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ABSTRACT

Although proliferation of small ductular-like cells, designated oval

cells, is often observed during the early stages of chemically induced
hepatocarcinogenesis, their role during the carcinogenic process remains
controversial. To investigate the possibility that oval cells may give rise
to preneoplastic lesions that ultimately progress to hepatocellular carci
nomas, we have carried out phenotypic analysis with a panel of monoclo
nal antibodies to determine if there is an antigenic relationship between
oval cells and hepatic foci, nodules, and tumors induced by the resistant
hepatocyte model system. In this model, rats are given a single dose (200
mg/kg) of diethylnitrosamine, followed by a brief exposure to 2-acetyl-

aminofluorene and a partial hepatectomy. We found that approximately
10% of the early focal lesions observed 28 days after diethylnitrosamine
expressed either one or both of the oval cell antigens designated OC.2
and OV-fi. By 28 weeks after diethylnitrosamine, 16 of 16 hepatic nodules
heterogeneously expressed OV-6 whereas 5-10% of the persistent nod
ules contained scattered small hepatocyte-like cells that expressed OC.2.
Examination of resistant hepatocyte-induced primary hepatocellular car

cinomas with an expanded panel of monoclonal antibodies demonstrated
that most cells comprising 29 of 29 tumors expressed OV-6 and that 15-
20% of the OV-6-positive tumors contained subpopulations of cells also
expressing 3 additional oval cell antigens, OC.2, OC.3, and OV-I. All of

the tumors examined expressed normal levels of the hepatocyte antigens,
H.I and HBD.l, and had dramatically reduced levels of H.2, H.4, and
cell CAM 105 but showed elevated levels of the transferrin receptor, -y-

glutamyltranspeptidase, and the normal hepatocyte antigen, H.5. In
conclusion, our findings demonstrate an antigenic relationship between
oval cells and a subpopulation of hepatic foci, nodules, and tumors in the
resistant hepatocyte model, suggesting that at least some primary tumors
may be derived from oval cells in this model system.

INTRODUCTION

Although there is evidence in several epithelial models that
stem cells are the target of a variety of cancer-causing agents,
in the liver the identity or even the existence of hepatic stem
cells and their role in the carcinogenic process remain contro
versial. Indirect evidence favors cells of the terminal biliary
duct as hepatocytic stem cells (1-3). However, cells of the
terminal biliary ductules are not activated during the regenera
tive process following partial hepatectomy (4) and thus fail to
show a response common to stem cells from other epithelial
tissues. There is, on the other hand, a marked proliferation of
small ductular-like cells, designated oval cells, following expo
sure to a number of different hepatocarcinogens (5-9). Recent
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studies indicate that the morphologically defined oval cell pop
ulation is heterogeneous and contains cells which have the
capacity to develop along either biliary duct or hepatocyte
lineages (6, 10-17). Oval cells have also been shown to have a
natural resistance to the cytotoxic effect of chemical carcino
gens (18). Taken together, these observations have led to the
suggestion that oval cells may be facultative stem cells that
proliferate when cytotoxic effects prevent tissue renewal by
normal processes involving proliferation of existing hepatocytes
(D.

That oval cells can give rise to hepatic tumors has been
suggested by evidence showing that both oval cells and primary
hepatic tumors synthesize a-fetoprotein (19). Also, it has been
observed that oval cells transformed in culture with chemical
carcinogens (20, 21) or by transfection with raj" (22) form

tumors in vivo comprised of cells with phenotypic features
associated with an hepatocellular origin. However, other inves
tigators have argued that oval cells are not essential to the
hepatocarcinogenic process, with most favoring the view that
the earliest precursor cell population is comprised of initiated
hepatocytes which are resistant to the cytotoxic and mitoinhi-
bitory effects generated by exposure to chemical carcinogens
(23-25). The selective expansion of these initiated cells pro

duces focal lesions, some of which progress into hepatocellular
carcinomas (26).

Which of these pathways is operative in hepatocarcinogenesis
may be dependent on the carcinogen, the mode of treatment,
and the strain of rat. For example, in azo dye-induced carcino-
genesis, morphological, immunocytochemical, histochemical,
and autoradiographic analyses suggest that oval cells are in
volved in the carcinogenic process (6, 10, 13). Moreover, oval
cells also appear to be a target population during the induction
of carcinogenesis by the CDE3 protocol (16). Indeed, Braun et

al. (22) have recently shown that a propagatale ovai cell line
derived from rats maintained on a CDE diet for 6 weeks can
form well differentiated hepatocellular carcinomas when trans-
fected with an activated ras oncogene and injected into nude
mice. On the other hand, in the resistant hepatocyte model (25,
26), primary hepatic tumors are thought to arise in a progressive
manner from focal areas of enzyme-altered hepatocytes since
the initiating agent is administered prior to the appearance of
recognizable oval cells. In this model system, most of the early
enzyme-altered focal lesions remodel to resemble the normal
surrounding parenchyma within 4-6 months after initiation
(27) whereas a small percentage of the putative preneoplastic
foci form the persistent nodules from which carcinomas are
thought to arise (26).

' The abbreviations used are: CDE, choline-deficient diet containing ethionine;
2-AAF, 2-acetylaminofluorene; DENA, diethylnitrosamine; GGT, >-glutamyl-
transpeptidase; HF, hepatic foci; HN, hepatic nodules; PHC, primary hepatocel
lular carcinomas; MAbs, monoclonal antibodies; RH, resistant hepatocyte; TfR,
transferrin receptor.
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CELL LINEAGE STUDIES DURING HEPATOCARCINOGENESIS

At the present time events which determine the biological
potential of chemically altered cells during hepatocarcinogene-
sis are largely unknown. In our laboratories, we are examining
the possibility that at least one of the critical determinants of
the neoplastic phenotype may be the cellular origin of the
initiated cell. In this investigation, we have used a panel of
MAbs which define antigens on normal hepatocytes, oval cells
and/or transplantable hepatocellular carcinomas (12, 28-32) to
phenotypically characterize presumptive preneoplastic hepatic
foci and nodules and primary hepatocellular carcinomas in
duced by the resistant hepatocyte model system. The goal of
this study was to determine if an antigenic relationship exists
between oval cells and early lesions and/or tumors during the
neoplastic process.

MATERIALS AND METHODS

Animals. Male F-344 rats (150-175 g), purchased from HarÃan
Sprague-Dawley, Inc. (Indianapolis, IN), were housed in Thoren caging
systems containing hardwood shavings and fitted with stainless steel
floors, lids, and filter bonnets. Rats were acclimated for 10-14 days in
a room with controlled temperature and 12-h photoperiodic cycle before
being placed on the experimental protocol. Rats were fed the purified
Basal 101 diet (Dyets, Inc., Bethlehem, PA) throughout the study. The
NIH Guidelines for the Care and Use of Laboratory Animals were
followed in this investigation.

Experimental Protocol. A modified resistant hepatocyte model (25)
was used to generate hepatic foci, nodules, and tumors in male F-344
rats. Rats (175-200 g) were given a single i.p. injection of DENA (200
mg/kg). Fourteen days later, the selective proliferation of initiated
hepatocytes was accomplished by implanting into the peritoneal cavity
a pellet releasing 2.5 mg of 2-AAF per day for 14 days (Innovative
Research of America, Gaithersburg, MD). Seven days after implanta
tion of pellets, rats were given a two-thirds partial hepatectomy (33).
Six to 10 rats were killed at 4, 5,12, 28, and 48-52 weeks after DENA.

Monoclonal Antibodies. Table 1 lists the MAbs employed in the
present investigation. In order to facilitate discussion, MAbs were
named according to their predominant reactivity in adult rat liver (Table

Table I Description of MAb-defined reactive antigens on adult rat liver

MAb"Hepatocyte

antigens
236.4
258.26
362.50/5.4'

368.7
374.8Oval

cell (bile duct) antigens
270.38
374.3
OV-1
OV-6MAb/antigen*H.1H.2

Cell CAM 105
H.4
H.5OC.2

OC.3
OV-1
OV-6M,'115,000/110,000

50,000
105,000

ND
46,000kDND

ND
ND
NDRef.t12

35/1231,32

31,32

Shared antigens (hepatocyte/
bile duct)

236.3

270.26
258.34

282.16

Neoplastic antigens
188.A2

105,000 29Dipeptidyl peptidase IV
(DPP IV)

HBD.l
Epithelial marker

(Ep.l)
Desmoplakin I (DP 1) 230,000-240,000 36

46,000
ND

Transferrin receptor
(TfR)

95,000 30,34

" MAb designation used in previous publications.
6 New designation for MAb/antigen based on predominant reactivity in adult

rat liver.
c ND, not determined.
d Unpublished observation.
' MAb 5.4 is a new antibody that recognizes cell CAM 105.
â€¢¿�^Characterizationof MAb presented in this paper.

1). Production and characterization of MAbs OC.2, H.2, OV-1, etc.,
have been described previously (12, 29-32, 34-36). In addition, we

have produced three new MAbs, H.4, H.5, and OC.3, using spleen cells
from mice immunized with a nonparenchymal cell fraction enriched
for oval cells isolated from rats fed a CDE diet for 6 weeks (12). Mice
were given i.p. injections at weekly intervals of 1 x IO7nonparenchymal
cells suspended in 100 n\ of mouse anti-normal rat hepatocyte anti-
serum. Four days following the sixth injection, which was administered
i.V., spleen cells were harvested and fused with 8653 myeloma cells as
described previously (12). Hybridomas showing growth in selective
medium were screened by indirect immunofluorescence analysis on
frozen sections of livers from rats maintained on the CDE diet for 6
weeks. Three hybridomas producing MAbs with selective reactivity for
oval cells and biliary epithelium (MAb OC.3) or normal hepatocytes
(MAbs H.4 and H.5) were chosen and cloned 3 times by limiting
dilution. Further characterization of these MAbs is described in "Re
sults."

Immunochemical Analysis. Cytoplasmic antigens designated H.2,
H.5, and HBD.l were immunoprecipitated from extracts of hepatocytes
biosynthetically labeled with [35S]methionine. Hepatocytes (1.5 x IO6)
isolated from normal adult male ACI rats (175-200 g) by collagenase
perfusion (12) were suspended in 2.0 ml CEM 2000 media (Scott
Laboratories, West Warwick, RI) containing 10% fetal calf serum
(Armour Pharmaceuticals, Tarrytown, NY) and 50 ng/ml gentamicin
(GIBCO Laboratories, Grand Island, NY) and plated at 37Â°Con 35-

mm tissue culture dishes precoated with rat tail collagen (37). After 2
h, attached cells were washed three times and refed with methionine-
deficient media. One h later, 1 mCi of [35S]methionine (Amersham

Corp., Arlington Heights, IL) was added to the dish. Cultures main
tained at 37Â°Cfor 24 h were washed three times in cold Dulbecco's

phosphate-buffered saline and extracted in lysis buffer (10 mM Tris,
pH 8.0; 140 mM NaCl; 0.5% Nonidet P-40). Detergent extracts were
immunoprecipitated with MAbs H.2, H.5, and HBD.l as described
previously (38). One dimensional sodium dodecyl sulfate-polyacryl-
amide gels were run according to the method of Laemmli (39).

Tissue Section Analysis. Tissue samples were frozen in hexane cooled
in a dry ice/acetone bath. Serial frozen sections 4 to 6 urn thick were
mounted, acetone fixed, and stained with MAbs as described previously
(12) using affinity-purified, fluorescein-conjugated goat anti-mouse im-
munoglobulin (Sigma Chemical Co., St. Louis, MO). Nonspecific stain
ing was assessed by examining tissue sections stained with culture
supernatants from P3x63Ag8 myeloma cells. Sections were examined
using a Nikon Microphot FX equipped with epifluorescence and a 35-
mm camera. Sections were photographed with Kodak Plus X film
(EI200) and processed in Diafine developer.

Histochemical analysis of frozen sections for GGT activity was
carried out according to the procedure of Rutenburg et al. (40) using
7-glutamyl-4-methoxy-2-naphthylamide (Vega Biochemicals, Tucson,
AZ) as the substrate. Routine hematoxylin and eosin analysis was
performed on frozen sections fixed in methanol:formaldehyde (40:5)
for 5 min.

RESULTS

Characterization of New MAbs. Indirect immunofluorescence
analysis of normal adult rat tissues using MAbs H.4, H.5, and
OC.3 demonstrated that each MAb showed a distinct pattern
of reactivity (Table 2). In normal liver, MAb H.4 recognized a
well localized cytoplasmic antigen in all hepatocytes whereas
MAb H.5 reacted weakly with a more diffusely localized cyto
plasmic antigen expressed only by centrolobular hepatocytes.
Following exposure to 0.1%phÃ©nobarbitalin the drinking water
for 5 days the H.5 antigen was strongly expressed by hepato
cytes comprising zones 2 and 3 of Rappaport. Both MAbs
reacted with proximal kidney tubules, but in the lung, MAb
H.4 recognized aveolar cells whereas MAb H.5 reacted with
bronchioles. MAb OC.3 which recognizes an oval cell-associ
ated antigen also reacted with normal hepatic bile ducts, pan-
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Table 2 Reactivity ofMAbs H.4, H.5, and OC.3 on normal adult rat tissues

TissueAdrenalBrainHeartKidneyLarge

intestineLiverLungPancreasSmall

intestineStomachThymusTongueMAb

H.4â€”â€”â€”++++

(T)-+++

(H)-(D)++++

(A)-â€”â€”--MAb

OC.3 MAbH.5+++

(Ff++
(F)â€”¿�++++

(F)++
(T) +(T)++++

(G)++++
(F) +(H)++++
(D) -(D)+++

(B) ++(B)++++
(AC, D,I)++++

(G)++++
(G)++++
(F)++++

(F)
" F. foci; A. alveolar cells; AC, acinar cells; B, bronchioles; D. bile ducts or

pancreatic ducts; G, glandular tissue; H, hepatocytes; I, islets of Langerhans; T,
tubules.

A B C D

116K-

95K-

68K-

43 K-

Fig. 1. Immunoprecipitation analysis of normal hepatocyte cytoplasmic anti
gens. Cultured hepatocytes were biosynthetically labeled with ["Slmethionine
and Nonidet P-40 extracts were immunoprecipitated with (Lane A) MAb H.2,
(Lane B) MAb HBD.l, (Lane C) MAb H.5, and (Lane D) Pi, negative control,
as described previously (37). MAbs HBD.l and H.5 recognized antigens with
apparent molecular weights of 46,000 whereas MAb H.2 recognized a M, 50,000
antigen. A', thousands.

creatic acinar and ductal cells (e.g., intralobular, interlobular,
and main pancreatic ducts), as well as a subpopulation of cells
comprising the islets of Langerhans. The OC.3 antigen was
also expressed by the glandular epithelia of stomach, small and
large intestine, as well as the bronchioles of the lung. In several
tissues including liver, adrenal gland, brain, heart, and tongue,
OC.3 was expressed by small scattered clusters of cells which
were almost always associated with infiltrating neutrophils.

Immunochemical Characterization of MAb-defined Antigens.
Fig. 1 shows a comparison of components immunoprecipitated
from extracts of biosynthetically labeled normal hepatocytes
using MAbs H.2, H.5 and HBD.l. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis showed that MAbs
HBD.l and H.5 were both reactive with M, 46,000 peptides
while MAb H.2 immunoprecipitated a M, 50,000 peptide. No
radiolabeled components were immunoprecipitated by MAbs
H.4, OC.2, and OC.3 (data not shown). Attempts to immuno-
precipitate cell surface forms of the antigens recognized by
OC.2 and OC.3 from extracts of radioiodinated oval cells or to
identify reactive antigens by immunoblotting using extracts
prepared from H5D, a S-methyM-dimethylaminoazobenzene-
induced transplantable hepatocellular carcinoma which ex

presses high levels of these oval cell markers, were unsuccessful.
Immunocytochemical Characterization of Oval Cells. Moder

ate oval cell proliferation was observed in frozen liver sections
obtained from rats 28 days after DENA. At this time, oval cells
extending from the portal area and infiltrating into the sur
rounding parenchyma expressed the OC.2, OC.3, OV-1, and
OV-6 antigens and lacked HBD.l (Fig. 2), as well as H.2, H.5
and TfR (not shown).

Phenotypic Analysis of Focal Lesions 28 Days after DENA.
Indirect immunofluorescence analysis of serial frozen tissue
sections obtained from rats 28 days after administration of
DENA revealed 4 phenotypically distinct populations of hepatic
foci (Fig. 3/1). The majority of lesions examined (127 of 146)
were positive for GGT, expressed elevated levels of TfR, and
showed decreased levels of the normal hepatocyte antigen, H.2
(Fig. 4). Analysis with oval cell markers revealed the presence
of subpopulations of foci which were heterogeneously positive
for the oval cell marker OV-6 (5 of 146), uniformly positive for
the oval cell marker OC.2 (11 of 146), or positive for both OV-
6 and OC.2 (1 of 146). All OC.2-positive foci were localized
exclusively near portal areas. A fourth population of foci (3 of
146) was distinguished by elevated levels of TfR, normal levels
of H.2, and an absence of GGT. All foci examined at 28 days
showed elevated levels of H.5; showed normal levels of the
hepatocyte marker, HBD.l; and lacked the oval cell marker
OV-1 (not shown). At this time point, all hepatocytes in the
normal surrounding parenchyma also expressed elevated levels
of H.5 (see below).

Phenotypic Analysis of Focal Lesions 35 Days after DENA.
To determine if the phenotype of the putative preneoplastic
foci observed 28 days after the administration of DENA was
due in part to the secondary exposure to 2-AAF, phenotypic
analysis was carried out on 100 focal lesions present 7 days
after completion of treatment with 2-AAF (i.e., 35 days after
DENA). At this time point, all foci could be identified by the
absence of the normal hepatocyte antigen H.2, by the expression
of GGT, and by elevated levels of the H.5 antigen which by 35
days had greatly decreased on hepatocytes in the surrounding
parenchyma (Fig. 3Ã„).Hepatocytes in foci continued to express
elevated levels of TfR; moreover, by 35 days TfR expression
was also elevated in the surrounding parenchyma. Although no
OC.2-positive foci were observed at this time, 7 of 100 foci
contained hepatocyte-like cells expressing the OV-6 antigen.
Moderate numbers of oval cells expressing both OC.2 and OV-
6 were also observed in close proximity to portal areas.

Resistant Hepatocyte Model System 12 and 28 Weeks after
DENA. At 28 weeks after DENA, all persistent HN examined
(16 of 16 from 6 animals) showed an elevated expression of
GGT and H.5 and lacked H.2 (Fig. 30). Remodeling nodules
continued to show an elevated expression of H.5 and displayed
a level of H.2 expression that was inversely related to GGT
(data not shown). Most HN (12 of 16) showed a heterogeneous
expression of TfR but all nodules examined contained OV-6-
positive hepatocytes, the number of positive cells per nodule
ranging from 5 to 95%. In contrast, only 1 of 16 nodules
contained OC.2-positive hepatocyte-like cells. Scattered oval
cells expressing both OC.2 and OV-6 and arranged in random
arrays or crude duct-like structures were found in and around
several HN but no OV-1-positive cells or HN were observed.

Since all the nodules examined at 28 weeks contained OV-6-
positive cells, frozen sections of liver obtained from 3 rats 12
weeks after DENA were examined to determine if nodules
present at this earlier time point were also expressing OV-6.
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â€¢¿�. \' ..v*-1,: 9*\ .A

Fig. 2. Phenotypic characterization of oval cells induced by the RH protocol 28 days after DENA (24). Indirect immunofluorescence analysis of serial frozen liver
sections with (A) MAb HBD.l, (A) MAb OC.3, (C) M Ab OV-6, (D) M Ab OC.2. and (E) MAb OV-1 showed that bile ducts expressed all MAb-defined antigens
whereas oval cells lacked detectable levels of HBD.l. The apparent decrease in the number of reactive oval cells with MAbsOC.2 and OV-1 was not due to antigenic
heterogeneity but resulted from the gradual loss of oval cells in each succeeding serial section, x 105.

Small hepatocyte-like OV-6-positive cells were observed in 15
of 20 nodules (Fig. 3C). Three OV-6-positive nodules contained
scattered cells expressing detectable levels of TfR. Moreover, 1
of 20 nodules contained cells at the periphery of the nodule,
arranged in an acinar-like pattern, that expressed OC.2, OC.3,
OV-6, and HBD.l (Fig. 5). All HN examined at 12 weeks (20
of 20) expressed GGT, H.5, and HBD.l; lacked H.2; and did
not show detectable levels of OV-1.

Primary Hepatocellular Carcinomas Induced by the Resistant
Hepatocyte Model. PHC were observed in 9 of 10 rats between
48 and 52 weeks following completion of the RH protocol.
These tumors were classified histologically according to previ
ously described criteria (41) as moderated to well-differentiated
hepatocellular carcinomas composed of hepatocytes arranged
in either trabecular (Fig. 7/4) or acinar-like patterns (Fig. IB).
Results from phenotypic analysis of 29 tumors obtained from
9 rats, with an expanded panel of MAbs, are summarized in
Figs. 3E and 6. Although all PHC expressed high levels of
GGT, TfR (Fig. ID and IH), and H.5 and showed decreased
levels of H.2 and H.4, trabecular and acinar-like tumors were
distinguished by differences in the localization and expression
of several antigens. For example, desmoplakin I, a M, 240,000
desmosomal protein defined by MAb DP 1 (36), was distributed
on the inner plasma membrane of all surfaces in trabecular
tumors but was localized primarily on the apical and lateral
surfaces of tumor cells forming acinar-like structures. The
localization and/or expression of two bile canulicular antigens,
cell CAM 105 and dipeptidyl peptidase IV, was also different
on trabecular versus acinar-like tumors. The expression of cell
CAM 105 was almost completely absent on trabecular carci
nomas (Fig. IB) but was weakly expressed on the apical surface
of many tumor cells arranged in acinar-like structures (Fig. IF).
The expression and localization of dipeptidyl peptidase IV were
not significantly altered on trabecular carcinomas (Fig. 1C) but
were highly elevated on the apical and lateral surface of acinar-
like tumors (Fig. IG). The expression of the normal hepatocyte
antigens H.I and HBD.l was not detectably altered on any
PHC. In contrast, the cytoskeletal epithelial antigen, designated
Ep.l, was dramatically increased on acinar-like tumors but was
only occasionally altered on trabecular PHC (data not shown).
All tumors examined showed a fairly uniform expression of the
oval cell antigen, OV-6, whereas a subpopulation of neoplastic
hepatocytes comprising only the acinar-like tumors expressed

OC.2, OC.3, and OV-1 (Fig. 8, B-D), suggesting that the acinar-
like tumors may be derived from persistent nodules containing
cells expressing these oval cell antigens (Fig. 9>A).

DISCUSSION

Current findings suggest that the role of hepatic oval cells
during the carcinogenic process depends upon the experimental
model used to produce liver cancer (15, 16, 23, 24, 42-46). In
the present investigation, we used a panel of MAbs, reactive
with antigens associated with hepatocytes, oval cells, or trans-
plantable hepatocellular carcinomas (see Ref. 47 for review) to
define the antigenic phenotypes of RH-induced oval cells, HF,
HN, and PHC. This model system is particularly well suited
for such studies because it results in a relatively synchronous
appearance of these various chemically altered cell populations
(25). Previous investigations have suggested that most PHC in
the RH model arise from initiated hepatocytes (26). Oval cells
were not considered a likely target population because, for the
most part, they appeared only after initiation with DENA and
subsequent treatment with 2-AAF (26). The possibility exists,
however, that the initiated oval cell progenitors are present in
low numbers after exposure to DENA and become apparent
only following proliferation induced by the cytotoxic environ
ment imposed on the liver by exposure to 2-AAF. This conten
tion is supported by observations made in the present study
showing that 4-8% of the preneoplastic foci at 28 days express
both oval cell (OC.2 and OV-6)- and hepatocyte (HBD.l )-
associated antigens, an antigenic profile consistent with deri
vation from an oval cell progenitor possessing the resistant
phenotype characteristic of initiated hepatocytes. This finding
coupled with the fact that OC.2 and HBD.l are also coex-
pressed by a subpopulation of 12-day fetal liver cells (47)
suggest that the progenitors for these early foci may be a
facultative stem cell previously proposed to be present within
the oval cell compartment (12, 17). The existence of hepatic
stem cells is supported by results from a number of different
laboratories (22, 38, 44-56). Of interest in this regard are the
findings of Braun et al. (22) showing that a ras"-transfected rat
liver epithelial cell line derived from ethionine-induced oval
cells produced tumors in nude mice with histolÃ³gica! features
of poor to well differentiated hepatocellular carcinomas (22).
These investigators subsequently reported that spontaneous
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Fig. 3. Phenotypic comparison of hepatic foci, nodules, and carcinomas in
duced by the RH model system. Indirect immunofluorescence analysis of frozen
liver sections showed that at 28 days after DENA (A), all foci expressed elevated
levels of TfR. A small subpopulation of OV-6+ and OC.2+ foci were also observed
at this time point. By 35 days (B), there was a slight increase in the percentage
of OV-6+ foci but OC.2+ foci were no longer detected. At 12 weeks (C), the
percentage of nodules expressing TfR decreased dramatically while the percentage
of OV-6+ nodules continued to rise. All OV-6+ nodules present at 28 weeks (D)
and all carcinomas at 48-52 weeks (E) contained cells displaying an elevated
expression of TfR. A small subpopulation of nodules and PHC expressing OC.2
(D and Â£)was also observed. Percentages in A-Eare based on the analysis of 146
foci at 28 days, 100 foci at 35 days, 20 nodules at 12 weeks, 16 nodules at 28
weeks, and 29 carcinomas at 48-52 weeks after DENA.

transformation of the cultured epithelial cell line also produced
hepatocellular carcinomas in nude mice (53). More recently,
Goyette et al. (54) reported that clones derived from the ras-
transfected rat liver epithelial cell line produced heterogeneous
tumors showing antigenic and histolÃ³gica!characteristics of

both oval cells and hepatocytes. McMahon et al. (55) have also
presented evidence that clonally derived rat liver epithelial cell
lines, transformed in vitro with aflatoxin BI, give rise to tumors
that express both oval cell and normal hepatocyte antigens.
Moreover, Evarts et al. (50, 51) have recently shown a transfer
of radiolabeled thymidine from oval cells to newly formed
basophilic hepatocytes. These findings strongly suggest that the
heterogeneous oval cell population contains hepatic stem cells
which can give rise to OC.2+ foci following initiation by chem
ical carcinogens.

Dunsford et al. (32) have previously reported that persistent
hepatic nodules induced by the RH regimen contain subpopu
lations of cells expressing OV-6, a cytoskeletal antigen, ex
pressed by bile ducts and oval cells but not by adult hepatocytes.
The OV-6+cells within the nodules included oval cells, atypical
ductal structures, as well as small hepatocyte-like cells. Further,
these investigators demonstrated that most RH-induced PHC
expressed OV-6, suggesting that these tumors were derived
from OV-6+ precursors. In the present study, we found that a
subpopulation of OV-6+ nodules (5-10%) and tumors (20%)
contain hepatocyte-like cells that also express the oval cell-
associated antigens OC.2, OC.3, and/or OV-1. Interestingly,
both the nodular and tumor cells expressing these additional
oval cell-associated antigens were generally arranged in an
acinar-Iike patterns suggesting that these phenotypically im
mature transitional cells play a role in the histogenesis of these
tumors. It should be noted, however, that not all OV-6+ acinar-
like tumors contain cells expressing these antigens, suggesting
that absence of the oval cell-associated antigens, OC.2, OC.3,
and OV-1, may reflect a more advanced stage of antigenic
differentiation. Alternatively, it is possible that expression of
OV-6 by some nodules and PHC may result from inappropriate
expression of this antigen and thus be unrelated to progression
along a lineage from oval cells to PHC. This idea is supported
by the observation that the percentage of OV-6-positive lesions
increases during the neoplastic process (Fig. 3), with all trabec-
ular and acinar-like tumors expressing this antigen.

In the RH model system, most early preneoplastic foci re
model (27) whereas a subpopulation of these lesions is thought
to produce persistent hepatic nodules from which carcinomas
may eventually arise (26). Although the cellular origin of per
sistent nodules is unknown, the detection of oval cells and a
subpopulation of early foci, persistent nodules, and tumors that
contain cells expressing oval cell-associated antigens in the
present study suggest the existence of a precursor product
relationship between oval cells and some PHC. On the basis of
our findings we propose three pathways whereby OC.2+ cell
populations may lead to malignancy. First, since OC.2 appears
much earlier than OV-6 during development of the fetal liver
(day 12 of gestation versus day 16), OC.2+ foci may continue
to differentiate during progression to persistent nodules and in
the process lose OC.2 and gain OV-6. This pathway is suggested
by the observation that (a) at 28 days after DENA, the number
of OC.2+ foci is greater than the number of OV-6+ foci, (b) 1
of 6 OV-6+ foci contained small hepatocyte-like cells express
ing OC.2, and (c) at 35 days after DENA, no OC.2+ foci were
detected but the percentage of OV-6+ foci increased. Such a
stepwise process of differentiation from oval cells to transitional
cells to hepatocytes has been described by a number of investi
gators during azo dye-induced carcinogenesis (6, 10, 13). Sec
ond, most OC.2+ foci may regress, leaving rare lesions contain
ing OC.2-positive cell populations that ultimately progress to
PHC. This scenario would be consistent with numerous studies
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Fig. 4. Phenolypic analysis of prcneoplastic
foci induced by the RH model system. Hematox-
ylin-eosin-stained frozen liver sections obtained
from rats 28 days after DENA contained numer
ous basophilic foci (.11. Histochemical analysis
revealed that the majority of these lesions ex
pressed GGT (B, x 60). Indirect immunofluores-
cence analysis demonstrated that these lesions
lacked H.2 (C) and showed an elevated expression
of TfR (E). A subpopulation of the GGT+ lesions
(10%) uniformly expressed the oval cell-associated
antigen OC.2 (D). A negative control for indirect
immunofluorescence analysis, stained with super
natant obtained from P3x63Ag myeloma cells, is
shown in F. x 40 (A, C-F).

â€¢¿�
Sia^mS&K- Â¿f.;i

Fig. 5. Indirect immunofluorescence analysis
of an hepatic nodule induced by the RH model
system 12 weeks after DENA. As shown by the
histochemical staining for GGT (O). this HN con
tained a subpopulation of cells at the periphery,
forming acinar-like structures, that expressed OV-
6 (A), OC.3 (B), and/or OC.2 (not shown). All
nodular cells expressed HBD. 1 (C). OV-6 was also
expressed by scattered nodular hepatocytes and by
mesothelial cells of Glisson's capsule. Arrows, mar
gin of the nodule where acinar-like structures were
observed, x 140.

showing that only a subpopulation of early enzyme-altered foci
progress to PHC and with the fact that the percentage of OC.2+
PHC was higher than the percentage of OC.2+ foci. Alterna
tively, we would propose that persistent hepatic nodules may
create a microenvironment that allows for the uncontrolled
proliferation and differentiation of oval cells that migrate into
the lesion from the surrounding parenchyma. This idea was
first postulated by Sell et al. (15, 43, 44) and is supported by

the observations that numerous oval cells are located at the
periphery of nodules and that rare HN contained small transi
tion cells arranged in acinar-like arrays at the periphery of the
nodule that expressed OC.2, OC.3, OV-6, and HBD.l.

In this study, we found that RH-induced GGT-positive he

patic foci observed 28 days after DENA expressed elevated
levels of the TfR. At this time point, expression of TfR is most
likely related to proliferation of chemically altered hepatocytes
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PRIMARY HEPATOCELLULAR CARCINOMA

Fig. 6. Summary of phenotypic characteristics of
PHC induced by the RH model system. Twenty-nine
tumors were obtained from 9 rats 48-52 weeks fol
lowing the administration of DENA. All tumors
showed an elevated expression of H.5, OV-6, TfR,
and GGT and a decrease or absence of cell CAM
105, H.2, and H.4. It should be noted that although
tumor cells expressing OC.2, OC.3, and OV.l were
predominantly localized in acinar-like structures,
similar structures were observed in tumors that
lacked these antigens. For comparison, the pheno
type of normal hepatocytes (A7/) is shown in the
right hand column.

3 4567891011:1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 Mi

J Normal level ol antigen expression I I No delectable antigen

1 Altered localization of antigen PVS Increased heterogeneous expression ol antigen

] Decreased expression o! antigen H Highly elevated expression ol antigen

within foci rather than abnormal expression related to the
carcinogenic process. This conclusion is suggested by the ob
servation that 35 days after DENA (i.e., 1 days after discontin
uing exposure to the mitoinhibitory effects of the 2-AAF)
almost all hepatocytes in foci and the normal parenchyma
express elevated levels of TfR. In contrast, elevated expression
of TfR on hepatocytes in RH-induced persistent nodules does
not appear to be strictly associated with cell proliferation since
4 of 16 HN with mitotic figures lacked detectable levels of TfR
(data not shown). Moreover, in contrast to the early preneo-
plastic lesions, indirect immunofluorescence analysis suggested
that TfR predominantly accumulates in the cytoplasm of cells
comprising HN and PHC, an observation in agreement with
the findings of Eriksson et al. (57). Although the biological
significance of this observation is unknown, the fact that almost
all cells comprising PHC expressed elevated levels of TfR
suggests that this alteration occurs late during the neoplastic
process and thus may be useful as a tumor marker.

In this investigation, we followed the expression of three
normal hepatocyte antigens, H.2, H.5, and HBD.l, during the
neoplastic process. All HF, HN, and PHC induced by the RH
protocol showed either a decrease or absence of the M, 50,000
H.2 antigen. In contrast, H.5, a M, 46,000 cytoplasmic protein,
was elevated on all HF, HN, and PHC whereas the expression
of HBD.l, a M, 46,000 cytoplasmic protein, was not signifi
cantly altered during the neoplastic process. We also observed
a profound decrease in the expression of cell CAM 105 and
H.4 on many PHC. Since we have previously found that many
PHC and transplantable hepatocellular carcinomas lack detect
able levels of cell CAM 105 (35), this observation suggests that
loss of this cell adhesion molecule is closely associated with
acquisition of the malignant phenotype.

The rationale for the use of hybridoma technology to study
lineage relationships during hepatocarcinogenesis is founded
largely on the success of this approach in delineating B- and T-
cell lineages (58). MAbs which recognize functional differentia

tion antigens have also been used to define the pathways leading
to malignant melanoma (59), mammary carcinoma (60), lymph-
oid malignancies (61), neuroblastoma (62), and squamous cell
carcinoma (63). In each of these neoplastic diseases the cellular
precursor appears to be a stem cell and many of the antigenic
alterations are associated with the continued differentiation of
the malignant clonogenic stem cells (64). In the present inves
tigation we showed that a small subpopulation of hepatic foci,
nodules, and tumors generated by the resistant hepatocyte
model expressed multiple oval cell antigens as well as several
hepatocyte markers, a phenotype characteristic of a transit cell
population that is also observed during fetal liver development
(12, 47). Other investigators have also reported the appearance
of preneoplastic cells expressing fetal and adult markers during
liver cancer (for review see Ref. 43). In light of the recent
findings of Braun et al. (22) and Evarts et al. (50-53) and the
fact that all of the oval cell markers show a stage-specific
expression during fetal liver development and thus appear to
represent differentiation antigens (47), we conclude that some
of the phenotypic changes observed in this study are due to the
continued differentiation of hepatic stem cells. Our findings are
consistent with the concept that the tumor phenotype reflects
the "blocked ontogeny" of malignant cells derived from im

mature precursors, an idea originally proposed by Potter (65).
Although it can be argued that the neoplastic phenotype is due
to aberrant gene expression, with a few notable exceptions (i.e.,
peroxisome proliferators), many of the cellular alterations
which have been described during hepatocarcinogenesis are
consistently observed regardless of the initiating agent or tumor
promoter. Indeed expression of many classic liver markers,
GGT, placental gluthathione 5-transferase, epoxide hydrolase,
etc., used to establish a link between preneoplastic cell popu
lations and PHC appear to be more closely linked to the
detoxification response of "initiated" liver cells, the so-called
"resistant hepatocyte" phenotype (24) shared by oval cells (18).

Although the identity of some of the antigens defined by our
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Fig. 7. Phenotypic characterization of moder
ately differentiated trabecular (A-D, x 50) and well
differentiated acinar-like (Â£-//, x 105) carcinomas
induced by the RH model system. Frozen serial
sections were stained by hematoxylin-eosin (A, E)
or by indirect immunofluorescence analysis with
MAbs specific for antigens; (B, F) cell CAM 105;
(C, G) dipeptidyl peptidase IV; and (D. //) TfR.
Arrows, point of reference for.4-G The expression
of cell CAM 105 (B) and dipeptidyl peptidase IV
(C) was dramatically decreased on trabecular car
cinomas. In contrast, the expression of cell CAM
105 (F) was weakly expressed by some cells com
prising acinar-like tumors whereas dipeptidyl pep
tidase IV (G) was strongly expressed on the apical
surface of tumor cells arranged in acinar-like pat
terns. TfR was elevated on all carcinomas (D. H).

Fig. 8. Expression of oval cell-associated anti
gens by nodules and PHC induced by the RH
model system. A, hepatic nodule obtained from a
rat 28 weeks after DENA that contains a subpop-
ulation of hepatocyte like cells, some of which are
forming acinar-like structures, expressing OC.2 (x
100). B and C, PHC (12 months) comprised of
cells predominantly arranged in acinar-like pat
terns that express OC.2 (fi, X 50), OC.3 (C, X
105), and OV-1 (D, x 130). It should be noted
that there were also acinar-like structures that did
not express these markers. All tumor cells ex
pressed OV-6 (not shown).
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MAbs is still undetermined, our observations demonstrate the
utility of using immunological probes to detect subpopulations
of chemically altered cell populations. A comparative analysis
of different model systems using this approach will provide
valuable insight into those cellular alterations that are useful
indicators of cell populations that progress to malignancy.
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