
[CANCER RESEARCH 46, 4787-4795, September 1986]

Invasiveness and Metastatic Capability of Rat Fibroblast-like Cells before and after
Transfection with Immortalizing and Transforming Genes1

Frans M. Van Roy,2 Ludwine Messiaen,3 Gilberte Liebaut,3 Jin Gao,4 Christian H. Dragonetti, Walter C. Fiers, and
Marc M. Marcel5

Laboratory of Molecular Biology, State University [F. M. K R., G. L., W, C. F.]; and Laboratory of Experimental Cancerology, Department of Radiotherapy and Nuclear
Medicine, University Hospital [L. M., J. G., C. H. D., M. M. M.J, Ghent, Belgium

ABSTRACT

Invasion in vitro and in vivo and spontaneous metastasis was investi
gated in cell lines before and after introduction of immortalizing (polyoma
large-T and activated myc) genes and of transforming (polyoma middle-

T and activated ras) genes in Fischer rat cells. Invasion in vitro was
tested by confrontation of rat cells with embryonic chick heart fragments
in organ culture. Invasion in vivo and metastasis was evaluated in nude
mice and in syngeneic rats after injection of cells i.p. or s.c. in the flank
and after implantation of cell aggregates s.c. in the tail. Rat cells were
also analyzed for the presence of myc oncogenes, and for the expression
of ras oncogenes. Cells from primary or low passage rat embryo (REF)
cells were not invasive in vitro and did not produce tumors in vivo. Cell
lines (LTRAT1, LTaRATl) derived from REF cultures after transaction
with plasmids encoding polyoma large-T antigens, behaved like REF

cells. Cell lines (REFpEJgpt4, REFpEJmycN7) established from REF
cultures after transfection with either a plasmid encoding an activated
human ras protein or with the latter plasmid plus one containing an
activated myc gene, were invasive in vitro and in vivo and produced
invasive and metastatic tumors in syngeneic rats. Cell lines (FR3T3)
established in an apparently spontaneous way were invasive in vitro and
produced invasive tumors in vivo without metastasis. Derivatives of
FR3T3 (FRLT1, MTT4, M MCI, and PyT21) transfected with plasmids
encoding one or more of the polyoma antigens, differed from FR3T3 cells
by a shorter latency period of tumor formation (< I versus 1 to 3 weeks).
Like FR3T3 tumors, FRLT1, MTT4, MMC1, and PyT21 tumors were
invasive but not metastatic. Other spontaneously established lines (Rati)
were invasive and metastatic. Cells (RatlpEJ6.6) derived from Rati
cultures after transfection with a plasmid encoding an activated rax
protein, showed shorter tumor latency periods (<1 versus 7 weeks). A
thymidine kinase deficient Rati derivative (Rati) was not invasive in
vitro but produced invasive and metastatic tumors in vivo with long (9 to
21 weeks) latency periods. Rat2pT24B4 cells derived by us from Rat2
cells after transfection with a plasmid containing a mutated human ras
gene (p 124), were invasive in vitro and in vivo as were cells derived from
Rat2 tumors. We conclude from our experiments that invasiveness and
metastatic capability are often acquired by established REF-derived cell

lines in an apparently spontaneous way. The rates of these spontaneous
conversions were too large to provide definite evidence that either myc or
ras or polyoma gene products were involved in the acquisition of invasive
and metastatic capability by the cell lines investigated.

INTRODUCTION

Tumorigenic conversion of cultured cells by oncogenes has
been described as a two-step phenomenon: initiation character
ized by immortalization (establishment or rescue from senes
cence) and completion characterized by the acquisition of phe-
notypic traits associated with tumorigenicity (1, 2). The latter
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traits are transformed morphology, dense focus formation,
anchorage-independent growth and ability to produce tumors
in immunodeficient or syngeneic hosts. Examples of oncogene
products responsible for immortalization are activated myc
protein and polyoma large-T antigen. Transforming gene prod
ucts comprise activated ras protein and polyoma middle-T
antigen.

Although invasiveness and metastatic capability are hall
marks of malignancy of tumors, only limited attention has been
paid to the role of so-called oncogenes in the acquisition of
invasiveness and metastatic capability by cultured cells. Alter
ation of growth properties has been the major criterion used
for identification, isolation, and characterization of presump
tive oncogenes. Action of several oncogenes has been shown,
indeed, to be related to discrete levels of regulation of cell
proliferation (3, 4); also, tumorigenicity in susceptible animals
has been considered mainly as a test for in vivo growth potential
of oncogene-expressing cells. Tumor growth has been scored in
more or less detail but invasiveness and metastatic capabilities
have been rarely mentioned (5-7).

There exists evidence that invasiveness and cell proliferation
are separate activities of malignant cell populations (8-10). The
multistep process of metastasis (11) includes local invasion,
survival in blood or lymph vessels, arrest and extravasation at
distant sites, and finally uncontrolled proliferation at secondary
sites. It is conceivable that this final proliferation is dependent
on ras- and myc-like activities, but a causal relationship of such
oncogene products with the other steps of metastasis is less
evident. Some observations are in favor of such a relationship.
In human small cell lung carcinomas and neuroblastomas am
plification of N-myc has been associated with an advanced and
metastatic stage of the disease (12, 13). Spandidos and Wilkie
(14) introduced in early passage hamster lung cells a mutated
c-ras gene linked to transcriptional enhancers. These cells pro
duced rapidly growing tumors sometimes with mÃ©tastasesin
nude mice. An activated c-ras gene has been detected also in a
more metastatic variant of a mouse T-cell lymphoma while the
parental tumor lacked this dominant transforming gene (IS).
Thor et al. (16) observed by immunohistochemical staining
high levels of the ras protein p216 in deeply invading adenocar-

cinoma of the colon, intermediate levels in superficially invasive
carcinomas, and low or undetectable levels in normal colonie
mucosa or benign colon tumors. On the other hand, the same
investigators (16) found high antigenic heterogeneity in meta
static lesions of patients bearing primary colon tumors positive
for ras expression. Albino et al. (17) analyzed 5 melanoma cell
lines originating from separate metastatic deposits of a single
patient and only one of these contained a dominant transform
ing oncogene (c-Harvey-ros). Gallick et al. (18) detected
strongly reduced levels of the ros protein in 4 of 5 mÃ©tastases
when compared to the primary colorÃ©ela)tumors; and finally,
elevated expression of ros-related oncogenes has been measured

6The abbreviations used are: p21, a protein with a molecular weight of 21,000;
PBS, Dulbecco's phosphate buffered saline; REF, rat embryo fibroblast-like.
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in several benign or premalignant situations (19-21).
It was the purpose of the present work to examine whether

or not cell lines transfected with immortalizing and transform
ing genes differed from parental primary or spontaneously
immortalized (not necessarily normal) cell lines in their invasive
and metastatic capability; therefore, besides classical tests for
transformation and tumorigenicity, we have analyzed both in
vitro and in vivo the invasive and metastatic properties of rat
embryonic cells and cell lines, transfected by well-characterized
oncogenes and combinations of oncogenes. In order to confirm
genotypic correlates of phenotypic changes, we have started to
analyze the presence and expression of specific oncogenes in
the cell lines studied.

MATERIALS AND METHODS

Cells. Cells were maintained on tissue culture plastic substrata in
Dulbecco's modified Eagle's medium (Flow Laboratories, Irvine, Scot
land) supplemented with 0.05% (w/v) L-glutamine, 250 IU penicillin/
ml, and 10% (v/v) fetal bovine serum (hereafter called complete culture
medium). All cell types were used in the present experiments within 10
passages (after preparation or after arrival in our laboratory) unless
stated otherwise.

Continuous cell lines (terminology according to Ref. 22) derived
from REF cultures were obtained from different sources and laborato
ries (Table 1). It is important to notice that such cell lines are not
necessarily normal.

We have prepared primary REF cultures from 19-day-old Fischer
F344/1CO rat embryos (Iffa Credo, Brussels, Belgium) as described by
Freshney (23).

The LTRAT1 and LTaRATl cell lines (obtained from F. Cuzin)
were derived from primary Fischer REF cultures after transfection with
recombinant plasmids encoding polyoma large T-antigen (pPyLTl)
and a mutated, thermolabile large T-antigen (pLTtsa), respectively (24).

The FR3T3 cell line (one culture obtained from F. Cuzin, University
of Nice, France and another one from J. Feunteun, Institut de Re
cherches Scientifiques sur le Cancer, Villejuif, France) was cloned from
a Fischer REF culture (25), and it was designated C or F according to

its source. The FRLT1, MTT4, and PyT21 cell lines (all obtained from
F. Cuzin) were derived from FR3T3 cells after transfection with recom
binant plasmids containing genes respectively encoding either exclu
sively polyoma large T-antigen (pPyLTl), or exclusively middle T-

antigen (pPyMTl), or all polyoma virus antigens (pPyl) (26). The
MMC1 cell line was obtained by transfecting MTT4 cells, expressing
the polyoma middle T-antigen, with a plasmid encoding a truncated
large T-antigen (pMCl; Ref. 26).

Rati is a continuous cell line derived from Fischer REF cultures (27)
and designated Rat 1C (obtained from W. Topp, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY), Rati W (obtained from R.
Weinberg, Massachusetts Institute of Technology, Cambridge, MA) or
Rati Z (obtained from W. Schaffner, University of ZÃ¼rich,Switzerland),
according to its source. These cell lines have been maintained in various
laboratories for an unknown number of passages. The RatlpEJ6.6 cell
line (obtained from R. Weinberg) was derived from RatiW cells after
cotransfection with recombinant plasmids encoding respectively an
activated human ras-protein (pEJ6.6) and xanthine guanine phosphori-

bosyltransferase (pSV2gpt) as described by Land et al. (7).
The thymidine kinase deficient Rat2 line (obtained from B. Dobber-

stein, European Molecular Biology Laboratories, Heidelberg, Federal
Republic of Germany) was selected from Rat 1C cultures maintained in
presence of 5'-bromodeoxyuridine with further selection for sensitivity

to DNA-mediated gene transfer and flat colony morphology (28). We
have transfected Rat2 cells with the pT24 plasmid (obtained from M.
Wigler, Cold Spring Harbor Laboratory) encoding a human Harvey-
ras-\ gene product (29). One of the resulting dense foci was cloned and

coined Rat2pT24B. After a second cycle of subcloning, a cell line with
characteristic transformed morphology was isolated and coined
Rat2pT24B4.

The REFpEJgpt4 cell line (obtained from R. Weinberg) was derived
from Sprague-Dawley REF cultures after cotransfection with plasmids
pi".16.6 and pSV2gpt (7). Cultures transfected with these plasmids were

described to be essentially nontumorigenic and to enter crisis rapidly;
however, once established in vitro (and subcloned) such cells acquired
the tumorigenic phenotype (7).

The REFpEJmycN7 cell line (obtained from R. Weinberg) was
derived from Fischer REF cells after cotransfection with plasmid
pEJ6.6 and a plasmid (pSVv-myc) containing an activated myc gene in

Table 1 Origin of cell lines

Cell line

Primary Continuous Transfected Genomic change" Obtained from Ref.

REF
RFF >LTRAT1"~ * LTaRATl

REF >FR3T3CFR3T3FV\VW

FRLT1V\\-Â»MTT4\VÂ»MMC1\*PyT21

REF >RatlC Rati WRatlZ\*RatlpEJ6.6Rat2^~_>Rat2pT24B4

RFF >RFFnFJcnt4REF

Â»REFpEJmycN?+pPyLTl

+pLTtsa7*

+pPyLTl+pPyMTl+(pPyMTl)+pMCl+PPyl

7+pEJ6.6+pSV2gptThymidine

kinasedeficient+pT24

+pEJ6.6+pSV2gpt

+pEJ6.6+pSVv-mycOur

isolates
F. Cuzin
F.CuzinF.

Cuzin; J. Feunteun

F.CuzinF.

CuzinF.

CuzinF.

CuzinW.

Topp; R. Weinberg;
W.SchaffnerR.

WeinbergB.

DobbersteinOur

isolates

R. Weinberg

R. Weinberg24242526262626

2772877

" Plasmids are encoding polyoma large-T antigen (pPyLTl), a mutated thermolabile large-T antigen (pLTtsa), middle-T antigen (pPyMTl), a truncated large-T
antigen (pMCl), all 3 polyoma virus tumor antigens (pPyl), a mutated human Harvey-raÃ-1 gene product (pEJ6.6 or pT24), or contain an activated v-myc-gene
ll>SV\ Â»i.rrl:pSV2gpt is a plasmid encoding xanthine guanine phosphoribosyltransferase.

* ?, spontaneously immortalized (not necessarily normal) cell lines with unknown genomic changes.
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the form of the oncogene carried by the avian myelocytomatosis virus
MC29 (7).

DNA-mediated Harvey-raj-1 Gene Transfer. To obtain the
Rat2pT24B cell lines, 5x10' recipient cells (Rat2) were transfected

with 25 Mgsalmon sperm DNA and 0.5 ng pT24 plasmid DNA (29) by
the DNA-calcium phosphate coprecipitation technique (30) as im
proved by I .minium and Magnusson (31). Adsorption and uptake of
coprecipitate by the cells was for 4 h at 37Â°C.Next day cultures were

split 1:10 and observed for the appearance of dense foci during more
than 2 weeks. Several dense foci were isolated by trypsinization within
cloning cylinders (BÃ©licoGlass, Inc., Vineland, NJ).

Southern Blot Analysis. Higher molecular weight DNA was prepared
from cell cultures as described by Perucho et al. (32). Samples of 15 Mg
of genomic DNA were digested with an excess (60 units) of AV/mlII
restriction enzyme (Boehringer Mannheim GmbH, Mannheim, Federal
Republic of Germany). Fragments were separated by electrophoresis in
a 0.7% (w/v) agarose gel and blotted to a Biodyneâ„¢*membrane (PALL

Ultrafine Filtration Corp., Glen Cove, NY) according to Southern (33).
"P-labeled probes with a specific activity of 4 x IO7 dpm/^g were
prepared by nick translation (34) of gel-purified plasmid DNA frag
ments. Blots were hybridized and washed according to the manufactur
er's instructions.

Indirect Immunofluorescence of ras Antigens. Cells were seeded on
glass coverslips (18 x 18 mm) and nearly confluent cultures were fixed
for 20 min at room temperature with 3% (w/v) paraformaldehyde
freshly made in PBS. Then, cells were treated for permeabilization with
methanol for 15 min at â€”20Â°C.For immunofluorescence the coverslips
were incubated for l h at 37Â°Cwith 1 ng of high performance liquid

chromatography-purified monoclonal rat antibody Y13-259 [(35); 10
Ã/g/mlin PBS; purchased as v-H-ros (Ab-1) from Oncogene Science,
Inc., Minneola, NY]. Cells were washed 3 times with PBS, incubated
for l h with 1 ng of biotinylated species-specific sheep anti-rat immu-
noglobulin (10 ng/m\ in PBS; Code RPN 1002; Amersham Interna
tional, Amersham, England), washed 3 times, and finally incubated for
30 min with 1 Mgof fluorescein-conjugated streptavidin (Code RPN
1232; Amersham International). Nuclear counterstaining of the same
cell fields was by 4',6-diamidino-2-phenylindole (DAPI; Serva Feinbi-

ochemica, Heidelberg, Federal Republic of Germany).
Immunoprecipitation of ras Antigens. Cells were labeled for 4 h with

[35S]methionine and then extracted with Nonidet P-40 containing buffer
as described (36). A total of 5 x 10' trichloroacetic acid-precipitable

cpm was used per immunoprecipitation reaction. Volumes were ad
justed to 200 nl with lysis buffer and 10 n\ (\ n%)of high performance
liquid chromatography-purified monoclonal rat antibody Y13-259 (On
cogene Science, Inc.) was added. Immunocomplexes were collected by
using rabbit anti-rat IgG and protein A-Sepharose CL-4B (Pharmacia
Fine Chemicals, Uppsala, Sweden) according to the manufacturers'

instructions. Eluted proteins were analyzed by sodium dodecyl sulfate
gel electrophoresis on 10.5 or 12% gels followed by fluorography as
described (37).

Assay for Invasiveness in Vitro, Fragments of rat cell monolayers
were mechanically removed from confluent stock cultures and con
fronted with precultured chick heart fragment in organ culture as
described previously (38). All living cultures were photographed after
1, 3, or 4, 7, or 8, and 14 days for calculation of volumes according to
the formula of Attia and Weiss (39). After 1 to 14 days, confronting
pairs were fixed in Bouin-Hollande's solution for embedding in paraffin

and complete serial sectioning into 8-^m thick sections. At least three
cultures were fixed at each time. Consecutive sections were stained with
hematoxylin-eosin and with an antiserum against chick heart, respec
tively (40). All sections were examined independently by two qualified
investigators. For evaluation of invasion, the interaction of the con
fronting rat cells with the heart tissue was classified as grades 0 to IV
according to Bracke et al. (41): Grade 0 when confronting cells are
absent; Grade I, when cells are found at the periphery of the outer
fibroblastic layers (these layers are formed around the core of predom
inantly cardiac muscle cells during preculturing of the heart fragment);
Grade Ila, when confronting cells occupy the outer fibroblastic layers;
Grade lib, when confronting cells are surrounded by cardiac muscle
with a minimal area of contact; Grade III, when confronting cells

occupy or replace less than one-half of the cardiac muscle; Grade IV,
when confronting cells occupy or replace more than one-half of the
cardiac muscle. In previous experiments (9, 42), Grades III and IV met
the criteria for invasiveness.

Assays for Invasiveness and Metastatic Capability in Vivo. Athymic
4-week-old nude mice (NMRI mil mi, purchased from the Proefdieren-
centrum, K. U. L., Louvain, Belgium) were irradiated with 5 Gy (whole
body) one day before use. Nude mice were kept under isolated condi
tions in semi-barriered isolator cages. Specific pathogen-free Fischer
F344/ICO rats were originally obtained from Iffa Credo, and further
bred in our laboratory under conventional conditions. Two- to 3-week-
old rats (less than 35 g) were used for the present experiments. Inocula
of cells were prepared from stock cultures by trypsinization. Washed
cells were suspended at 2.5 x IO7 cells/ml of serum-free Dulbecco's
modified Eagle's medium. Aliquots of 5 x IO6 cells were injected s.c.

in the caudal flank. In some experiments similar inocula were injected
i.p. In other experiments cellular aggregates with a diameter of about
0.2 mm and containing about 10' cells were implanted s.c. in the tail

as described by Meyvisch and Mareel (43). All animals were examined
at least once a week. Growth of flank tumors was measured according
to Attia and Weiss (39). Growth of tail tumors was measured according
to Klarlmul and Forchhammer (44). Animals were killed through
cervical dislocation when moribund. They were autopsied and system
atically investigated for the presence of mÃ©tastases.Primary tumors,
gross mÃ©tastases,and suspected lesions were fixed for histology. Sec
tions, 8 urn thick, were prepared for staining with hematoxylin and
eosin mostly from the frontier between the tumor and the surrounding
tissues. Macroscopic and microscopic criteria of invasiveness of s.c.
tumors were fixation to the skin or to the abdominal wall, and presence
of tumor cells inside muscle or skin, respectively. After i.p. injection
the presence of nodules fixed to the peritoneal wall or to abdominal
organs was used as criterium for invasiveness. Only lung nodules above
a tumor-free diaphragm were considered to be mÃ©tastases.A detailed
account of the histopathology of these tumors will be published sepa
rately.

RESULTS

Detection of myc Oncogenes and Analysis of ras Gene Expres
sion. Southern blots prepared from fiawHI-restricted high mo
lecular weight DNA were probed with a v-myc-specific DNA
fragment, as illustrated in Fig. 1. Strongly positive hybridiza
tion signals were detected for the cell line REFpEJmycN7 (Fig.
1, lane c) but not for untransfected cell lines or cell lines
transfected with genes unrelated to myc (e.g., Fig. 1, lanes a, b,
and it).

Indirect immunofluorescence with Y13-259 antibody showed
typical cytoplasmic and membrane-associated signals in every
cell from cultures of the following transfected cell lines:
RatlpEJ6.6, Rat2pT24B4, and REFpEJmycN?. No such sig
nals were found in REF, Rati, Rat2, or PyT21 cells. Immu-
noprecipitates of ["S]methionine-labeled lysates with Y13-259

antibody yielded upon sodium dodecyl sulfate gel electropho
resis comparable results. In agreement with Furth et al. (35) we
detected in untransfected Fischer REF cells two weak but
specific bands, which are likely to be the M, 21,000 protein
products (p21) encoded by endogenous ras genes (Fig. 2, lane
a, arrowheads). The same bands in similar amounts were found
in Rati and Rat2 lysates (Fig. 2, lanes c and e). In the case of
pEJ6.6- and pT24-transfected cultures, two additional specific
bands were always detected (Fig. 2, lanes b, d, and / arrows).
The latter doublet had a lower electrophoretic mobility, with
the lower band almost coinciding with the top band of the
endogenous p21 proteins. The oncogenic p21 proteins were
readily detectable, indicating that the transferred genes were
transcriptionally and translationally active. These results ex
tend the detection by Southern blot analysis of exogenous ras
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Fig. I. Detection of v-m^c-specific DNA sequences by Southern blot analysis.
0amHI-cleaved genomic DNA was electrophoresed, blotted to membrane, and
hybridized with the nick-translated m>r-specific Sali-Pst\ fragment of plasmÂ«!
pSVv-myc. The following cell cultures were analyzed: REF (lane a); REFpEJgpt4
(lane b); REFpEJmycN? (lane c); and Rati W (lane d). Exposure of the autora
diographs with a presensitized Fuji X-RX film and an intensifier screen was for
48 h at -70"C. Lane M contains "P-labeled marker fragments of /4val-cleaved

phage XDNA (molecular weights indicated alongside in kilobase pairs).

oncogenes in the transfected cell lines mentioned (data not
shown).

Assay for Invasiveness in Vitro. An evaluation of the inter
action of confronting cells with heart tissue is shown in Table
2. Four cell lines (REF, Rat2, LTRAT1, and LTaRATl) were
not invasive. The confronting cells either surrounded the heart
tissue (Grade Ila) or were enclosed by it (Grade lib) (Figs. 3
and 4). Eight cell lines (RatlZ, RatlW, RatlpEJ6.6, RatlC,
FRLT1, MTT4, MMC1, and PyT21) met all the criteria of
invasion in vitro. Confronting cells progressively occupied heart
tissue, and occupation was accompanied by progressive degen
eration of heart tissue (Fig. 5), confirming previous data on
mouse fibroblast-like cell lines after malignant alteration (38,
45). Five cell lines (FR3T3F, FR3T3C, REFpEJgpt4,
REFpEJmycN?, and Rat2pT24B4) showed signs of invasive-
ness but did not meet all criteria. FR3T3F and FR3T3C cells
occupied heart tissue, but occupation was not progressive and
degeneration of heart tissue was not obvious. Similar situations
have been described earlier for chemically induced rat liver
nodules (46) and a human bladder cell line (47). REFpEJgpt4
(Fig. 6) and REFpEJmycN? cells occupied heart tissue, but
before progression could be demonstrated the heart tissue be
came necrotic. Experiments with small inocula allowed us to
conclude that this effect was due to extensive proliferation of
the surrounding cells (data not shown). A completely new
situation has been found for pT24-transfected Rat2 cells.
Rat2pT24B4 progressively occupied heart tissue; however, de
generation of heart cells was not obvious and most confronting

MabcdefM

92-
69-

46-

30- -30

14-1 -12

-34

Fig. 2. Detection of ras antigens by immunoprecipitation. ("SlMethionine-
labeled cell extracts were incubated with rat monoclonal antibody Y13-259.
Immunoprecipitates were collected and analyzed by gel electrophoresis and IIno
rography. Arrowheads, positions of endogenous p21 ras proteins; arrows, positions
of newly acquired human Harvey-ras-1 proteins. The cell lines examined were:
REF (lane a); REFpEJmycN? (lane b); Rat2 (lane c); Rat2pT24B4 (lane d);
Rat IW (lane e); and RatlpEJ (lane f). Numbers, 10"3x molecular weight of
[14C]methylated marker proteins (Amersham International) in lanes M. Exposure

time was 30 days.

Table 2 Invasiveness of rat cells in vitro

CelltypeREFLTRAT1LTRAT1*LTaRATl'FR3T3FFR3T3CFRLT1MTT4MMC1PyT21RatlZRatlWRatlpEJ6.6RatlCRal2Rat2pT24B4REFpEJgpt4REFpEJmycN?3to 4daysI,

lib0,
libHa,
liblibIIIlib,

IIIIVIII,

IVIVIVHa,

IIIHa,
HIIla.
HIHa,
HIHaII,

HInniGrading"

after7

to 8days0,

HaHa,
libHa,
liblibIII0,111IVIVIVIVIII,

IVIII,
IVIII,
IVIIIHaII,

IIIIIIIII,

CN14

days0,

lib0Ha,

liblibminIVCNCCNCNIII,

IVIVCNNot

doneHaIV,

CNIII,

CNCN

" Grading represents extreme values from triplicate cultures. Grades HI and
IV correspond to invasive situations (see "Materials and Methods").

* Experiment done at 33"C, which is the permissive temperature for expression
of the temperature-sensitive large I antigen in LTaRATl cells (24); at 33'C heart
tissue is permissive for invasion (62). All other experiments were at 37'C.

c CN, central necrosis.

cultures resulted in mixed aggregates of Rat2pT24B4 cells and
immunoreactive, apparently healthy heart cells (Fig. ?).

Invasiveness and Metastatic Capability in Vivo. Results ob
tained after injection of rat cells into irradiated nude mice are
summarized in Table 3. Cells from some continuous cell lines
(RatlW, RatlC) produced slowly growing tumors with a rela
tively long latency period (>3 weeks) in a fraction of the injected
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5c

5b

5d

7a 7b

6b 7c
Figs. 3 to 7. Photomicrographs of sections from precultured heart fragments confronted in organ culture. Fig. 3 LTRAT1 cells for 14 days. Fig. 4. LTaRATI cells

for 3 days. Fig. 5. FRLT1 cells for 4 (a and A) or 7 (c and </)days. Fig. 6. REFpEJgpt4 cells for 7 days. Fig. 7. Rat2pT24B4 for 7 days. Staining with hematoxylin-
eosin (all a Tigs,plus Fig. Sc) and with an :imiserimi against chick heart (remaining figs.). Fig. 7c represents the boxed-in detail of 76. Bar, 100 Â»mi.
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Table 3 Invasiveness and metastatic capability of rat cells in irradiated nude mice

CelltypeRatlZ

RatlW
RatlpEJ6.6
Rat 1C
Rat2
Rat2pT24B4
REFpEJgpt4
REFpEJmycN7Inoculum

(no. ofcells)'5x

IO65
x IO6

1 x IO7
1 x IO7
5x 10*
5 x 10*
1 x IO7

5x iffTumorigenicity

(n/nf0/5

3/12
4/4
2/6
0/4
4/4
4/4
5/5Latency

period
(wk)53,4Time

of
observation

(wk)4

to84
to 9
2

3 to 6
5 to 7

2
2

1 to 3Tumor

growthInvasionSf

+
R +
S+R

+
R +
R +Metastasis0/2

0/4
0/20/4

0/4
0/5

* All animals were inoculated s.c. in the caudal flank.
* Number of mice with tumor/total number of mice given injections.
' Number of mice with metastasis/number of tumor-bearing mice autopsied.
' S, slow growth with tumors of 0.01 cm3 after several weeks; R, rapid growth with tumors of 0.5 to 10 cm3 after 2 weeks.

animals; however, Rat2 and Rati Z cells failed to induce de
tectable tumors within the observation period currently applied
by others (7, 48). Cells from all transfected lines analyzed
produced rapidly growing tumors with a relatively short latency
period (<1 week) in all mice. Tumors were diagnosed as undif-

ferentiated sarcomas, invading into skin and muscle. MÃ©tastases
were not observed.

Results obtained after injection of cells into syngeneic rats
are summarized in Table 4. Primary REF cells and continuous
LTRAT1 cells failed to form tumors. Upon s.c. or i.p. injection
of 5 x IO6cells, continuous cell lines (FR3T3F, RatlZ, Rati W,

and Rat2) gave rise to tumors with about 100% take incidence
but with relatively long latency periods. This long latency period
could account for the apparent contradiction with several lit
erature reports of tumorigenicity data with short periods of
observation (7, 24, 49, 50). FR3T3C cells at the 22nd passage
(after preparation) were tumorigenic with a short latency pe

riod. Most of these tumors grew slowly (Table 4 and Fig. 8);
Rat2-derived tumors grew faster than Rati-tumors despite a
longer latency period and a less transformed phenotype in vitro
of Rat2 cells. We interpret these data by the fact that Rati cells
exhibit the intrinsic property to form malignant tumors. On
the other hand, Rat2 tumors become detectable either because
cells transform towards tumorigenicity in vivo or because a
minority of cells in the original population were tumorigenic.
Apparently this minority has been missed in the invasion assay
in vitro and upon implantation of aggregates in the tail which
involved by definition a small inoculum and for the in vitro
assay also a limited incubation time. As a consequence, assays
with small inocula are likely to be representative of the majority
of cells in the population. Cells from all transfected lines, with
the exception of LTRAT1, produced rapidly growing tumors
(Fig. 8) with a short latency period. REFpEJmycN7 cells did
form progressively growing tumors killing the rats readily (in

Table 4 Invasiveness and metastatic capability of cells in syngeneic rats

CelltypeREFLTRAT1FR3T3FFR3T3CFRLT1MTT4MMCIPyT2lRatlZRatlWRatlpEJ6.6Rat2Rat2pT24B4REFpEJmycN7Inoculationsites.c.S.C.i.p.S.C.s.c.i.p.S.C.s.c.s.c.s.c.s.c.tails.c.i.p.S.C.s.c.taili.p.S.C.s.c.tailS.C.s.c.taili.p.s.c.s.c.taili.p.S.C.s.c.tailInoculum(no. ofcells)5X104Sx

1065x
10'5x

IO65
xIO65x

10'Sx
1065

x10'5x
10'5x
10'AGGSx

1065
x10'1
xIO7AGG5

x10'5
x10'AGG5

x10'AGG5

xIO65x
10'AGG5X

10'Sx

1065
xIO4AGGTumorigenicity

(n/nf0/40/40/33/44/43/34/44/44/44/42/24/43/34/47/73/33/32/24/40/74/45/52/311/117/75/54/4Latency
period

(wk)7?713

to161
to3NA'<1<1<1<12

to36

to10NA722

to40NA<129,

12,21?NA24,

10NA<112Time

of
observation

(wk)*>52>45>4516

to5254'3

to433314159

to1510
to1629
to47926,

1014
to2252113

to514
to522
to4233

to 4Tumor

growth
(days)'4.1;

4.82.0;
2.2ND2.2;

2.61.6;
2.02.7;
3.11.8;
2.08.0;
9.2NDND5.2;

7.86.0;
8.8ND1.9;

2.24.0;
4.93.1;
4.9ND1.8;

1.95.2;
6.6ND1.6;

1.71.7;
1.91.8;

2.3Metastasis

(n/n)"Lymph

Invasionnodes+

0/3+
0/4+
ND+
0/4+
0/4+
0/4+
0/3+
0/2+

0/3-I-
ND+
3/4+
3/7+
ND+
0/1+
2/2+
0/3+

ND-1-
0/5+
0/2+
ND+

4/5+
3/4+

3/3Lungs0/30/40/20/40/40/40/30/21/30/23/43/72/20/12/21/41/40/51/24/102/53/42/3
" Number of rats with tumor/total number of rats given injections.
" Animals given i.p. injections were killed when moribund.
' Doubling time in days for two representative individual tumors during exponential growth phase.
* Number of rats with metastasis/number of tumor-bearing rats autopsied.
' NA, not applicable; ND, not determined; AGG, aggregate, with a diameter of 0.2 mm.
' I>:ii;igiven for cells at the 22nd passage after preparation; i.p. injection of 5 x IO6FR3T3C cells at the 10th passage killed the animals within 10 to 14 weeks.
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Fig. 8. Growth curves of representative individual tumors. , flank tumors
induced by s.c. inoculation of 5 x io" cells; , tail tumors induced by s.c.
inoculation of a 0.2-mm cell aggregate. Cells injected were FR3T3C (A); MTT4
(A); RatlW (O. two flank tumors plotted); RatlpEJ6.6 (â€¢);Rat2 (Ht two flank
tumors plotted); Rat2pT24B4 (â€¢);and REFpEJmycN? (x). Numbers, doubling
time in days during exponential growth phase.

contrast to limited growth described in Ref. 7). Also
Rat2pT24B4 induced tumors efficiently and with a short la
tency period. All tumors mentioned were invasive into the skin
and/or the muscles after s.c. injection and into the abdominal
organs (mainly into pancreas, mesenteria, and liver but often
also into intestine, spleen, kidney, or diaphragm) after i.p.
injection. MÃ©tastasesin local lymph nodes and lungs were often
found with RatlW and with REFpEJmycN? cells after s.c.
injection. Metastatic REFpEJmycN? tumors were observed as
well with a 100-fold lower inoculum (5 x IO4cells) but after a

longer observation period. So far, we observed one case of
micrometastases in the lung after s.c. tumor formation by Rat2
cells. MÃ©tastaseswere also regularly observed with RatlW,
RatlpEJ6.6, and Rat2pT24B4 cells after implantation of an
aggregate in the tail, and with several types of cells (RatlW,
Rat2, Rat2pT24B4) after i.p. injection. In the tail system la
tency periods were longer and tumor growth rates were slower
(Fig. 8).

DISCUSSION

In the present study we have compared the expression of
immortalizing genes (polyoma large-T and activated myc) and
transforming genes (polyoma middle-T and activated ras) with
the acquisition of invasiveness in vitro and in vivo and of
metastatic capability.

The series of rat cells examined here included several spon
taneously established cell lines (FR3T3, Rati, Rat2) generally
used as relatively normal recipients for viral and cellular onco-
genes. Some of these cell lines showed a normal (LTRAT1) or
near normal (Rat2) karyotype whereas others (e.g., Rati) de
viated from normal.7 Taken together, such cell lines and their

derivatives are not phenotypically stable (25, 28, 51, 52) and
cannot be considered normal. This may partly explain the
disagreement between some of our tumorigenicity data and
findings in other laboratories (see "Results"); nevertheless, all

cells were used within 10 passages after receipt or after isola
tion; however, concerning v-myc and H-ras genes our observa
tions were in good agreement with expectations: solely cell line
REFpEJmycN? showed detectable v-myc sequences; immortal
ized cell lines (Rati, Rat2) did express small amounts of ini
munoreactive p21 gene products; cells transfected with pÃas-

mids pT24 or pEJ6.6 contained high amounts of newly ex
pressed ras-proteins.

The three-dimensional invasion assay in vitro used here is, so
far, reproducible, reliable, and representative of invasion in vivo
(for review, see Ref. 53). Regarding this invasion in chick heart
fragments different classes of cells could be discriminated, cells
meeting criteria of invasion completely, partly, or not at all.
These criteria are occupation and degradation of the heart tissue
and progression of both features (53). The characterization of
4 noninvasive cell cultures extended previous experience with
primary cells and continuous noninvasive cell lines (reviewed
in Refs. 42 and 54). It is noteworthy that these noninvasive
cells include lines immortalized either "spontaneously" or upon

induction by an oncogene. These two mechanisms of establish
ment have been reported to yield nonequivalent phenotypes
(55), but apparently neither is sufficient for induction of inva
siveness on a short-term basis.

Among the invasive rat cell lines meeting all criteria of in
vitro invasiveness were those reported or found by us to be fully
transformed and highly tumorigenic. In addition, so-called pre-
neoplastic cell lines (Rati) were found to be fully invasive.
Apparently, it is possible to select noninvasive cell populations
(Rat2) from invasive ones (Rati). So far it is not clear if loss of
invasiveness is related to any of the selection criteria applied
during isolation of Rat2 cells but reappearance of invasiveness
has been readily observed by us for Rat2 subclones both in vivo
(see below) and in vitro (to be reported elsewhere).

Other cell lines showed signs of invasion in vitro but not the
complete invasive phenotype. The pT24-transfected Rat2 cells
occupied the embryonic chick heart and subsequently prolifer
ated in a rapid and progressive way but degeneration of heart
tissue was absent so that marked chimerical structures were
formed.

Experiments in vivo agreed in most cases with observations
in vitro. Cells which scored positive in the invasion assay in
vitro did form invasive tumors in vivo as well. This was most
easily detectable upon i.p. injection in accordance with previous
reports (56,57). The finding of lymph node and lung mÃ©tastases
essentially confirmed the invasive nature of the tumors. This
was especially the case for tumors, induced by s.c. implantation
of cell aggregates in the tail. It has been shown by amputation
studies that this type of experiment mimics natural tumor
spread (57). It should be noted that the metastatic capability of
rapidly growing tumors could be masked due to short survival
periods (2 to 4 weeks).

Whatever inoculation route was used, cells selected after
oncogene transfection, including our isolate Rat2pT24B4,
showed shorter latency periods and higher tumor growth rates
than nontransfected parental cells; nevertheless, in spite of
fairly long latency periods (up to 6 months), hampering exper
iments with nude mice, continuous cell lines often displayed
tumorigenicity in a reproducible way. Even small inocula of
RatlW cells induced tumors, for example upon implantation
in the tail, and mÃ©tastaseswere regularly found with this cell
line. Recently, tumorigenesis by so-called "preneoplastic" cell

lines (NIH3T3, Rati) has been reported by others as well (15,
58). Rat2 cells formed tumors only in assays with high inocula.
Such Rat2 tumors produced after s.c. or i.p. inoculation turned
out to be invasive. When thymidine kinase deficient cells were
derived from those tumors, they were found to be invasive also
in vitro* This leaves us with the finding that noninvasive, so-

' E. Boghaert. personal communication.
â€¢F. M. Van Roy, P. Suffys, G. Liebaut, P. Coopman, J. Gao, C. H. DragoneÂ»!,

W. C. Fiers, and M. M. Mareel, manuscript to be published.
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called "immortalized" cells (e.g., LTRAT1 and Rat2) were

unable to form benign tumors under our conditions.
Summarizing our invasion and metastasis data, one has to

distinguish between apparently spontaneous and transfection-
induced invasiveness. Spontaneous acquisition of the invasive
traits, e.g., by Rati and FR3T3 cells, has been observed before
for other cell types (45, 59). This phenomenon complicates
seriously the interpretation of transfection experiments; thus,
it is likely that all cell lines derived from FR3T3 or Rati cells
have acquired malignant properties from the parental cell lines.
Transfection with polyoma genes or activated ras genes un
doubtedly results in increased growth rates of both primary and
secondary tumors, making them more easily detectable. Intrin
sic malignancy, however, is less related to growth rate (9) and
not necessarily related to the oncogenes mentioned. It is not
excluded that recent experiments with cell lines derived from
transfected NIH3T3 cells suffer from the same background
problem. Our recent unpublished results have shown that
NIH3T3 cells also are fully invasive in vitro. The situation is
less clearcut for the fully transformed and tumorigenic pT24-
transfected Rat2 cells which turned out to acquire at least part
of the invasive phenotype upon expression of activated ras
genes. Theoretically, it cannot be excluded that a minority in
the Rat2 cell population is both invasive and preferentially
transfectable by exogenous ras genes; also, mere selection of
DNA-transfected cells by whatever means might select concom-
itantly for a more progressive phenotype (60).9 In addition,
neoplastic traits have been reported to arise in a similar unspe-
cific way upon transfection of cells with apparently irrelevant
DNA (5, 6). Finally, it is possible that activated ras genes
indeed induce progression towards invasiveness and metastatic
capability. In favor of this is the finding by Hynes et al. (61)
that a mouse mammary epithelial cell line, forming benign
nodules in vivo, is able upon ras transformation to form invasive
carcinomas. The latter hypothesis has been suggested also by
the finding that both REFpEJgpt4 and REFpEJmycN? cell
lines at the time of investigation were highly invasive and at
least the latter cell line was very metastatic too. One of the
explanations for the latter findings is invasion induced by so-
called immortalizing genes such as \-myc (but not large-T of

polyoma).
We conclude from our experiments that invasiveness and

metastatic capability is acquired in an apparently spontaneous
way by multiple, established, REF-derived cell lines. The rates
of these spontaneous conversions were too large to provide us
with definite evidence that either myc or ras or polyoma gene
products were involved in the acquisition of invasiveness and
metastatic capability.
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