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ABSTRACT

From nine clonal subpopulations (strains) of chemically transformed
cultured rat hepatic epithelial cells which were tumorigenic when im
planted into 1-day-old isogeneic rats, a cell line was reestablished from
each tumor and the cellular properties of the tumor-derived cell lines
were compared to those of the corresponding progenitor cells that were
implanted to produce the tumors. In seven of eight instances, the cellular
DNA content of the tumor-derived cells was virtually identical to the
DNA content of the respective progenitor cells, but in one case the tumor
cells had twice as much DNA as did their progenitor cells. During the
development of tumors in viva, other cellular phenotypic properties often
underwent considerable, but variable changes. These changes included
the activity of â€¢v-glutamyltranspeptidase, the growth properties on plastic
surfaces, and the expression of LDH isozymes. Although there was a
relative enhancement in the ability of most of the tumor-derived cells to
proliferate or to form colonies in calcium-poor medium, several tumor-
derived cell lines had very low colony-forming efficiencies in media
containing either normal or low levels of calcium. The most consistent
association between phenotypes expressed in vitro and tumorigenicity
was the ability of cells to form colonies in soft agar; all tumor-derived
lines expressed this phenotype, and with some of them this phenotype
was acquired only during the process of tumor formation in vivo. These
results demonstrate that further phenotypic and genotypic alterations
may occur in vivo during tumor formation by chemically transformed
cultured cells following their implantation into isogeneic animals; and
some of the alterations that occur in vivo may be necessary for the
complete expression of tumorigenicity. Although anchorage-independent
growth capacity cannot be used to predict the tumorigenicity of clones of
rat liver epithelial cells chemically transformed in vitro, this growth
property appears to be invariably induced prior to or during the formation
of tumors in vivo by these cells.

INTRODUCTION

//; vitro studies of chemical carcinogenesis using cultured
mammalian cells are useful for elucidating the molecular and
biochemical basis of neoplastic transformation and tumor pro
gression. To identify steps or lesions which are relevant to
neoplasia, /// vitro studies depend largely on the identification
of a few specific "marker" phenotypes which can be strongly

correlated with tumorigenicity, i.e.. with the ability of cells to
form tumors when they are implanted into suitable host ani
mals. These "marker" or paratumorigenic phenotypes, which

are few in number, have been identified by two methods: (a)
cell lines which have been derived from either tumors or normal
tissues are tested for the expression of various phenotypes, or
(/>)cell lines which have been treated with a carcinogen in vitro
are analyzed for their tumorigenicity and the expression of the
various phenotypes. Phenotypic characteristics which are
tightly correlated with tumorigenicity have been regarded as
"markers" of the neoplastic state. Using rat liver epithelial cells,
investigations along these two experimental designs have iden-
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titled a few "marker" phenotypes of malignant transformation

that appear to correlate with tumorigenicity (1-6). However, a
careful consideration of these two experimental systems reveals
some significant differences between them, and these differ
ences must be recognized and accounted for in the interpreta
tion of the results. In the first method the cells are derived from
liver tumors induced in vivo by a carcinogen, hence these cells
are truly neoplastic since they are derived from hepatocellular
carcinomas. In the second method the tumorigenicity of the
cells at the time of implantation into the host animals is
unknown and constitutes the purpose of the experiment.

Tumor development from cell lines transformed by chemical
treatment in vitro typically has a long latency period in vivo,
sometimes more than a year elapsing after implantation before
tumors occur. Many changes, both phenotypic and genotypic,
conceivably may occur during this long latent period of tu
morigenesis, and some of these changes may be necessary for
the expression of the malignant phenotype (formation of tu
mors). Alternately, cells expressing a particular phenotype
could have been selected from a phenotypically heterogeneous
population. These possibilities make it imperative that
"marker" phenotypes be examined in clonally derived sublines,

as well as in the tumor cells which have arisen from implanted
cells of the clonal sublines. This strategy allows the phenotypes
of the cultured cells that were implanted to be compared with
phenotypes of cells from the tumors that the implanted cells
produced. Among reported studies of carcinogenesis of cultured
rat liver epithelial cells, we have been unable to find examples
of this type of experiment. In our continuing study of pheno
typic expression during in vitro chemical induction of neoplastic
transformation of cultured rat liver epithelial cells, we have
previously demonstrated that none of the cellular properties
which have previously been identified as "markers" of neoplas

tic transformation of rat liver epithelial cells and that were
expressed by cultured cells in vitro could be used to accurately
predict the tumorigenicity of clonal sublines of rat liver epithe
lial cells isolated from a phenotypically heterogeneous parental
population (7). These markers included (a) hyperdiploid or
hypotetraploid aneuploidy; (A) cell-associated fibronectin; (e)
the activity of-y-glutamyl transpeptidase; (d) the ability of cells
to grow in calcium-poor medium; and (c) the ability of cells to
form colonies in soft agar, as well as several other properties
not discussed here.

In this paper, we report the phenotypic properties of cell
lines derived from tumors which have arisen from the implanted
clonal sublines of /// vitro transformed rat liver epithelial cells,
and we compare the phenotypic properties of the tumor-derived
cells with the properties of the progenitor cells from which the
tumors were derived. The results of this study indicate that
further modulation in the phenotypic expression of the im
planted cells occurs during the prolonged period of tumor
latency in vivo. The characteristics of the phenotypic modula
tion in vivo suggest that the diverse phenotypic properties of
the clonal sublines converge to a more-or-less common pheno
type as the implanted cells proliferate to form tumors ;'// vivo.

However, only the ability of cells to grow in soft agar was
precisely correlated with tumorigenicity.
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PHENOTYPIC MODULATION DURING TUMORIGENESIS

MATERIALS AND METHODS

Cell Lines. The isolation procedure, delineation of phenotypic prop
erties, and the evaluation of tumorigenicity of the clonally derived rat
liver epithelial cell strains which yielded tumors after implantation into
1-day-old isogeneic animals, have been previously reported (7, 8). To
obtain the tumor cell lines, tumor tissue was aseptically removed from
the animal, washed in Ca2+- and Mg2+-free Hanks' Balanced Salt

Solution containing 0.5 mg/ml gentamicin, and the tumor was cut into
1-3-mm fragments in the same salt solution. After further washing, the
tissue fragments were placed in 100 mm diameter tissue culture plates
(Falcon) and incubated in 5 ml of Hanks' Balanced Salt Solution

containing 0.05% collagenase (Worthington Biochemical Co.) and
0.1% hyaluronidase (Sigma Chemical Co.) at 37Â°Cin a CO: incubator

for 4 h, at which time 5 ml of improved minimal essential medium with
zinc option (Gioco Laboratories) containing 20% fetal bovine serum
(Hyclone Laboratories) was added. The tissue fragments were further
incubated for 2-4 days until cells grew out from expiants. The tissue
expiant fragments were then removed by gently rinsing the plates with
culture medium and the cell monolayers were cultured further in
improved minimal essential medium with zinc option containing 20%
fetal bovine serum. Tumor cells were identified by their epithelioid
appearance, corroborated by the presence of cytokeratin intermediate
filaments. When cultures had become confluent after 1-2 weeks, cells
were dissociated with trypsin and replatal at low densities (500-1000
cells/ 100-mm plate). Under this culture condition, fibroblasts were
unable to proliferate and form colonies, and after another 2-3 weeks
of culture fibroblast-free cultures of the epithelioid tumor cells usually
were obtained.

Paratumorigenic Phenotypes. The experimental methods for the
measurement of biochemical and growth properties previously have
been described in detail (7-9), including: (a) population growth rates
or colony forming efficiencies in normocalcium or calcium-poor me
dium; (b) colony-forming efficiency in 0.3% soft agar, (c) biochemical
assay for activity of GGT,3 (d) histochemical staining of frozen sections

for GGT; (e) LDH isoenzyme separation; and (/) flow cytometric
measurement of cellular DNA content. In addition, some of these
tumor cell lines were retested for their tumorigenicity in day-old iso
geneic rats. Both the clonal cell strains that produced tumors and the
tumor-derived cell lines were maintained in culture for from two to five
passages during this study. The phenotypic properties examined were
stable in the cultured cells during this interval.

RESULTS

Tumorigenic Cells. As we have previously reported (7, 8), 18
clonal cell strains derived from a heterogeneous population of
rat liver epithelial cells treated in vitro with yV-methylWV'-nitro-
/V-nitrosoguanidine have been tested for their tumorigenicity in
the dorsal s.c. tissue of 1-day-old isogeneic rats and 15 of them
were tumorigenic. Of these 15 tumorigenic cell strains, at least
one representative tumor cell line has been successfully cultured
from each of nine cell strains. The expression of various para-
tumorigenic phenotypes and cellular DNA content were sub
sequently analyzed in the tumor-derived cells, and the proper
ties of the tumor-derived cells were compared with those of the
corresponding progenitor cells which gave rise to tumors.

Tumorigenicity. The latent periods of tumorigenesis of the
nine tumors ranged from 4 to 12 months, but five of the tumor-
derived cell lines formed tumors within 1 month after implan
tation into day-old isogeneic rats (Table 1).

DNA Content. The DNA content of the tumor cells and of
the corresponding progenitor cells was analyzed by flow cytom-
etry. The analysis of each pair (progenitor cells:tumor cells)
was performed at the same time so that the relative DNA
content of each could be directly compared (Table 2). In all

3The abbreviations used are: GGT, -y-glutamyl transpeptidase; CFE, colony-

forming efficiency; TGF, transforming growth factor; EGF, epidermal growth
factor.

Table 1 Latent periods of tumorigenesis for cloned cell strains transformed in
vitro and for cells derived from tumors

Latent period (mo.)*

Nomenclature*GP2TAGP4TBGP6TBGP8TBGP9TAGP10TAGN3TGGN5TAGN6TFStraincells1266119412710Tumor-derivedcellsNDCND1ND1ND111

* Tumor-derived cell lines were labeled by the following system: first two letters

number, clonally derived cell strains from which the tumors arose; fourth letter
(T), tumor; last letter (A, B, etc.), consecutive sequence of sacrifice of the tumor-
bearing animals within each group.

* From the time of cell implantation to the time of sacrifice. Implanted strain

cells represent the progenitor cells GP2, GP4, etc., whereas the tumor cell lines
represent the tumor-derived cells of those strains, i.e., GP2TA, GP4TB, etc.

' ND, not done.

Table 2 DNA content of implanted progenitor cells and their corresponding
tumor-derived cells

DNA content was estimated by flow cytometric analysis. Cells of the WB-
F344 hepatic epithelial cell line at passage 8 were used as diploid control cells.

CelllineGP2

GP4
GP6
GP8
GP9
GPIO
GN3
GN5
GN6Implanted

cells'Hypotetraploid

Hypotetraploid
Hypotetraploid
Hypotetraploid
Hyperdiploid
Hyperdiploid
Paradiploid
Paradiploid
ParadiploidTumor-derived

cells*ND<Slightly

decreased
Unchanged
Unchanged
Unchanged
Unchanged
Doubled (hypotetraploid)
Unchanged
Slightly increased

' Hypotetraploid, DNA content was >1.50x that of diploid cells; hyperdiploid,
DNA content was 1.10-1.49X that of the diploid cells; paradiploid, DNA content
was 0.9-1.1 Ox that of the diploid cells.

' As compared to the transplanted cells.
c ND, not done.

situations both the progenitor and tumor cells were aneuploid.
In five cases, the tumor-derived cell lines demonstrated a DNA
content remarkably similar to that of the progenitor cells. In
the GP4 line, the tumor-derived cells had a slightly lower DNA
content than did their progenitor cells, whereas in the GN6
line, the tumor-derived cells had a slightly higher DNA content
than did their progenitor cells (Fig. 1). Marked differences in
DNA content were seen only in the GN3 line, in which the
DNA content of the tumor-derived cells was almost twice that
of the progenitor cells (Fig. 1).

GGT. Three of the nine transplanted cell strains that pro
duced tumors had very low specific activities of GGT, and they
were histochemically negative for GGT reaction product. How
ever, when eight tumor-derived cell lines were assayed for GGT,
all of them showed significant activities, including the three
tumor-derived cell lines whose progenitor cells were essentially
negative for GGT activity (Table 3). All tumor-derived cell lines
were histochemically positive for GGT, but the specific activity
of this enzyme among the different tumor cell lines varied
greatly.

Frozen tissues from 30 tumors were available for histochem
ical study of-y-glutamyl transpeptidase activity (Table 4). These
tumors were derived from seven GGT-positive and five GGT-
negative clonal cell strains. Eight tumors were completely neg
ative for GGT-staining cells and four of these were tumors
produced by GGT-positive strains. Two tumors derived from
GGT-negative strains contained GGT-positive tumor cells, and
one of them also gave rise to the GNsTG tumor cell line which
expressed high activity of GGT biochemically (Table 3).
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STRAIN

GP2

GN6TF

GN6

RELATIVE DNA CONTENT

Fig. I. Flow cytometricanalysisof DNA in cells. GN3TG tumor cells have
almost twicethe amount of DNA as do their progenitor GN3 cells,whereas the
GN6TF tumor cells haveonlya slightlyincreasedDNA content whencompared
to their progenitorcells.

Table 3 Comparisonof the specificactivitiesofy-glutamyl transpeptidaseof
culturedtumor-derivedcellsand the correspondingimplantedcells

GGT (mU/mgprotein)Cell

lineGP2

GP4
GP6
GP8
GP9
GP10
GN3
GN5
GN6Implanted

cells438
Â±108*

736 Â±298
46 Â±10

438 Â±83
30 Â±4
44Â±12
2.5 Â±2.0
0.7 Â±0.2
2.0 Â±0.5Tumor-derived

cellsND*

426 Â±109
28 Â±3

273 Â±76
234 Â±39
141Â±47

1028Â±86
92 Â±4

322 Â±36
*Values represent the averageÂ±SD of three separate determinations. Only

cells from confluentcultureswere used in these experiments.
*ND, not done.

Table 4 Histochemicalstainingfor GGTinfrozen sectionsof tumorsproducedby
GGT-positiveor -negativecianaicellstrains

PositiveStrains*GGT-positive

(24)
GGT-negative[6]Diffuse9 0Scattered112Negative4 4

" Valuesin brackets, numberof tumors examined.

Lactate Dehydrogenase Isoenzymes. Alteration in the lactate
dehydrogenase isoenzyme of cells before and after tumor for
mation was observed in seven of nine cases studied (Fig. 2). In
three instances (GP2, GP4, and GN6), a relative increase in the
expression of the M (muscle) type isozyme was seen. In four
other cases (GP6, GP8, GP10, and GN3), a relative increase
on the H (heart) type isoenzyme was noted. No significant
change was seen in the remaining two cases (GP9 and GN5).

Growth in Normocalcium Medium. When compared to pro
genitor cells, the doubling times (Fig. 3A) of the tumor-derived

GP4

GP6

GP8

GP9

GPIO

GN3

GN5

GN6

â€¢ II

II

I

I

II
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flU
III

Fig. 2. Lactate dehydrogenase(LDH) isoenzymeexpression of tumor cells
and their corresponding progenitor cells. LDHS, M4 isoenzyme; I 1)111.H4
isoenzyme.
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Fig.3. Proliferationof tumor cellsand theirprogenitorcellson plasticsurfaces
in normenalnu in or calcium-poormedium.A, population doublingtime; H.ratio
of doublingtimes in 1.8 HIMvs.0.03 HIM<a"'. /, implanted progenitor cells; T,

tumor cells.

cells were increased in four strains (GP6, GP10, GN3, and
GN5) and not significantly altered in four other strains (GP4,
GP8, GP9, and GN6). When compared to the progenitor cells
the colony-forming efficiencies of the tumor-derived cells (Fig.
44) were increased in four strains (GP4, GP8, GP9, and GN3),
essentially unchanged in three strains (GP10, GN5, and GN6),
and decreased in two other strains (GP2 and GP6).

Growth in Calcium-poor Medium. When the population
growth rates in normocalcium and calcium-poor medium were
compared, seven of eight tumor-derived cell lines showed a
greater ability to proliferate in calcium-poor medium than did
their progenitor strains (Fig. 3D). Only one tumor-derived cell
line (GP8TB) demonstrated a slightly lower capacity to prolif-
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Fig. 4. Colony forming ability of tumor cells and their progenitor cells on
plastic surfaces in normocalcium or calcium-poor medium. A, colony forming
efficiencies in 1.8 mM Ca2*; B, colony forming efficiencies in 0.03 min Ca2*; C,
ratio of colony forming efficiencies in 0.03 vs. 1.8 mM Ca2*. /, implanted
progenitor cells; '/'. tumor cells.

Table 5 Comparison ofCFEs in soft agar between the tumor-derived cells and
their corresponding implanted strain cells

CelllineGP2

GP4
GP6
GP8
GP9
GP10
GN3
GN5
GN6Implanted

cells15.25

Â±8.27
0.03 Â±0.02
0.79 Â±0.12
0.29 Â±0.22
0.02 Â±0.01
0.14 Â±0.06
0.10 Â±0.08

0
0CFE

(%)"Tumor-derived

cells4.22

Â±0.03
12.0 + 0.75

1.0 Â±0.10
1.12 Â±0.27
1.33 Â±0.40

30.45 Â±2.88
4.01 Â±0.4
14.3 Â±0.4

>50
" Values are average Â±SD of three to four replicate plates.

erate in calcium-poor medium than did its progenitor cell strain
(GP8).

The CFEs in calcium-poor medium (Fig. 4Ã„)of all the strains
were very low (10% or less), although cells recovered from
tumors demonstrated an increased CFE in six instances (GP4,
GP8, GP10, GN3, GN5, and GN6). In the other three strains,
tumor formation was not associated with any change (GP2 and
GP9) or led to a decrease (GP6) in the CFE in calcium-poor
medium. However, when the CFE in calcium-poor medium was
corrected for the plating efficiency of these cells in normocal
cium medium (ratio of CFEs in 0.03 versus 1.8 mivi Ca2+),
significant increases in the ability to form colonies in calcium-
poor medium following tumorigenesis were observed in seven
of nine cell strains; only GP6 and GP9 failed to show an
increase (Fig. 4C). Despite the relative increase in the CFE of
many of these cells in calcium-poor medium after tumor for
mation in vivo, the colonies formed by the tumor-derived cells
in calcium-poor medium were much smaller in size than were
the colonies that formed in normal medium. The relative nature
of the increase in growth capacity in calcium-poor medium is
emphasized because several tumor cell lines still possessed very
low absolute CFE in calcium-poor medium.

Anchorage-independent Growth. Six of the nine strains of
cells implanted into newborn animals had very low colony
forming efficiencies in soft agar (less than 0.1 % CFE), but all
of the tumor cell lines had 1% or greater CFE in soft agar
(Table 5). Relatively marked increases in CFE following tumor
formation were seen in seven strains (GP4, GP8, GP9, GP10,

GN3, GN5, and GN6), but in two other anchorage-independent
strains (GP2 and GP6) the CFE of the tumor cells were either
decreased or unchanged. Three of the tumor cell lines (GP6TB,
GP8TB, and GP9TA) still exhibited a relatively poor capacity
for anchorage-independent growth, but all tumor-derived cell
lines were able to form colonies in soft agar.

DISCUSSION

We have analyzed several of the cellular properties of clonally
derived and tumorigenic rat liver epithelial cells before they
were implanted into newborn isogeneic rats and after they had
formed tumors in vivo. Based on close similarities in DNA
content and on epithelial features of tumors developing in s.c.
sites, we are confident that tumor cells isolated from these
animals are the progeny of the implanted cells. In most cases,
the total DNA content (ploidy level) of the implanted cells and
the resulting tumor cells were virtually identical, but minor
changes occurred in several instances. Significant alteration was
observed only in one cell strain in which the tumor cells had
approximately twice the DNA content of the implanted cells,
suggesting that these cells had undergone polyploidization dur
ing tumor formation. The significance of the changes in DNA
content and karyotype during tumorigenesis by these trans
formed rat liver epithelial cells is presently unknown, since
detailed karyotypic analyses have not been completed.

Disregarding the genotypic changes at this time, we have
observed significant modulation of the phenotypic expression
in the transplanted cells during tumorigenesis in vivo. In addi
tion to the increase in tumorigenicity of tumor-derived cells
when compared to the latent period of formation of these
tumors, altered expression was observed in all parameters stud
ied. The results strongly support our hypothesis that in vivo
tumor formation by cells transformed in vitro with chemicals
may involve further selective modulations of genotype and/or
phenotype in vivo (7). Some of these changes may be essential
for the complete expression of tumorigenicity. Perez-Rodriguez
et al. (10) have also reported that tumorigenesis of cultured
hamster fibroblast cells in nude mice requires at least two
distinct changes in vivo leading to the "relaxation" of growth

factor requirement and the overcoming of immune surveillance.
If the above hypothesis is correct it may explain our finding
that the yield of tumors among the different clonally derived
strains of rat liver epithelial cells and the latency period of
tumor formation for the same cell strain among different host
animals varied greatly (7), since one or more critical steps of
neoplastic transformation may occur at different times in dif
ferent hosts.

Our data clearly indicate that GGT is not a consistent marker
of malignant transformation in rat liver epithelial cells. Al
though all tumor cell lines expressed this enzyme, histochemical
staining of frozen sections of the tumors revealed several GGT-
negative tumors. It is worth recalling that Rao et al. (11) have
shown that putative preneoplastic lesions and hepatocellular
carcinomas induced in rat liver by the peroxisome proliferator
Wy-14,643 did not show elevated GGT activity.

In general, tumorigenesis appears to be associated with in
creased capacity to proliferate/colonize in calcium-poor me
dium and in soft agar, however, their correlation is not quanti
tative. We have previously reported (7) that a GGT-positive
clone (GP3) which was able to form colonies in soft agar was
nontumorigenic, and a secondary subpopulation of this strain
isolated from its soft agar colonies is also nontumorigenic (data
not shown). Thus, although all tumor cells derived from trans
formed rat liver epithelial cells are able to form colonies in soft
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agar, this phenotype alone is inadequate to produce tumori-
genicity. This observation is consistent with the view that
anchorage independence is a necessary but not sufficient con
dition for tumorigenicity.

San et al. (4, 5) previously have reported that each of the
transformation markers which they studied in rat liver epithelial
cells lacked quantitative coupling with at least one other
marker. Of interest, their data indicated that cell lines derived
from hepatocellular carcinomas tended to have much higher
activities of GGT and higher CFE in soft agar than did tumor-
igenic rat liver epithelial cell lines which were originally derived
from normal rat liver and transformed in vitro (4, 5). Miyazaki
et al. (12) also reported that eight tumorigenic and sponta
neously transformed rat liver epithelial cell lines were negative
for GGT activity histochemically, whereas all three tumor-
derived hepatocellular lines demonstrated strong GGT activity.
Our results suggest that GGT-negative cells may become GGT-
positive in association with their formation of tumors in vivo,
which may explain why most cultured hepatocellular carcinoma
cells are GGT-positive, whereas rat liver epithelial cells trans
formed in vitro may or may not express high activity of GGT
in vitro.

It is possible that both phenotypes governing the ability of
cells to grow in calcium-poor medium and in soft agar are the
indirect manifestations of the actions of polypeptide growth
factors commonly produced by tumor cells, such as TGFs (13-
15). TGF-a is structurally homologous to EGF (16, 17) and
functions through its interaction with EGF receptors (17, 18).
EGF has been shown to promote the proliferation of normal
cells in calcium-poor medium (19-22). TGFs are also important
factors in the expression of anchorage-independent growth (23-
25). Therefore, it is conceivable that the expression of these
paratumorigenic phenotypes are the secondary manifestations
of the autocrine production of growth factors by the malignant
cells. Although many virus-transformed cells secrete TGFs (13-
15), these growth factors are also produced in large quantities
in normal tissues (14,26-30). Whether TGF production is truly
necessary for the evolution and growth of malignant cells,
particularly carcinomas, is unknown.

In conclusion, we wish to reiterate the importance of com
plementing all in vitro transformation experiments with an in
vivo tumorigenesis study. The in vitro-in vivo experimental
model using clonal cell strains that we have described should
prove useful for further studies on factors which govern the
tumorigenicity of chemically transformed liver epithelial cells.
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