in most instances returned to the
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Fig. 7. Serial sections 5 weeks after initiation. GGT-positive enzyme-altered focus (a) is present on a larger albumin-positive area (e), which is heterogenous in
relation to albumin expression. Bar. 120 urn; x 75. Insel, x 300.

Fig. 8. Expression of AFP in oval cells S weeks after initiation with DEN and
1 week after stopping administration of 2-AAF. Bar, 30 pm; x 300.
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Fig. 9. Neoplastic nodule 2 months after the initiation. Approximately 25%
of the hepatocytes show a normal expression of albumin. In the surrounding
hepatocytes, albumin expression has returned to normal. Bar, 60 jjm; x 150.

control level (Fig. 9). The oval type cells, present at 2 months
after the initiation, showed only a slight expression of AFP and
the nodular hepatocytes were entirely negative (data not shown).

Five months after initiation the majority of the hepatocytes
inside the neoplastic nodules showed low levels of albumin
expression. However, groups of highly albumin-positive hepa
tocytes were observed inside the nodules (Fig. 10). These hep-

atocytes appeared to be in close contact with oval type cells
which occasionally showed albumin expression. Low levels of
AFP expression were seen in oval types of cells both surround
ing and inside the nodule (data not shown).

Relationship between GGT and Albumin Expression. In the
early enzyme-altered foci which showed some heterogeneity in
GGT staining, albumin expression also varied from cell to cell
(Fig. 7). Two to five months after initiation, the majority of the
hepatocytes expressed only low levels of albumin in GGT-
positive neoplastic nodules. In the remodeling nodules, which
were partly GGT positive and partly GGT negative, albumin
was unevenly expressed (Fig. 11). However, no consistent cor
relation was found between the GGT positive and albumin
negative areas, during the first five months after initiation.

DISCUSSION

Treatment of animals according to the Solt-Farber protocol
produces a number of preneoplastic foci and neoplastic nodules
within a few weeks after initiation (30, 31). In addition, differ
entiation of the majority of the carcinogen-induced altered
hepatocytes toward apparently fully functional cells takes place
during the early phase of this regimen, despite the irreversible
nature of some of the cellular changes that occur during initia
tion (32). According to Farber (33) this protocol produces the
appearance of a synchronous preneoplastic hepatocyte popula
tion. We have used the in situ hybridization technique to
determine the expression of albumin and AFP in the early
preneoplastic lesions produced by this protocol. We have dem
onstrated that islands of hepatocytes showing heterogenous
expression of albumin, exists shortly after initiation, and that
GGT-positive foci were located in albumin-positive areas. A
subset of the hepatocytes, comprising enzyme-altered foci and
later the neoplastic nodules, gradually lose the ability to main
tain albumin production, whereas hepatocytes outside the en
zyme-altered foci and nodules, which initially were unable to
synthesize albumin, regained this ability. Furthermore, a new
population of cells appeared inside the permanent nodules,
which showed a strong albumin expression. The expression of
AFP, which was prominent in the early appearing, strongly
basophilic oval cells, was insignificant in the oval type cells at
the later time points.

Albumin Expression. One important function of the fully
differentiated hepatocyte is the production of albumin. During
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Fig. 10. Neoplastic nodule S months after initiation. Oval type cells are labeled with short arrows and albumin expressing hepatocytes with long arrows. The nodule
is surrounded by oval type cells intermingling with strongly albumin expressing hepatocytes (a). Groups of highly albumin-expressing hepatocytes are also present
inside the nodule in close proximity with oval type cells, some of which are also slightly albumin positive (a and M. Bar, 30 Â«m: x 300.

Fig. 11. High magnification of serial sec
tions from a remodeling nodule stained for
GGT (a) or hybridized for albumin expression
(ft). No consistent correlation between the
GGT negative- and albumin-expressing hepa
tocytes were observed. Bar, 60 /im; x 150.
Insel, x 300.

the embryonic state hepatocytes gradually lose their ability to
produce AFP and increase their production of albumin (34-
38). A few days after the birth, albumin production by the
hepatocytes is at the adult level, whereas production of AFP
decreases. Thus the expression of albumin can be used as a
marker for differentiation, whereas lack of albumin expression
may suggest a disturbance in the differentiation pathway. Our
study on albumin expression in normal liver agrees with that
observed by other investigators (29,39-41) showing a decreased
amount of albumin mRNA in the centrilobular areas (Fig. 4)
of the liver acinus. The lack of albumin expression by a large
proportion of hepatocytes following the Solt-Farber protocol
(Fig. 6) indicates a temporary and reversible disturbance in
albumin expression possibly due to a toxic effect of 2-AAF.
However, hepatocytes in early enzyme-altered foci, which are
regarded as monoclonal in origin, are heterogenous with regard
to albumin expression (Fig. 70). This observed heterogeneity

indicates that some of the early initiated hepatocytes have lost
their capacity to differentiate and maintain normal albumin
expression. An alternative explanation for the heterogeneity is
that albumin synthesis is impaired or reduced in old "non-
initiated" hepatocytes, whereas new hepatocytes, possibly de

rived from the oval cells, have a high capacity to synthesize
albumin. The lack or decrease of albumin expression in the so-
called permanent nodules may then represent de-differentiation

or phenotypic changes of these initiated cells during progres
sion. These data agree with the findings of Schwarz et al. (29),
who demonstrated a significant decrease in albumin expression
in the late preneoplastic lesions produced by initiation with
DEN after partial hepatectomy and promotion with phÃ©nobar
bital. However, in their study, the level of albumin mRNA was
found to be unchanged or only slightly reduced in small pre
neoplastic foci. This is in apparent contrast with the clear
heterogeneity of albumin expression that we observed in the
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early enzyme-altered foci (Fig. Ib). It is probable that the use
of different protocols for generating the liver lesions as well as
the use of 3H-labeled riboprobes in the present study, which
provides a higher resolution and sensitivity than 35S-labeled

complementary DNA probes used by Schwarz et al. (29), may
account for this difference. Nevertheless, the heterogeneity of
albumin expression in these early lesions raises an intriguing
question concerning the monoclonal origin of these preneo-

plastic liver cells.
Expression of a-Fetoprotein. The Solt-Farber protocol pro

duces a prominent proliferation of oval cells. The fate and
function of this cell population in chemical hepatocarcinogen-
esis is unclear. Transformation of oval cells to so-called tran
sitional cells, which express a hepatocyte-like phenotype, has
been demonstrated in azo-dye-induced hepatocarcinogenesis
(42). The expression of AFP is prominent in oval cells occurring
soon after stopping the administration of 2-AAF (Fig. 8), but
gradually decreases, and is insignificant in oval cells associated
with later neoplastic lesions. Hepatocytes in enzyme-altered
foci and in early neoplastic nodules do not express AFP. How
ever, several studies have demonstrated an increased level of
AFP in hepatocellular carcinomas and in serum after DEN-
induced hepatocarcinogenesis (34-36, 43, 44). Therefore the
expression of AFP by neoplastic cells in the Solt-Farber pro
tocol appears to be a late phenomenon possibly occurring
during the progression stage of hepatocarcinogenesis.

Relationship of Oval Cells to the Albumin-expressing Neo
plastic Cells. The appearance of strongly albumin-positive hep-
atocytes inside the neoplastic nodules 5 months after the initi
ation raises a question concerning the origin of these cells.
Specifically, are these cells derived from hepatocytes which
have regained their ability to differentiate and synthesize albu
min, or are they possibly derived from multipotent oval type
cells which seem to be in the close vicinity of these albumin
positive cells and occasionally showed a slight expression of
albumin? It is known that albumin mRNA is expressed at a
high level in neoplastic lesions produced by 4-dimethylamino-
azobenzene and by ethionine in a choline deficient diet (29, 45).
The data in the present study suggest that at least some of the
hepatocytes in the neoplastic nodules may be derived from
more primitive oval type cells as suggested by others (15, 46-

48).
Relationship between GCT Staining and Albumin Expression.

Histochemical staining for GGT does not reveal to the same
extent as does in situ hybridization the expression of specific
genes in individual cells. Heterogeneity in albumin expression
is quite evident in early GGT-positive enzyme-altered foci, but
how this heterogeneity is related to the possible heterogeneity
in GGT expression is impossible to resolve without comparing
in situ hybridization with a GGT probe with that of albumin.
Hepatocytes in so-called permanent nodules, which were GGT
positive, showed the least expression of albumin, whereas in
the remodeling nodules albumin expression gradually returned
to the normal level. However, the GGT-negative and albumin-
positive areas were not necessarily superimposable (Fig. 11).
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