
(CANCER RESEARCH 5], 5929-5936. November 1. 1991]

Development of Resistance to the Growth Inhibitory Effects of Transforming
Growth Factor ÃŸ\during the Spontaneous Transformation of Rat Liver
Epithelial Cells
Anthony C. Huggett,1 Patricia A. Ellis, Caroline P. Ford, Lori L. Hampton, Donata Rimoldi,
and Snorri S. Thorgeirsson2

Laboratory of Experimental Carcinogenesis, National Cancer Institute, NIH, Bethesda, Maryland 20892 Â¡A.C. H., P. A. E., C. P. F., L. L. H., S. S. T.],
and Department of Pathology, Uniformed Services University of the Health Sciences, Bethesda, Maryland 20814 [D. R.J

ABSTRACT

The temporary maintenance of a rat liver epithelial cell population at
confluence before passaging followed by periods of rapid proliferation
resulted in the generation of spontaneous transformants after about 108
population doublings. The appearance of morphologically aberrant trans
formants correlated directly with an increased resistance of the population
to the growth inhibitory effects of transforming growth factor 0, (TGF-

0t). Clonal cell lines derived from the transformants were resistant to
TGF-/?i dependent inhibition of DNA synthesis. These cell lines were

also highly tumorigenic and aneuploid, with characteristic gross chro
mosomal abnormalities, and they expressed a number of phenotypic
markers common to rat liver epithelial cells transformed by oncogenes
or chemicals. In contrast, apparently normal looking cell lines cloned
from the same population were nontumorigenic and near diploid, with
few chromosomal abnormalities, and they were as sensitive to TGF-/3t as

early passage normal rat liver epithelial cells. Morphologically normal
late passage rat liver epithelial cells were sensitive to transformation by
the DNA hypomethylating agent 5-aza-2-deoxycytidine, in contrast to

earlier passage cells, and this transformation was accompanied by the
development of resistance to the growth inhibitory effects of T( ;!â€¢-/<,.

These findings suggest that acquisition of resistance to the effects of
growth inhibitors such as TGF-/9] is an important and possibly essential

stage in the spontaneous transformation of rat liver epithelial cells.

INTRODUCTION

Chemically induced hepatocarcinogenesis is a multistep proc
ess involving several different cell types within the liver (1, 2).
RLE3 cells have been transformed in vitro by various agents,

including chemical carcinogens (3, 4) and specific oncogenes
(5-8), and when injected into nude mice or syngeneic animals,

the transformed cells produce tumors of diverse morphological
types, similar to those found in the liver following treatment of
rats with different chemical carcinogens (7, 9). These findings
have supported the proposal that RLE cells represent a progeny
from a liver stem cell population which may be a potential
target for hepatocarcinogenesis.

Recent studies have indicated that the development of hepa
tocarcinogenesis following hepatitis B virus infection is the
result of the increased proliferation and associated spontaneous
transformation of liver cells consequent to the induction of a
chronic inflammatory response, rather than due to insertion of
a viral transforming gene or protooncogene activation following
virus integration (10). It is likely that this process involves
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spontaneous mutations of key regulatory genes or epigenetic
events altering gene expression within the target cell popula
tions in the liver. Similar mechanisms are likely to be involved
in the progression of hepatocarcinogenesis following initiation
with chemical carcinogens. An increased rate of spontaneous
transformation within the preneoplastic cell population may
result from the increased rate of cell turnover that is commonly
observed in the hepatic lesions derived following the exposure
of animals to carcinogens (11, 12). Thus, it is proposed that
liver stem cells, which are capable of multiple cell divisions, are
likely targets for spontaneous transformation following either
hepatitis virus or carcinogen insult.

A number of investigators have demonstrated that cultured
diploid or near diploid rat liver epithelial cells can undergo
spontaneous transformation after multiple population dou
blings (13-16). This process is accelerated when the cells are
maintained under selective growth conditions such as conflu
ence (13). The mechanisms involved in the transformation
process have not been defined, although the development of
aneuploidy is commonly observed, and it has been speculated
that the selective growth of the spontaneously transformed cells
occurs as a result of their being insensitive to growth inhibitory
pathways (13).

Alterations in the growth characteristics of preneoplastic and
neoplastic cell populations are closely associated with tumor
progression in the liver in vivo (11, 12). The mutation or loss
of key growth regulatory genes may confer premalignant cells
with the property of resistance to growth inhibitory polypep-
tides. Accordingly, liver tumor derived cell lines have been
found to be resistant to the growth inhibitory effects of the
multifunctional polypeptide TGF-/3, (17, 18). Similarly, RLE
cells transformed in vitro by chemicals and oncogenes are
resistant to the growth inhibitory effects of various polypeptide
growth inhibitors including TCF-fr (19-21), and the develop
ment of the resistant phenotype appears to be an early event
during the transformation process (21). In a series of v-raf
transformed RLE cell lines, an increased resistance to the
growth inhibitory effects of TGF-/3| was observed and found to
be associated with increased tumorigenic potential. In addition,
the more resistant cell lines showed an elevated expression of
TGF-/3, mRNA, indicating a perturbation of normal regulatory
mechanisms (21). These findings are consistent with the hy
pothesis that a defect in the negative growth regulatory circuit
plays an integral role in the neoplastic process (3, 22).

Spontaneous transformation in vitro may represent a better
model for the study of the stepwise process of Carcinogenesis
than the direct transformation of cells with potent transforming
agents. Using such a system, it may be possible to dissect out
distinct cell types representing phenotypes at different stages
of the neoplastic process. We have derived spontaneous trans
formants of normal diploid rat liver epithelial cells and used
this model system to investigate whether spontaneous transfor-

5929

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/21/5929/2445438/cr0510215929.pdf by guest on 19 M

ay 2023



GROWTH REGULATION AND SPONTANEOUS TRANSFORMATION

mation in vitro is associated with the development of a TGF-0,
resistant phenotype.

Methyl deficient diets induce and enhance hepatocellular
carcinogenesis in rodents (23-27). Although the mechanisms
involved are not well defined, a number of early biochemical
and cellular events have been reported, including triglycÃ©ride
accumulation, lipid peroxidation, RNA and DNA hypomethy-
lation, cell death, and cell proliferation (28-34). The DNA
hypomethylating agent 5AC has been shown to promote tumor
progression in several cell systems (35, 36). Since DNA in
tumors is often globally hypomethylated, and altered patterns
of methylation have been detected for specific genes in tumor
cells, it has been postulated that DNA hypomethylation may
play an important role in tumor progression (37, 38). In the
present study, we have also examined the effect of 5AC on the
transformation status of a putative premalignant RLE cell type
and determined whether induction of transformation with this
agent is associated with alterations in growth control by TGF-

MATERIALS AND METHODS

Derivation of Cell Lines. The diploid rat liver epithelial cell line
RLE013, which was single cell cloned from parental cells isolated from
a 10-day-old Fischer 344 rat (3), was maintained in monolayer culture
in Ham's F-12 modified medium (Biofluids, Rockville, MD) supple

mented with 10% defined fetal bovine serum (Hyclone Laboratories,
Logan, UT) and 50 Mg/ml gentamicin (GIBCO Laboratories. Grand
Island, NY) at 37Â°Cin a humidified atmosphere of 5% CO2 and 95%
air. Cells were grown in 75 cm2 flasks (Falcon) and passaged weekly

using 0.1% trypsin solution in Versene (Biofluids, Rockville, MD) for
cell detachment. The cells were split at a ratio of 1:8 into a fresh flask,
and following growth to confluence, fresh medium was added, and the
cells were cultured for a further 2 days at confluence prior to passaging.
Cells were frozen at every passage until passage 44 (about 132 popula
tion doublings following single cell cloning).

Morphologically transformed cells appeared in the population at
about passage 36 (Fig. 1). The cell stock previously frozen at this
passage was used for cell cloning. This mixed cell population was plated
in 60-mm dishes at a density of 10 cells/cm2, and both morphologically

normal and transformed colonies were isolated by transfer onto small
pieces of trypsin saturated filter paper which were then placed in 24-
well plates. Cell lines were single cell cloned from this population using
the limiting dilution method. Early passage RLE013 cells (passages
12-18) were used as controls for subsequent studies.

Monolayer and Soft Agar Growth. Cells were plated in 6-well culture
dishes (Costar, Cambridge, MA) at 5 x 10'' cells/well. Cell numbers

were determined at various time points using a Coulter Counter (Coul
ter Electronics, Inc., Hialeah, FL). Doubling times were calculated
from growth curves generated from several experiments over a 3-month
culture period. For anchorage independent growth assays, cells (500
cells/dish) suspended in 0.3% agarose in growth medium (Â±5ng/ml
epidermal growth factor) were seeded onto a 0.5% agarose basement
layer (5 ml) in 60-mm dishes. After incubation at 37Â°Cfor 14 days, the

dishes were stained for 24 h with 1 mg/mlp-iodonitrotetrazolium violet
(Sigma, St. Louis, MO), and quantitation of colony number (larger
than 0.1-mm diameter) was performed using an automated counter
(model 880; Artek Systems Corp., Farmingdale, NY).

Histochemistry. Cells were grown on Lab Tek (Nunc, Rockidle.
Denmark) chamber slides to 80% confluency and fixed with 95%
ethanol at -20Â°C. The slides were stained for -yGT according to the

method of Rutenberg et al. (39).
RNA Extraction and Northern Analysis. Polyadenylated RNA was

prepared by oligo(dT)-cellulose chromatography of total RNA isolated
from approximately 10* cells (40, 41). mRNA (5 Â¿ig)was fractionated

in 1% agarose-2.2 M formaldehyde gels, transferred to nylon mem
branes, and hybridized with "P-labeled cDNA probes as described

Fig. 1. Morphology of RLE cells during spontaneous transformation. A,
passage 32; B, passage 34; C, passage 36; D, passage 37; E, passage 38; F, passage
39.

previously (42). Equal loading of RNA was confirmed by staining gels
with ethidium bromide and rehybridization of blots with a <2P-labeled

actin probe since we had previously found glyceraldehyde-3-phosphate
dehydrogenase to be an inappropriate control for transformed RLE
cells (43). The cDNA probes used were: \-raf, 600-base pair Aval/Cla\
fragment from 3611-MSV (44); c-myc, 2.2-kilobase Â£coRI////Â«i/III
fragment from mouse plasmacytoma MPOC 315 (45); 790-base pair
fragment of rat 7GT (46); 770-base pair Ncol/Taql fragment from
chicken actin (47): a 1.4-kilobase EcoRI fragment from human TGF-Â«
(48); 1.1-kilobase Bgl\ fragment from human TGF-#, (49); 600-base
pair fragment of rat procollagen a 1(1) (50); and Â£c0RIfragment from
rat fibronectin (51).

Tumorigenicity Studies. Athymic nude mice (male, 30-40 days old)
were inoculated s.c. with 1 x IO6cells suspended in 200 M' phosphate

buffered saline. Mice were monitored daily for tumor growth. Tumors
were excised, tissue for histological examination was fixed in Bouin's

fixative and embedded in paraffin wax, and sections were cut and
stained with hematoxylin and eosin (performed by American Histology
Laboratories, Gaithersburg, MD).

Effect of TGF-/3, on DNA Synthesis. Cells were seeded into 96-well
microtiter plates at a density of 2.0 x 10" cells/cm2 in Ham's F-12

modified medium supplemented with 10% FBS. Following cell attach
ment (24 h), various concentrations of human TGF-/3, were added, and
DNA synthesis was measured as described previously (52). This method
utilizes [meMj'/-*H]thymidiiie to determine thymidine incorporation

into DNA, and this is normalized against cell number, measured by
determining the uptake of fluorescent dye, Hoechst 33342, into chro-
matin. The procedure was slightly modified in that thymidine-free F-
12 modified medium (Biofluids, Rockville. MD) containing 10% FBS
was used during [mer/r)>/-'H]thymidine labeling, and the time at which

the labeling was performed was chosen from preliminary experiments
aimed at determining the time of peak DNA synthesis for the different
cell lines (21).

Effect of SAC. B7(96) cells at passage 20 following single cell cloning
were plated in 60-mm dishes at a density of 1-2 x IO5 cells/dish in
Ham's F-12 containing 10% FBS. The cells were treated 20 h later
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with 5AC at different concentrations ranging from 0.02 to 10 ^M.
Control dishes were treated with l UM6AC. After incubation for 24 h,
the cells were treated with 5AC or 6AC again, as described above. Cells
were subsequently subcultured in normal media and observed for
changes in morphology. A colonogenic assay was performed 8 h follow
ing the second treatments with SAC and 6AC to assess their cytotox-
icity. Briefly, cells were trypsinized, counted, and replated in 100-mnr
dishes at densities of 300 and 600 cells/dish. The colonies obtained
were stained with Giemsa and counted.

RESULTS

In Vitro Morphology and Growth Characteristics. A few cells
showing an aberrant morphology were observed in the RLE013
cell cultures at passage 36 (about 108 population doublings
following original cloning of RLE$13 cells), and by passage 39,
about 95% of the cell population was comprised of morpholog
ically transformed cells, as shown in Fig. 1.

The majority of the cell lines cloned out from the passage 36
population showed a similar transformed morphology, consist
ing of small cells with little cytoplasm and an enlarged nucleus
compared to the original early passage RLE013 cells. Seven of
these cell lines (A2T, AST, BIT, B3T, B5T, C3T, C4T) were
selected for further analysis, and typical morphologies are
shown in Fig. 2. Only a few apparently normal clones were
obtained, and these were further single cell cloned to ensure
that there was no contamination with individual transformed
cells. During this second cloning procedure, one of the appar
ently normal cell lines, B4N, underwent a morphological trans
formation to the transformed phenotype described above. The
remaining cell lines continued to exhibit a similar normal
epithelial morphology to the early passage RLE013 cells, al
though they tended to be more irregular and less cuboidal (Fig.
2). Three of these apparently normal cell lines [B4T, B7(96),
E5(96-2)] were chosen for subsequent analyses.

There was no clear relationship between morphological trans
formation and doubling time in monolayer culture (Table 1).
In contrast, the anchorage independent growth of the cells was
related to transformation, in that all of the morphologically
transformed cell lines formed colonies in soft agar, whereas no
colonies were obtained for any of the normal clones (Table 1).
Epidermal growth factor (5 ng/ml) produced a marked stimu
lation of colony formation by A2T and B3T cells but had little
effect on the other cell lines.

Expression of Transformation Markers. Histochemical stain
ing indicated that all of the cell lines with a transformed
morphology, except B4N, exhibited 7GT activity in contrast to
the parental early passage RLE013 cells and the apparently
normal clones (Table 1). This finding was confirmed by analysis
of mRNA transcripts (Fig. 3). Analysis of mRNA for other
genes whose expression has previously been found to be closely
associated with morphological transformation and tumori
genicity of oncogene transformed RLE cells (53) was also
performed. The normal looking clones [B4T, B7(96), E5(96-2)]
showed an equivalent or only moderately increased expression
of TGF-01 compared to the control RLE013 cells, in contrast
to the morphologically transformed clones, which had a mark
edly decreased expression of TGF-/3, mRNA. Of these trans
formed cell lines, the B4N clone had the highest expression of
TGF-0,. The expression of mRNA for TGF-Â«mRNA followed
an opposite pattern, the transformed clones having greatly
enhanced levels of TGF-a mRNA, whereas the normal clones
and B4N had equivalent or only slightly elevated levels com
pared to control RLE013 cells. Similar findings were obtained

m . Ãœ* A
i

â€¢¿�
Fig. 2. Morphology of representative RLE-ST clones. A and B. monolayer

culture; C and D, fixed with ethanol and stained with H & E. A, B7(96); B, C4T;
C B7(96); D, C4T.

for c-myc expression, and there appeared to be a very close
correlation between the level of expression of this protoonco
gene and TGF-Â« mRNA. The expression of collagen Â«I(I)
mRNA followed a similar pattern to that observed for TGF-/3|.
Almost no collagen Â«I(I)mRNA was detected for any of the
transformed clones, whereas the apparently normal clones had
a similar or slightly elevated expression compared to the control
RLE013 cells. Of the transformed cell lines, B4N had the most
normal (i.e., similar to RLE013) expression of collagen Â«I(I).

Karyotype Analysis. Karyotype analysis performed on six
representative cell lines showed marked differences between the
morphologically normal [B4T, B7(96)] and transformed (BIT,
B3T, C3T, C4T) cells. The major difference was that the normal
cells were near diploid, whereas all the transformed cell lines
were aneuploid, mostly hyperdiploid. Consistent common
marker chromosomal aberrations were observed for the trans
formed cells (data not shown).

Tumorigenicity and Histology. The tumorigenic potential of
the cell lines is shown in Table I. The clones with near normal
morphology were unable to form tumors in nude mice. In
contrast, all of the morphologically aberrant clones formed
tumors, with latency periods ranging from 6 to 9 days and with
very rapid growth rates (diameter x depth, 10.8-38.8 mm2/

day). All of the tumors had similar gross morphologies, being
extremely hemorrhagic, and there appeared to be considerable
angiogenesis. HistolÃ³gica! examination of the tumors con
firmed that all of the different clones produced essentially the
same tumor type. The tumors were composed of epithelial
sheets of cells arranged in trabecular patterns, closely resem
bling well differentiated hepatocellular carcinoma (data not
shown). The individual cells had a cuboidal shape with vesicular
nuclei, and prominent nucleoli and mitotic figures were
common.

Effect of TGF-/9, on DNA Synthesis. The effects of TGF-/3,
on DNA synthesis in RLE013 cells during serial passaging are
illustrated in Fig. 4. TGF-/3, had potent inhibitory activity on
DNA synthesis in early passage (passages 18-35) RLE013 cells,
with greater than 90% inhibition produced with a TGF-/3,
concentration of 300 pg/ml, and about a 40% inhibition with
30 pg/ml TGF-/3,. However, at later passages, the cells became
resistant to the antiproliferative effect of TGF-0,, such that, by
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Table 1 Phenotypic properties of spontaneously transformed RLE cells
Soft agargrowth"Cell

lineRLE013B4TB7(96)E5(96-2)A2TASTBITB3TB4NB5TC3TC4TDoubling
time(h)24.6

Â±1.714.9
Â±0.219.8

Â±1.729.7
Â±3.520.6
Â±0.820.9
Â±1.423.2
Â±1.018.1

Â±0.314.6
Â±1.018.5

Â±0.820.3
Â±0.615.0
Â±1.3-EGF0.00.00.00.03.5

Â±0.38.8
Â±0.62.3
Â±0.53.1

Â±0.117.4
Â±1.72.8
Â±0.66.9
Â±1.433.7
Â±2.7â€¢xGT+

EGFactivity*0.0

â€”¿�0.0
â€”¿�0.0

â€”¿�0.029.2

Â±4.8++11.3
Â±2.5++2.7
Â±0.7+33.1
Â±3.5++21.3

Â±0.63.6
Â±0.9+8.6
Â±0.5++33.6
Â±1.0 +Incidence0/50/50/50/55/55/55/55/55/55/55/55/5TumorigenicityLatene/(days)6679960.70.80.81.20.50.17

Â±0.98
Â±0.8Growth

rate''(mmVday)0/00/00/00/038.8

Â±6.036.1
Â±3.421.5

+3.110.8
Â±1.021.7
Â±1.913.1

Â±0.326.6
Â±3.813.8
Â±0.9

" Colony forming efficiency (%), with or without epidermal growth factor (EGF; 5 ng/ml).
* Histochemical staining for yG^ activity: â€”¿�,no detectable staining: ++, all cells show intense staining.
' Within 1 month.
d Diameter x depth.

passage 43, the cell population showed little inhibition of DNA
synthesis in the presence of TGF-0, at a concentration of 30
pg/ml, and only about 20% inhibition at 300 pg/ml. These
findings correlated with the appearance of morphologically
aberrant cells in the RLE013 populations at the later passages
(Fig. 1).

In order to assess whether the development of resistance to
TGF-)3| growth inhibition was merely a function of passaging,
general to the whole population, or associated with the devel-
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Fig. 3. Northern blot analysis of transcripts. Polyadenylated RNA (5 jig) was
separated on a 1% agarose-2.2 M formaldehyde gel, blotted onto nylon, and
hybridized with "P-labeled cDNA probes.

opment of individual spontaneously transformed cells, the effect
of TGF-01 on DNA synthesis in the clonal cell lines was
examined (Fig. 5). Each of these cell lines was investigated at
the fourth passage following their cloning. The clones with a
near normal morphology [B4T, B7(96), E5(96-2)] showed a
similar inhibition of DNA synthesis with TGF-ÃŸi(300 pg/ml)
to that observed in RLE013 cells at passage 13. DNA synthesis
in these normal cell lines was also inhibited by TGF-ÃŸiat a
concentration of 30 pg/ml, although they appeared to be slightly
more resistant to this TGF-0, concentration than the early
passage RLE<Â£13cells. In contrast, all of the morphologically
aberrant clones were completely resistant to 30 pg/ml TGF-ÃŸi,
and they exhibited a much more reduced inhibition of DNA
synthesis with 300 pg/ml TGF-/3, than was observed for the
more normal looking cell lines. A wide range of inhibitory
responses to 300 pg/ml TGF-01 were obtained, and four of the
clones (A2T, AST, B3T, B4N) were as resistant to TGF-/3, as
the rat liver tumor derived RC-3 cell line, which was used as a
control (17).

Effect of 5AC. The effects of the DNA hypomethylating agent
5AC on the transformation status of one of the normal looking
nontransformed clones, B7(96), was examined. Concentrations
of 5AC greater than 0.05 MMproduced extensive cytotoxicity;
thus, only cells obtained following treatment with 0.02 and 0.05
MM5AC (40.9 and 23.4% survival, respectively), and control
cells treated with 6AC (100% survival), an analogue that does
not cause DNA hypomethylation, were selected for further
analysis. Within 3 days of treatment of B7(96) cells (passage
20) with 5AC, some morphologically aberrant cells were ob
served, whereas in cultures treated with 6AC, all of the cells
appeared normal. At confluence, a number of densely packed
colonies of morphologically aberrant cells were apparent in the
5AC treated cultures in a background of normal looking B7(96)
cells (Fig. 6/1), whereas a uniform monolayer of normal cells
was observed in the 6AC treated dishes. A greater number of
the transformed colonies were evident in cultures treated with
0.05 MM5AC than with a 0.02 MMconcentration. Histochemical
analysis of the cultures demonstrated that the normal looking
cells had no observable -yGT activity, whereas the colonies of

aberrant cells stained strongly positive for 7GT (Fig. 6Ã„).
Analysis of RNA isolated from cells at passage 4 following the
various treatments confirmed increased >GT expression by the
5AC treated cells (data not shown). Further passaging of these
cells led to the production of cultures consisting almost entirely
of cells exhibiting the aberrant phenotype (Fig. 6C). These cells
were capable of anchorage independent growth and were tu-
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PASSAGE NUMBER

43

Fig. 4. Effect of TGF-0, on DNA synthesis of RLE0I3 cells at different
passages during spontaneous transformation (mean Â±SD (bars), n = 8|. Hatched
bars, 30 pg/ml; solid bars, 300 pg/ml.
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Fig. 5. Effect of TGF-0, (300 pg/ml) on DNA synthesis on the clonal cell lines
derived from the mixed Kl I < 1.<cell population at passage 6 (mean Â±SD i/>Â«Â«).
n = 8|. RC-3 is a rat hcpatocellular carcinoma cell line previously shown to be
resistant to TGF-f), (17).

morigenic in nude mice (data not shown). In addition, they
demonstrated resistance to the inhibitory effects of TGF-/3, on
DNA synthesis compared to untreated or control B7(96) cells
(Fig. 7). Similar treatments of normal RLE$13 cells (passage
14) or early passage B7(96) cells (at less than passage 12
following cloning) with 5AC did not result in the formation of
morphologically aberrant or 7GT positive cells (data not
shown).

nontumorigenic and near diploid, and they were as sensitive to
TGF-ÃŸias early passage normal RLE cells. These findings
suggest that acquisition of resistance to the effects of growth
inhibitors such as TGF-ÃŸiis an important and possibly essential

step in the spontaneous transformation of RLE cells.
Analysis of mRNA expression for genes previously found to

be closely associated with the tumorigenic potential of a series
of v-ra/transformed RLE cells produced some intriguing cor
relations. With the exception of data from B4N, which may

DISCUSSION

In this study, we have confirmed that temporary maintenance
of hepatic epithelial cell populations at confluence before pas
saging can result in the generation of spontaneous transform-
ants after about 100 population doublings (13). The appearance
of morphologically aberrant transformants in the RLE cell
population correlated directly with an increased resistance of
the population to the growth inhibitory effects of TGF-/3i.
Clonal cell lines derived from the transformants were resistant
to TGF-/3, dependent inhibition of DNA synthesis. These cell
lines were also highly tumorigenic and aneuploid with charac
teristic gross chromosomal abnormalities, and they expressed
a number of phenotypic markers common to RLE cells trans
formed by oncogenes or chemicals. In contrast, apparently
normal looking cell lines cloned from the same population were

,

Fig. 6. Effect of S-aza-2-deoxycytidine (0.05 Â»M)on passage 20 B7(96) cells.
A, H & E stained, ethanol fixed cells: B, <Â¡I stained, ethanol fixed cells: C,
morphology of monolayer culture at passage 6 following 5AC treatment.
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Fig. 7. Dose-response of TGF-/3i on DNA synthesis in B7(96) cells (passage
20) at the sixth passage following various treatments. O, untreated; â€¢¿�,0.1 Â»\i
6AC; A, 0.02 nM SAC; â€¢¿�0.05 nM 5AC; D, at the 19th passage following
treatment with 0.05 IÃ•MSAC.

represent an intermediate stage in the transformation process,
remarkably consistent trends were observed. The levels of c-
myc and TGF-a were elevated in each of the tumorigenic cell
lines; those with the greatest expression of TGF-a also had the
greatest expression of c-myc, suggesting a causal relationship.
Similar results were previously obtained for the v-ra/trans
formed series (43). The finding of a down-regulation of mRNA
for TGF-/3| in the spontaneously transformed cell lines, al
though in contrast to its increased expression in v-ra/trans
formed RLE cells (43), is consistent with in vivo data demon
strating decreased expression of TGF-ÃŸ,mRNA in tumor cells
of hepatocellular carcinoma (53). Taken together, these findings
suggest that TGF-ÃŸ,expression by transformed liver cells may
be a reflection of their differentiation status, since the sponta
neously transformed cells produce hepatocellular carcinoma,
whereas the v-ra/transformed RLE cells produce undifferen-
tiated sarcoma-like tumors (43). The markedly decreased
expression of collagen a 1(1) by the spontaneously transformed
cells confirms our earlier observation that the expression of this
gene is closely linked to the tumorigenic potential of trans
formed RLE cells (43). It is of interest to note that expression
of collagen al(I) was closely related to that of TGF-ÃŸ,,sug
gesting that in these cells T( Â¡F-,Â¡,may play a regulatory role in
the modulation of collagen synthesis, as reported previously
(54). Thus, autocrine TGF-/3i may have a role in maintaining
the normal phenotype in RLE cells, and loss of responsiveness
to TGF-/3i may be causally involved in the transformation
process.

The results obtained for B4N are different from those of the
other spontaneously transformed cells and may be a reflection
of the more recent transformation of these cells during the
subsequent cloning procedures. These cells, although morpho
logically transformed and tumorigenic, showed an apparently
normal expression of yGT, c-myc, and TGF-a mRNAs and
only slightly altered levels of TGF-ÃŸiand collagen a 1(1). This
may indicate that these alterations in gene expression, although
closely related to transformation, may not be initial events but
may occur as a consequence of other events, such as changes in
growth regulatory mechanisms (21).

It has been proposed that RLE cells represent an in vitro
equivalent of a putative hepatic stem cell population that may
be a target for neoplastic transformation in vivo (I, 28). In
support of this hypothesis, it has been demonstrated that trans
formation of RLE cells with chemical carcinogens can lead to
multiple histological tumor types when injected into nude mice
or syngeneic rats (9). Our previous investigations with several
oncogene transformed RLE cell lines, in which we demon

strated that transformation with v-Ha-roi or \-raf/v-myc leads
to development of tumors with a predominantly epithelial com
ponent whereas transformation with v-ra/alone produces pre
dominantly sarcoma-like lesions, have indicated that the lineage
commitment of transformed RLE cells may be determined by
the temporal expression of certain protooncogenes, such as c-
myc and c-raf-1 (7). Our present finding that all of the sponta

neously transformed cell lines produce essentially a single tu
mor type, characteristic of a highly vascular, well differentiated
hepatocellular carcinoma, suggests that lineage switching to a
sarcoma-like phenotype may be a very rare spontaneous event.
The common observation of a predominance of epithelial liver
tumors after exposure of animals to hepatocarcinogens or hep
atitis B virus (10) supports this hypothesis and lends further
support for the notion that RLE cells represent an in vitro
analogue of target cells for hepatocarcinogenesis.

The spontaneous transformation of RLE cells has been re
ported by a number of groups. Schaeffer and Polifka (14)
obtained spontaneous transformation with high probability
after more than 100 continuous population doublings, and Sato
et al. (16) noted morphological transformation in RLE cells
after 48-61 passages (the number of population doublings was
not given) and acquisition of a tumorigenic phenotype after 60-
115 passages. Similarly, Montesano et al. (55) demonstrated
that the probability of spontaneous transformation increased
markedly after continuous culture for more than 38 weeks. The
increased incidence of spontaneous transformants in RLE cells
cultured under selective growth conditions such as periods of
confluence was demonstrated by Borek (15) and, more recently,
by Lee et al. (13). The mechanisms by which selective growth
conditions potentiate the emergence of transformants have not
been studied previously, although Lee et al. (13) demonstrated
that the development of aneuploidy may be a necessary but
insufficient factor and proposed that the selective growth of
aneuploid cells is favored as a result of their being insensitive
to growth inhibition in confluent cultures. In the present study,
we have confirmed that development of aneuploidy correlates
with spontaneous transformation of RLE cells.

Although the finding that RLE cells become resistant to the
effects of growth inhibitory polypeptides such as TGF-01 fol
lowing their transformation with chemical carcinogens or on-
cogenes has been reported by a number of groups (3, 17-21),
the question of whether the development of this phenotype is
causally related to the transformation process or merely a
consequence of it has not been addressed. Our recently reported
studies, in which we developed a number of nontransformed
RLE cell lines which are resistant to the growth inhibitory
effects of TGF-/3, (56), taken together with our observations
that both weakly and highly tumorigenic v-ra/transformed RLE
cells share this resistant phenotype (21 ), suggest that the acqui
sition of resistance to the growth inhibitory effects of TGF-ÃŸi
is an early and possibly essential event in the transformation of
RLE cells. These studies also indicated that development of
resistance to other effects of TGF-|8i less directly related to cell
proliferation may be more related to the progression of the
transformed phenotype rather than to its induction. The recent
dissociation of certain TGF-0, activities (57) lends support to
this hypothesis. The present study confirms the close associa
tion between RLE cell transformation and the development of
resistance to growth inhibition. In addition, the observation
that the earliest appearance of individual spontaneous trans
formants (Fig. 1) occurs at the time when there is a change in
the responsiveness of the population to inhibition of DNA
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synthesis by TGF-/3, (Fig. 4) is highly suggestive of a causal
relationship. The possibility that the development of resistance
is a general phenomenon associated with population doublings
or growth in serum containing medium can be excluded from
the observation of the contrasting effects of TGF-/3i on DNA
synthesis in apparently normal and transformed RLE clones at
the same passage number and grown under identical conditions
(Fig. 5).

In this study, we have not addressed the biochemical mecha
nisms involved in the generation of resistance to TGF-0i;
however, our previous investigations have suggested that the
postreceptor mediated events in the antimitotic signaling path
way are compromised (21). Similar results were also obtained
by Braun et al. (18). The mutation or loss of key growth
regulatory genes such as Rb'05, the retinoblastoma gene product,

and p53, are common events in the development of diverse
human tumor types (58, 59), and it has recently been demon
strated that alterations in the p53 gene occur during progression
in the hepatocarcinogenesis model (60). Taken together with
the recent report that the growth inhibitory activity of TGF-/3]

may be mediated through a pathway involving alterations in
AÂ¿>105phosphorylation (61), these findings suggest that similar
lesions in Ã„A105and/or p53 may be involved in the development
of TGF-0] resistance in the spontaneous RLE cell
transformants.

DNA hypomethylation has been implicated in the progres
sion of various different types of human tumors (37, 38). We
investigated whether DNA hypomethylation could be used to
distinguish distinct stages involved in the spontaneous trans
formation of RLE cells. Although the normal RLE013 cells
and early passage B7(96) cells showed no apparent response to
treatment with the demethylating agent 5AC, the late passage
(greater than 40 population doublings) B7(96) cells, although
morphologically indistinguishable from the early passage cells,
were transformed by this agent in a dose dependent manner to
produce tumorigenic cells with a similar phenotype to that of
the spontaneously transformed clones. These data indicate that,
at later passages, B7(96) cells are not normal and may represent
a nontumorigenic stage in the progression of spontaneous trans
formation of RLE cells. The genetic alterations present in the
late passage B7(96) cells which are responsible for the prema-
lignant phenotype are unknown; however, these cells are at a
stage where they exhibit a normal growth regulatory response
to TGF-ÃŸi.The correlation of the development of TGF-/3,
resistance with transformation of B7(96) cells by 5AC provides
further evidence to support the involvement of TGF-01 in the
control of the transformed phenotype. These findings also
indicate that other genetic events precede the development of a
TGF-/3, resistant phenotype during the malignant progression
of RLE cells.

These data demonstrate the multistep process of neoplastic
transformation during spontaneous transformation in vitro and
indicate that elements controlling normal growth regulatory
mechanisms are perturbed during the progression from a pre-
malignant to a tumorigenic phenotype. The spontaneous trans
formation of RLE cells in vitro provides a powerful system for
the delineation of genetic and phenotypic events involved in
neoplastic progression.
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