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Normal rat fibroblasts of the established cell line Rat 4 were cotransformed with activated human ras
oncogenes and with a cloned chicken thymidine kinase (tk) gene. Linkage between tk and ras genes allowed the
isolation of oncogene deletion revertants and of cell clones showing varying degrees of malignant phenotype.
Southern and Northern experiments in concert with tumorigenicity assays show that the malignant transfor-
mation of these cells by mutant ras oncogenes is a gradual but reversible process that depends on the relative
abundance of oncogene sequences and their corresponding transcripts. We also show that moderate
amplification of a c-K-ras oncogene in these cells results in a clear increase in their tumorigenicity and that the
mutant gene present in low copy numbers in cultured cells undergoes amplification in the corresponding in vivo
induced tumors.

A significant proportion of spontaneous and experimen-
tally induced tumors contain ras genes altered by somatic
mutations which result in the activation of their oncogenic
potential in established rodent cell lines (for a review see
reference 10). The mutations characterized to date result in
single-amino acid substitutions at or near position 12 or 61 of
the ras gene product (for a review see reference 36), but not
all of these single-amino acid substitutions confer to ras
genes the same transforming potency. Thus, rat fibroblasts
transformed by the human c-H-ras gene containing different
amino acids at codon 12 exhibit varying degrees of trans-
formed morphology (28). Although mutant c-H-ras onco-
genes are unable to achieve the oncogenic transformation of
primary rodent embryo fibroblasts (11, 26), they can do so if
they are supplied with strong transcriptional enhancers (30).
It is also known that ras protooncogenes can transform NIH
3T3 cells when linked to a strong viral promoter-enhancer (2)
or when incorporated in multiple copies in the host cell
genome (23, 33). In addition, amplified ras genes have been
found in animal (27) and human (14, 23, 34) tumors, and in
some tumors the mutant ras allele is amplified relative to the
normal (39). Therefore, quantitative as well as qualitative
alterations in mammalian ras genes seem to be involved in
the activation of their oncogenic potential.
We report here that the malignant transformation of es-

tablished normal rat fibroblasts by mutant human ras onco-
genes is reversible upon loss of the oncogene sequences and
that moderate fluctuations in mutant ras gene amplification
and expression have drastic consequences in the manifesta-
tion of their- transformed phenotype. Moreover, we show
that inoculation into syngenic animals of cell clones contain-
ing oncogene low copy number is accompanied by amplifi-
cation of the mutant ras gene in the resulting tumors.

MATERIALS AND METHODS
Cell lines and DNA transfections. Rat 4 is an established

normal cell line deficient in nuclear thymidine kinase, de-
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rived from the parental Fisher rat embryo fibroblast cell line
Rat 1 (35). Calu 1 and T24 are cell lines derived from human
lung and bladder carcinomas, respectively, and their origins
have been previously reported (19). Cells were maintained as
monolayer cultures in Dulbecco minimum essential medium
(DMEM) supplemented with 10% bovine calf serum.
Rat 4 cells were transfected by the calcium-phosphate-

DNA coprecipitate method (9) essentially as described be-
fore (19). Due to the toxicity of the calcium-phosphate-DNA
coprecipitate in these cells, the conditions for optimal gene
transfer were adjusted as follows: 106 cells were seeded in
10-cm culture dishes, and 1 day later 10 ml of fresh medium
was added to the cultures 4 to 8 h before transfection. The
calcium-phosphate precipitate contained 20 ,ug of tumor cell
DNA per ml and, when indicated, 20 ng of a purified 3-kb
kilobase Hindlll fragment containing the chicken thymidine
kinase (tk) gene (20). A 0.75-ml portion of the mixture was
added per culture dish, and the precipitate was removed 6 to
10 h later. The cells from each culture dish were trypsinized
and transferred into five dishes containing DMEM or hypo-
xanthine-aminopterin-thymidine (HAT) medium supple-
mented with 10% calf serum, and foci of transformed cells or
HAT-resistant colonies showing a transformed morphology
were scored 14 to 20 days later. tk- revertants were isolated
by plating increasing numbers of cells in medium containing
100 ,ug of bromodeoxyuridine (BUdR) or 1 ,ug of triflu-
orothymidine (TFT) per ml as previously described (22).
Anchorage dependence and tumorigenicity assays. Growth

in soft agar was assayed by suspending a known number of
cells in 0.3% agar in DMEM supplemented with 10% calf
serum which was overlaid on a base consisting of 0.6% agar
in the same medium. Colonies were scored by visual inspec-
tion and microscopic examination at 2, 4, and 6 weeks. One
hundred cells were plated in tissue culture dishes without
agar and colonies were scored at 2 weeks to obtain plating
efficiencies. Relative soft-agar cloning efficiencies were de-
termined by dividing the percentage of colonies observed in
the soft-agar dishes by the plating efficiencies of the corre-
sponding cell clones.
To test the tumorigenic properties in vivo of Rat 4 trans-

formants, 106 and 5 x 106 cells in 0.25 ml of DMEM from
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FIG. 1. Schematic representation of the cotransformation-reversion strategy. (A) Normal tk- cells are transfected with a mixture of donor
cell DNA containing a transforming gene and a cloned tk gene. Screening in neutral medium (DMEM) or selection in HAT medium allows
the isolation of morphologically transformed tk+ cells. After subcloning, the cells are plated in HAT medium or in medium containing BUdR,
and the morphology of colonies is scored after 2 weeks in culture. (B) The cells are first transfected with the transforming gene, and foci of
morphologically transformed tk- cells are isolated by screening the neutral medium cultures and subcloned further. These cells are then used
as recipients for transformation with the tk gene, and tk+ colonies are isolated and plated in HAT or BUdR medium. Black and white circles
represent colonies with transformed or normal morphology, respectively.

each individual cell clone were injected subcutaneously into
the backs of 4- to 6-week-old Fisher rats which were
monitored thrice weekly for the appearance of tumors. After
their appearance, tumors were periodically measured with a

caliper to determine their growth rates. When the tumors
reached a size of approximately 40 mm in diameter, the
animals were sacrificed, and the tumors were dissected and
frozen in liquid nitrogen until further use.
RNA and DNA extractions and hybridization analyses.

RNA was prepared by sequential guanidine HCl-ethanol and
phenol extractions, as previously described (38), from 8 to 10
plates of sparse cell cultures. Approximately 30 ,ug of total
cellular RNA was electrophoresed through 1% formalde-
hyde-agarose gels (13) which were subsequently soaked for
15 min in water preheated to 65°C and for 1 h in 20 x SSC (I x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room
temperature. RNA was transferred to nitrocellulose filters as
described before (19). The filters were subsequently
prehybridized for 5 to 12 h at 42°C in 50% formamide-5x
SSC-1x Denhardt solution-50 mM NaH2PO4 (pH 6.5) con-
taining 50 jig of denatured salmon DNA per ml and hybrid-
ized at 42°C in the above solution containing 10% dextran
sulfate and approximately 5 x 106 cpm of nick-translated
DNA (1 x 108 to 2 x 108 cpm/,ug) per ml. The filters were
washed once in 5x SSC-0.1% sodium dodecyl sulfate at
room temperature for 5 min and successively in 2 x SSC-1 x
SSC and 0.5x SSC containing 0.1% sodium dodecyl sulfate
at 65°C for 30 min each time. The filters were exposed to
X-ray film for 12 to 42 h at -70°C.
DNA was prepared from cultured cells (three semiconflu-

ent dishes) or from frozen tumors as previously described
(17, 19) and digested with restriction endonucleases accord-
ing to the manufacturer's specifications (New England
Biolabs, Inc.). Southern blot hybridizations were carried out
on approximately 8 pLg of restriction endonuclease-digested

DNA as previously described (19), with the exception that
dextran sulfate (10%) was included in the hybridization
solution. Quantitative densitometries were performed with a
Joyce-Loebl densitometer as described previously (38), with
different exposure times of the X-ray films to ensure opera-
tion in the linear response range of the films.

RESULTS

Reversible transformation of rat fibroblasts by mutant
human ras oncogenes. Previous studies have shown that
exogenous DNA sequences incorporated by cultured cells
become ligated together in a large concatameric structure in
which a transforming gene is genetically and physically
linked to other cotransforming DNA sequences (21). This
new genetic unit eventually integrates into the host cell
genome (25). It was rationalized that cotransformation of
appropriate cells with human ras oncogenes plus a selectable
gene for which counterselection is available could simplify
the isolation of oncogene revertants by partial or complete
deletion of the foreign DNA sequences. Accordingly, Rat 4
tk- cells were transformed with genomic or cloned activated
ras oncogenes and a cloned chicken tk gene following an
experimental protocol similar to that previously described
(22) and that is represented in Fig. 1.
DNA from the human tumor cell lines Calu 1 and T24

which contain activated c-K-ras and c-H-ras oncogenes (8,
17) induced morphological transformation with efficiencies
of 0.005 and 0.1 focus per p.g, respectively. Foci which
contained cells able to grow in HAT medium or HAT-
selected colonies showing a transformed morphology were
isolated and subcloned again, and cells from these tk+
morphologically transformed clones were plated in HAT
medium or in medium containing BUdR. Cells growing in
HAT medium formed dense colonies showing a transformed
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FIG. 2. Phenotypic reversion of Rat 4 c-H-ras oncogene trans-
formants. Rat 4 cells were transformed with DNA of the bladder
carcinoma cell line T24 and cotransformed with the chicken tk gene.
Various tk+ morphologically transformed cell clones were plated in
BUdR medium (A through D). The number of cells from the
different transformed clones (Table 1) were 2 x 104 (A), 15 x 104
(B), 15 x 103 (C), and 2 x 105 (D). Two hundred fifty and 500 cells
from the parental Rat 4 cell line (R4) or from one tk+ transformed
clone (HAT) were also plated in neutral or in HAT medium,
respectively. After 12 (R4 and HAT) or 15 (A to D) days, the culture
dishes were stained with Giemsa.

morphology consisting of piled up, highly refractile cells. In
contrast, selection in BUdR gave rise to morphologically
normal colonies, although transformed colonies also devel-
oped with variable frequency depending on the different
transformants (Fig. 2; Table 1).
The reversion of BUdR-selected clones to a normal mor-

phology was not due to an effect of this drug because similar
results were obtained with the nucleotide analog TFT as
selection for the tk- phenotype (Table 1). In addition,
sequential experiments were performed in which Rat 4 cells
were first transformed with the T24 c-H-ras oncogene and
then used in another transfection experiment to generate tk+
clones with the chicken tk gene (Fig. iB). Several morpho-
logically transformed tk+ colonies were subjected to selec-
tion in BUdR as before. In this case, no linkage was
observed between the two phenotypes: all BUdR-selected

tk- revertants were still morphologically transformed (Table
1) (data not shown).
To have more objective criteria for the characterization of

the cellular phenotype, individual colonies were isolated and
expanded into mass culture. Three classes of cells were
chosen: HAT-selected cells, all morphologically trans-
formed; BUdR-selected cells which maintained a trans-
formed morphology; and BUdR-selected cells exhibiting a
morphologically normal phenotype. Cells from these three
classes were analyzed for their cloning efficiency in soft
agar, for their tumorigenicity in vivo, and for the presence of
human ras oncogene sequences in their genome (Table 1). A
direct correlation was found between the morphological
appearance of these cells and their malignant phenotype:
HAT- and BUdR-selected, morphologically transformed
cells contained oncogene sequences, showed high cloning
efficiencies in soft agar, and were highly tumorigenic. In
contrast, tk- flat revertants which had lost detectable
oncogene sequences were not able to grow in soft agar and,
like the parental Rat 4 cells, were nontumorigenic in our
experimental conditions.

Similar results were obtained with viral ras oncogenes
(v-H-ras), with cloned ras oncogenes including the T24
c-H-ras oncogene and c-K-ras/c-H-ras chimeric oncogenes
(40), and also with another tk- normal rat fibroblast cell line
(Rat 2) as recipient (data not shown). We conclude from
these experiments that deletion of ras oncogenes in trans-
formed rodent fibroblasts results in their reversion to a
normal phenotype.
lHTl and its descendants have variable transformed phe-

notypes. We used this experimental strategy to analyze in
greater detail the behavior of a Rat 4 tk+ transformed clone
(hereafter referred to as 1HT1) induced by genomic DNA
from the c-K-ras oncogene-containing cell line Calu 1. When
cells from this clone were plated in BUdR medium, approx-
imately 2% survived. The majority of these cells exhibited a
normal morphology. Southern blot hybridization analyses
revealed that they were deletion revertants, and they were
not able to survive when plated back in HAT medium.
However, a smaller proportion (about 5% of the BUdR-
selected tk- clones) exhibited varying degrees of trans-
formed morphology. When these clones were expanded into
mass culture, the majority of them contained cells that were
able to survive in HAT medium with efficiencies that corre-
lated with the morphological appearance of the original
clones. Thus, 1 to 5% of the cells from the most transformed
clones (T clones), 0.1 to 1% of the cells showing an inter-
mediate morphology (NT clones), and 0.001 to 0.1% of the
cells exhibiting a more normal morphology (N clones) sur-
vived and gave rise to fully transformed clones when plated
in HAT medium.

Southern and Northern hybridization experiments (data
not shown) revealed that, while these clones still contained
tk gene sequences, they showed no detectable or very low
levels of tk gene transcripts when maintained in BUdR
medium. In contrast, 1HT1 cells grown in HAT medium
expressed tk-specific transcripts. These results suggest that
the phenotypic reversion of these tk- clones was due to
repression of the tk gene expression. In addition to these
general classes of cells, we occasionally observed highly
transformed clones which never gave rise to cells with ability
to survive in HAT medium, suggesting that they had lost the
tk but not the oncogene sequences.

In contrast with 1HT1 and all cells derived from this clone
which displayed a stable transformed morphology when
maintained in HAT medium, the morphological appearance
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TABLE 1. Phenotypic linkage of tk and ras genes in Rat 4 transformants

Morphology (%)" Genec Anchor- Tumorig-Donoea Medium ag d.nciy
T I N ras tk aged encitye

T24 (4) HAT (354) 98.8 1.2 0 6/6 3/3 4/4 2/2
BUdR (1,636) 29.7 16.0 54.3 0/8 0/4 (N) 0/4 (N) 0/4 (N)

5/5 0/3 (T) 4/4 (T) 2/2 (T)
TFT (282) 42.5 5.6 51.7 0/2 ND (N) ND ND

2/2 ND(T) ND ND

Calu 1 (2) HAT (469) 92.7 7.3 0 6/6 4/4 2/2 2/2
BUdR (1,336) 4.0 3.0 97.0 0/12 0/12 (N) 0/6 (N) 0/4 (N)

5/5 3/5 (T) 3/3 (T) 3/3 (T)
TFT (235) 10.6 12.7 76.5 2/2 ND ND ND

0/3 ND ND ND

T241 HAT (166) 99.2 0.8 0 ND ND ND ND
BUdR (277) 99.6 0.4 0 ND ND 2/2 ND

Rat 4 BUdR 0/2 0/2

a Rat 4 transformants induced by DNA from the human tumor cell lines T24 or Calu 1 were analyzed for linkage of their transformed morphology with the tk
gene as described in the text. The numbers in parentheses indicate the number of independently derived transformed clones analyzed.

I Morphology of cells growing in the indicated culture media. The values represent the average percentage of colonies showing a transformed (T), intermediate
(I), or normal (N) morphology. The numbers in parentheses represent the total number of colonies analyzed. The cloning efficiencies in BUdR medium (and the
percentage of colonies showing a normal morphology) of the different clones was as follows: T24 transformants (four clones)-0.13 (35), 0.15 (22), 0.78 (53), and
1.5 (60); Calu 1 transformants (two clones)-0.02 (93) and 1.8 (94).

c Presence of c-K-ras or c-H-ras oncogenes (ras) or chicken thymidine kinase (tk) sequences in isolated clones as analyzed by Southern blot hybridization. The
probes used were the 0.8-kb PstI fragment of the human c-H-ras oncogene cloned in pBR322 (8), the 0.9-kb EcoRI-HindIII fragment of the human c-K-ras
oncogene cloned in plasmid pLRHO.9 (17), and the purified 3.0-kb HindIlI fragment of the chicken tk gene (20). The values represent the number of positive
cases/total number analyzed. The morphology of the different BUdR- selected clones is indicated in parentheses. ND, Not determined.

d Ability to grow in soft agar of clones selected in the indicated medium. Number of positive samples (giving colonies of more than 20 cells after 2 weeks in
culture)/total number analyzed.

e Tumorigenicity in vivo of clones selected in the indicated medium. Number of positive samples (inducing detectable tumors 4 weeks after subcutaneous
injection of 5 x 101 cells in 4- to 6-week-old Fisher rats)/total number analyzed.
f Cells from two independent morphologically transformed Rat 4 tk- clones induced by T24 DNA were used as recipients in transfection experiments, using

the chicken tk gene and Rat 4 carrier DNA. One tk+ colony of transformed cells selected in HAT medium was subcloned from each original transformant and
analyzed as before.

of those transformed cells which survived in BUdR medium
was unstable. Thus foci of T cells appeared in cultures of N
cells; conversely, colonies ofN cells appeared in cultures of
T cells (Fig. 3). In most cases the changes in cellular
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morphology appeared to be gradual, involving intermediate
NT cells.
A BUdR-selected clonal derivative of 1HT1 (1BT1), ex-

hibiting a transformed morphology, was plated at low cell
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FIG. 3. Morphological instability of Rat 4 c-K-ras oncogene transformants. Cells from the indicated clones were photographed in the
culture dishes with a Wild MPS45 camera, using a Leitz Diavert phase-contrast microscope (X100 magnification). (a) Rat 4; (b) 1HT1; (c) T1;
(d) NT1; (e) NT2; (f) N1; (g) a focus of transformed cells in a culture of N1; (h) a colony of N cells in a culture of Tl.
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FIG. 4. In vitro and in vivo tumorigenic properties of Rat 4

c-K-ras oncogene transformants. Soft-agar cloning efficiencies (A)
and ability to induce tumors in Fisher rats (B) of 1HT1 and its
descendants. (A) Inocula of 102, 103, and 104 of the indicated cells
were analyzed for ability to grow in soft agar. The number of
colonies containing more than 20 cells was scored at 2 weeks
post-inoculation and divided by the plating efficiency of each
inoculum in standard growth medium. (B) Totals of 106 and 5 x 106
cells were injected subcutaneously into Fisher rats. The values are

expressed as the reciprocal of the average time required for tumors
of 10 (left bars) or 30 (right bars) mm to develop.

density, and colonies of cells of varying morphologies rang-
ing from T (Ti and T2) to NT (NT1 and NT2) to N (Ni, N2,
and N3) were isolated, subcloned again, and grown in mass

culture. These cells were subsequently analyzed by all of the
criteria described below after 25 to 30 cell doublings to
minimize the heterogeneity which eventually became appar-
ent after prolonged growth.
The differences in the oncogenic potential of IHTI and its

descendants correlates with the c-K-ras oncogene expression
levels. The oncogenic potential in vitro and in vivo of iHTi
and derived clones was analyzed by soft-agar and
tumorigenicity assays. A clear correlation was found be-
tween the microscopic appearance of these cells and their
ability to grow in soft agar and to induce tumors in Fisher
rats (Fig. 4). While iHT1 and T clones had high cloning
efficiencies in soft agar and induced tumors in about I week,
the NT clones exhibited intermediate cloning efficiencies and
induced tumors in 2 to 4 weeks. The N clones grew poorly in
soft agar and took about 2 months to induce detectable
tumors. However, upon appearance of a palpable tumor the
growth rates were indistinguishable (Fig. 4B). At the same
time, inspection of the soft-agar dishes at 2, 4, and 6 weeks
revealed no differences in the relative cloning efficiencies,
suggesting that cell division was necessary for the transition
of an N cell to a T cell.
The human c-K-ras mRNA levels in these cells were

determined by Northern hybridization experiments (Fig. 5).

C
28s

FIG. 5. Expression levels of the c-K-ras oncogene in Rat 4
transformants. Northern blot hybridization analysis of human c-K-
ras (a) and rat ac-tubulin (b) mRNA levels in 1HT1 and derived
cultured cell clones. Total cellular RNAs (30 FLg each) were electro-
phoresed through a 1% agarose-formaldehyde gel. transferred to
nitrocellulose, and hybridized to 32P-labeled pLR2.4 (17), which is
the 2.4-kb EcoRI fragment containing the fourth alternative coding
exon and 3'-end untranslated sequences of the c-K-ras gene cloned
into pBR322 (a). Subsequently, the filters were rehybridized with
32P-labeled pILaTl (12), a plasmid containing a-tubulin cDNA
sequences (b). Calu 1 represents RNA extracted from the human
Calu 1 tumor cell line. (c) One-tenth of each RNA sample was

electrophoresed through a separate formaldehyde-agarose gel and
stained with ethidium bromide to ensure that equivalent amounts of
RNA were analyzed in each case.

The expression pattern of the human c-K-rcas oncogene was

the same in iHT1 and its derived clones and in Calu 1 human
cells (two major and distinct RNA species of approximately
5.0 and 3.0 kb), indicating that the c-K-ras gene present in
the rat transformants conserved all of the sequences neces-

sary for its apparently correct expression. However, the
highly transformed cells (iHT1, iBT1, Ti, and T2) accumu-
lated high levels of ras-specific mRNA than the slightly
transformed cells (Ni, N2, and N3). Cells with an interme-
diate morphology (NT1 and NT2) expressed intermediate
levels (Fig. 5a). As an internal control, the filter was

rehybridized with a radioactive probe complementary to rat
oL-tubulin mRNA, revealing only minor differences in (x-
tubulin mRNA accumulation (Fig. Sb). The relative levels of
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FIG. 6. Amplification of the c-K-ras oncogene in Rat 4 transformants. Southern blot hybridization analysis of endogenous rat c-K-ras,
human c-K-ras, and chicken tk sequences in DNA from 1HT1 and derived cultured cell clones (A) and in their in vivo induced tumors (B).
DNA was extracted from the indicated cell clones, and approximately 8 ,ig of each sample was digested with EcoRI, electrophoresed through
a 1% agarose gel, and transferred to nitrocellulose. The filters were hybridized with the 0.6-kb StuI-EcoRI fragment of HiHi3, a plasmid
containing the coding sequences of the rat v-K-ras oncogene derived from Kirsten murine sarcoma virus (5) (panels a), and subsequently
rehybridized with pLR2.4 (panels b) and with the 3-kb HindIll chicken tk gene fragment (panels c), radioactively labeled by nick translation.

c-K-ras mRNA were also determined in isolated T-cell
populations which arose in N-cell cultures and conversely in
isolated N-cell populations which arose in T-cell cultures
(data not shown), revealing again a tight coupling between
the abundance of c-K-ras mRNA in these cells and their
malignant phenotype.
The differences in the malignant phenotype of lHT1 and its

descendants correlates with the c-K-ras oncogene dosage. The
relative copy number of the c-K-ras oncogene present in
these cells was determined by Southern blot hybridization
experiments, using as probe v-K-ras gene sequences (Fig.
6A). Upon digestion with EcoRI, Rat 4 DNA revealed three
distinct bands of 8.7, 4.2, and 1.5 kb, corresponding to the
endogenous rat c-K-ras gene. The intensities of these bands
were similar in all rat transformants, confirming that similar
amounts ofDNA were analyzed in each sample. In addition,
two other bands of 6.7 and 3.0 kb were observed in the
transformant DNA which represented cross-hybridization to
the integrated human c-K-ras sequences. However, the
relative intensities of these bands were not identical. The
highly transformed T cells showed relatively higher levels of
human c-K-ras sequences than did the NT cells, which in

turn showed higher levels than the N cells (Fig. 6A, a). The
same filter, rehybridized with a human c-K-ras-specific
probe, again showed clear although moderate differences in
the intensities of the specific human c-K-ras 2.4-kb EcoRI
fragment (Fig. 6A, b). The filter was subsequently hybrid-
ized with chicken tk-specific sequences (Fig. 6A, c). While
1HT1 contained four different DNA fragments which hybrid-
ized to the tk probe, cells grown in BUdR contained only one
of an identical size in each case. The relative intensity of this
band was essentially coincident with that of the human
c-K-ras band, indicating a tight linkage between the chicken
tk and the human c-K-ras genes.
The differences observed in the tumorigenic properties

and in the relative levels of oncogene transcripts and copy
number between these cell clones could be explained if the
more normal (N and NT) clones were heterogeneous popu-
lations with variable proportions of cells containing
oncogene sequences. However, cloning experiments per-
formed with cells from Ni and N2 cultures at passages
identical to those used for the experiments described before
revealed that the majority of these cells still harbored tk and
oncogene sequences, as shown by their ability to generate
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morphologically transformed tk+ re-revertants (data not
shown). Comparative Northern and Southern blot experi-
ments also revealed that N clones contained oncogene RNA
levels (Fig. 5) and copy number (data not shown) similar to
those of the human tumor cell line Calu 1. Therefore, these
differences were not due to the presence of a significant
percentage of deletion revertants in these cultures, but
rather to differences in the degree of amplification of the
oncogene, with the N clones containing oncogene sequences
equivalent to a single or a few copies per genome. At the
same time, the human bands corresponding to different
regions of the c-K-ras locus, from the 6.7-kb EcoRI fragment
containing the first coding exon to the 2.4-kb EcoRI fragment
containing the last fourth coding exon (1, 17), showed
parallel fluctuations in their relative intensities (Fig. 6A, a
and b), indicating that rearrangements or deletions in the
oncogene sequences did not occur during the amplification
events.

Quantitative densitometries of the Northern (Fig. 5) and
Southern (Fig. 6A) experiments allowed an estimation of the
relative steady-state levels of human c-K-ras mRNA and of
its copy number in 1HT1 and its derived clones (Table 2).
The highly transformed T cells expressed approximately
10-fold more ras transcripts and contained 5- to 10-fold more
oncogene sequences than the slightly transformed N cells,
while the intermediately transformed NT cells expressed and
contained intermediate levels. These results indicate that the
changes in expression of the human c-K-ras gene were
primarily due to changes in its amplification.
The c-K-ras oncogene of 1HT1 and its descendants under-

goes amplification in vivo. It was of interest to study the
oncogene expression levels and its copy number in the in
vivo induced tumors. In contrast to the cells grown in
culture, the relative levels of human c-K-ras mRNAs in the
tumors dissected from the animals revealed no consistent
differences in their relative abundance (data not shown). A
comparison of the levels of human c-K-ras sequences in
DNA extracted from tumors with the DNA extracted from
the corresponding cultured cells prior to inoculation re-
vealed only minor differences in the cases of 1HT1, 1BT1,
Ti, T2, and NT2. However, the c-K-ras sequences had
become clearly amplified in the tumors induced by the more
normal N cells (Fig. 6B). These results indicate that the
induction of tumors in vivo required the previous amplifica-

TABLE 2. Quantitative analysis of human c-K-ras mRNA and
DNA levels in 1HT1 and derived cultured cell clonesa

mRNA DNA

Clone rasl mRNA/DNA
ras Tubulin rsin h-ras r-ras h/r rastubulhn

1HT1 3.04 2.10 1.44 2.66 2.0 1.33 1.08
1BT1 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Ti 0.71 0.50 1.42 2.80 1.65 1.69 0.84
T2 1.14 0.76 1.50 3.15 1.75 1.80 0.83
NT1 0.22 0.58 0.38 0.90 1.05 0.85 0.44
NT2 0.67 0.71 0.94 2.80 1.90 1.47 0.63
Ni 0.15 0.81 0.19 0.22 0.90 0.24 0.79
N2 0.11 0.93 0.11 0.33 1.45 0.22 0.50
N3 0.09 0.68 0.13 0.39 1.40 0.26 0.50

a In each case the values represent the average of two separate experiments
which were quantitated by integrating the areas under peaks generated by
densitometric tracings of autoradiograms. Representative experiments are
shown in Fig. 6 and 7. The values were normalized relative to the areas of the
lBTl clone, which was given an arbitrary value of 1.0. ras, Human c-K-ras
RNA sequences; h-ras and r-ras, human and rat c-K-ras DNA sequences,
respectively.

tion of the c-K-ras oncogene, which was either present in a
minor percentage of the cells in the inoculum or selected
during the tumor growth or both.

DISCUSSION

We have used the established rat fibroblast cell line Rat 4
in our studies of the oncogenic properties of activated human
ras oncogenes. The cotransformation-reversion approach
allows the rapid isolation of oncogene deletion revertants
based on its linkage with the tk gene for which a
counterselection is available. Using this strategy, we have
shown that the oncogenic transformation of established
normal rodent fibroblasts by activated human cellular ras
oncogenes is a reversible process and that the continuous
presence of mutant ras oncogenes is necessary not only for
the initiation, but also for the maintenance of their trans-
formed phenotype.
These results are not surprising in light of the reversible

transformation of rodent established cell lines by a temper-
ature-sensitive mutant of the Kirsten sarcoma virus (29), the
spontaneous reversion ofNIH 3T3 cells transformed with an
activated human N-ras oncogene and cotransformed with
the dhfr selectable vector (15), and the transient transforma-
tion and reversion of cultured cells microinjected with
purified mutant c-H-ras proteins (7, 31) or with ras-specific
antibodies (6). However, it is noteworthy that the deletion of
incorporated mutant ras genes in stably transformed cells is
accompanied by a rapid reversion to a phenotype indistin-
guishable by the criteria analyzed from the parental,
nontransformed cells.
Our studies also show that, although deletion of the

chicken tk exogenous sequences is the most frequent mech-
anism for the reversion to a tk- phenotype, other mecha-
nisms are also possible. Thus, cell clones that still contain an
integrated tk gene are, however, phenotypically tk- due to
inactivation of its expression. The mechanism responsible
for the reversible repression of the tk gene in these cells is
not clear. By parallelism with similar observations using the
herpesvirus tk gene, it could be due to changes in chromatin
conformation (4, 32) or to alterations in the methylation
patterns (3, 18). However, it is noteworthy that, while the
parental 1HT1 clone contains several independently inte-
grated copies of the tk gene, the BUdR-selected clones
which still are able to survive in HAT medium retain only
one (Fig. 6, c). The tk gene that remains in these tk- clones
has lost sequences 5' of the EcoRI site located at the
promoter region of the gene (data not shown). It is conceiv-
able that the levels of gene expression could be abnormally
low or aberrant in these cells due to the loss of essential
sequences at its promoter region and that this could be the
reason for their phenotypic instability. Growth in HAT
medium could select those cells containing tk genes ampli-
fied above a critical level required for expressing sufficient tk
activity to allow the cells to survive in HAT medium (24).
This is supported by the different reversion frequency of N
and T clones to the tk+ phenotype and the tight linkage
observed between the tk and the oncogene sequences which
results in their coamplification.
Whatever processes led to the reversible inactivation of

the tk gene in 1HT1 cells, its linkage with the ras oncogene
allowed us to identify those cells which had undergone
fluctuations in the degree of amplification of the oncogene
sequences because this resulted in the manifestation of
different cellular phenotypes. Therefore, our studies show
that the malignant transformation of rodent fibroblasts by an
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activated human c-K-ras oncogene is a quantitative process
that depends on its expression levels, which in turn corre-
lates with its degree of amplification.

Amplification of DNA sequences introduced into cultured
cells by the calcium-phosphate coprecipitation method oc-
curs very often, probably due to the instability of the
exogenous DNA sequences in the transformed cells (24, 37).
Thus, cultured rodent cells stably transformed with cellular
ras oncogenes usually contain amplified oncogene sequences
(16, 19, 36). It is not clear whether this is a prerequisite for
the induction of distinguishable foci of morphologically
transformed cells or if this is a later phenomenon selected
during the propagation in culture. However, our observa-
tions suggest that amplification of the incorporated oncogene
sequences may be necessary to achieve detectable morpho-
logical transformation at least with those oncogenes that do
not contain mutations conferring to them strong oncogenic
potential or with those cells which appear more resistant to
transformation.
Perhaps the most striking result of our experiments is that

a relatively small increase (<10-fold) in the gene dosage of
the incorporated mutant c-K-ras gene that is readily detected
in the NIH 3T3 transfection assay (19) and is representative
of a mutation (cysteine at codon 12) that shows a clear
transforming potency in the Rat 1 assay (28) results in a
drastic difference in the malignant phenotype of the trans-
formed cells. Thus, while cells containing one or a few
copies of the mutant gene exhibit a very low cloning effi-
ciency in soft agar and are weakly tumorigenic, subclones of
cells derived from them that have amplified a few fold the
mutant gene have clearly increased their ability to grow in
soft agar and their tumorigenic potential in vivo. In support
of this is the finding that propagation in vivo of cell clones
having low oncogene dosage is accompanied by amplifica-
tion of the gene. These observations also suggest that the
expression of a minimum level of mutant ras gene products
may be critical in tumorigenesis, and that one way this can
be accomplished is by gene amplification. In this context it is
noteworthy that previous studies have shown that mutant
ras genes are preferentially expressed iri several human
tumor cell lines (1, 39) and that this is accompanied, in at
least one case (that of the PR371 lung adenocarcinoma), by
differential amplification of the mutant allele (39).
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