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ABSTRACT

Several tumor-derived oncogenes have been shown to independently

act as complete carcinogens following transfection into target cells from
established tissue culture lines. However, the number and types of
oncogenes required to transform primary cultures of normal mammalian
cells is unclear. To clarify this issue in a simplified model system, we
transfected genomic DNA from a naturally occurring rat tumor into Mil
3T3 cells as well as into early passage rat embryo fibroblasts. The 3T3
cells were transformed with high efficiency to malignant phenotypes; the
rat embryo cells were transformed at lower frequencies following cotrans-

fection with a selectable neomycin resistance marker and treatment with
Geneticin (G418). The transformed rat cells had cancerous phenotypes
as determined by in vitro, cytogenetic, and in vivo criteria. Moreover, the
transformed mouse and rat cells contained new tumor DNA-derived
nucleotide sequences homologous to the activated human I la-rav onco
gene. Elevated levels of Ha-roi-specific mKN A, as well as enhanced

expression of the M, 21,000 oncogene product, were detected in the
transformed cells. Therefore, under well-defined experimental conditions,
a spontaneously activated Ha-ras oncogene from a naturally occurring

tumor was able to independently transform normal, homologous cells to
a malignant phenotype.

INTRODUCTION

More than 40 distinct oncogenes of viral and cellular origin
have been currently identified, and many have been character
ized with respect to nucleotide sequence, protein products,
molecular homology with cellular protooncogenes, chromo
somal localization, etc. (1-3). These studies have suggested that
tumor-derived oncogenes presumably arose from a variety of
alterations to cellular protooncogenes, such as inappropriate or
enhanced levels of expression, gene amplification, point muta
tions, chromosomal translocations, and rearrangements. More
over, several tumor-derived oncogenes have been shown to
transform susceptible target cells in a dominant fashion follow
ing DNA transfection in vitro (4). However, it has been difficult
to correlate these experimental findings with molecular mech
anisms for the initiation and progression of naturally occurring
cancers because of several technical and conceptual factors.

First, most investigators have used established lines of con
tact-inhibited target cells such as NIH/3T3 for in vitro DNA
transfection-transformation assays. This method has proved to
be useful for comparing relative transforming efficiencies of a
variety of viral and tumor-derived cellular oncogenes. However,
the relevance of this assay to naturally occurring neoplasia has
been challenged inasmuch as the target cells were presumed to
be "premalignant" with infinite growth potential in vitro, and

because only dominant-acting activity was detected (5, 6). Sec
ond, many of the oncogenes under investigation were exten
sively and artificially modified, often ligated in expression
vectors to noneukaryotic enhancing or promoting DNA se-
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quences prior to cloning. Third, conventional transfection-
transformation analyses were performed utilizing oncogenic
DNA and target cells from different species. Finally, the func
tional correlation between morphological "transformation" in

vitro and tumorigenicity in vivo has been difficult to establish.
Because of such shortcomings, Rubin (5, 6) and Duesberg (7,
8) have long contended that no definitive proof exists as yet
that "activated" protooncogenes are sufficient or even necessary

to cause cancer. In an attempt to resolve this dilemma, some
workers replaced mouse 3T3 cells with primary strains of
normal mammalian fibroblasts in DNA transfection-transfor
mation assays. Using that approach, Land et al. (9), and Ruley
(10) independently concluded that whereas a single oncogene
was sufficient to transform established cell lines such as 3T3
and rat-1, the coordinated expression of at least two interacting
nuclear and cytoplasmic oncogene products was required to
transform primary cultures of normal rodent fibroblasts. These
workers proposed that the coordinated biosynthesis of "immor
talizing" (nuclear) as well as "transforming" (cytoplasmic) on

cogene products was necessary to induce and perpetuate a
malignant phenotype in a normal mammalian cell.

This hypothesis was consistent with many earlier studies that
suggested multistep mechanisms for experimental carcinogen-
esis (11). On the other hand, it was incompatible with the in
vivo behavior of certain oncogenic viruses, such as the Kirsten
and Harvey strains of murine sarcoma virus. These agents are
examples of acutely transforming, replication defective mam
malian retroviruses which have long been known to transform
rapidly and independently normal fibroblasts in vitro and in
vivo to a malignant phenotype, presumably in one step (2, 12).
The genomes of these viruses contain a single transforming
oncogene: v-ros-Ki and v-ras-Ha, respectively (1, 2, 12). These
and other retroviral oncogenes remain the only undisputed
cancer genes, and the most complete carcinogens yet described
(7, 8). Although most of the acutely transforming retroviruses
probably acquired their potent oncogenic potential through
extensive laboratory propagation under intensive selective pres
sure (8), they nonetheless have been shown to transform effi
ciently and rapidly normal cells to malignant phenotypes by
single-hit kinetics (3, 12). This characteristic of the retroviral
oncogenes was incompatible with the recent hypotheses regard
ing the number and types of activated cancer genes required to
transform normal mammalian cells (9, 10, 13).

To resolve some of these issues, we transfected genomic DNA
from a spontaneously occurring and highly malignant rat tumor
into mouse NIH/3T3 cells, as well as into normal rat embryo
fibroblasts. Both culture types subsequently contained colonies
of morphologically altered cells, although the rat fibroblasts
were less efficiently transformed. Malignant neoplasms were
generated in nude mice, as well as in normal rats given injec
tions of transformed rat embryo cells shortly after birth. Prelim
inary biochemical and immunological analyses indicated that
the independent-acting oncogenic factor in the rat tumor DNA
shared extensive molecular homology with an activated human
Ha-ras oncogene.
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Ha-ros AND TRANSFORMATION OF NORMAL RAT CELLS

MATERIALS AND METHODS

Cells and Culture Conditions. Rat embryo cell cultures were initiated
as needed from 14- to 16-day-old Sprague-Dawley rat fetuses (14). Only
early passage cultures were used in DNA-transfection assays. Mouse
NIH/3T3 fibroblasts were generously provided by Dr. Mariano Bar-
bacid of The Frederick Cancer Research Facility, Frederick, MD, and
were routinely subdivided prior to reaching confluency. Both types of
cell cultures were maintained in DMEM2 supplemented with 10% fetal

calf serum and appropriate antibiotics. Rat tumor cells were cultured
in tissue culture Medium 199 made 10% in fetal calf serum and
antibiotics. All cultures were incubated at 37Â°Cin a humidified atmos

phere containing 10% CO:, and were routinely tested for Mycoplasma
contamination.

Transfection-Transformation Assays. High molecular weight genomic
DNA was isolated and purified as described (14), and was precipitated
by the calcium phosphate method as originally reported by Graham
and van der Eb (15). For rat embryo cells, 2 Mg/60 mm plates of the
pSV2-neo-resistance gene Homer 6 (a generous gift from Dr. Neil
Wilkie, Beatson Institute, Scotland) were coprecipitated with genomic
DNA prior to transfection. Briefly, 25 Mg(in 0.3 ml) of high molecular
weight DNA were made 0.5 M in CaCh and slowly mixed with an equal
volume of sterile 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
buffer (50 mM, pH 7.2) containing 1.4 mM sodium phosphate, 0.3 M
NaCI, 10 mM KC1, and 12 mM dextrose. The precipitate was combined
with 2.5 ml of complete DMEM, and placed into a 60-mm plastic Petri
dish containing either 4-5 x 10s rat embryo or NIH/3T3 cells. After

approximately 16 h of incubation, the media were removed and replaced
for an additional 24 h with complete DMEM. The cells from each 60-
mm Petri dish were trypsinized and subcultured into two 100-mm
plastic Petri dishes, and refed every third day. Transfected rat embryo
cells were selected by adding 300 Mgof Geneticin (G418, Sigma Chem
ical Co.) per ml of DMEM. Morphologically transformed cells were
isolated from foci with the aid of cloning cylinders, and were subcul
tured at high densities in large plastic flasks. Replicate Petri dishes
were periodically fixed with several changes of 70% ethanol, stained
with Giemsa, and scored for foci.

Chromosomal Analyses. Subconfluent cultures of normal and foci-
derived rat embryo cells were treated with Colcemid (0.45 Mg/ml) for 3
h. The cells were washed and prepared for metaphase evaluation by the
method of Latt et al. (16). Chromosome preparations were stained for
5 min in a 4% Giemsa solution and photographed.

In Vivo Tumor Growth. Approximately 106 transformed rat embryo

cells were suspended in 0.1 ml of sterile, physiological saline, and
injected s.c. into young male nude mice as well as into newborn Sprague-
Dawley rats. Equal numbers of normal rat embryo fibroblasts were
similarly injected for purposes of control. Animals were carefully ex
amined each week for tumor growth at the site of inoculation.

RNA Extraction and Blotting. Cellular RNA was extracted from
normal rat embryo fibroblasts, as well as from rat tumor cells, according
to the method of Kunnath and Locker (17). Equal amounts of purified
RNA from both cell types were drawn by vacuum through a dot-blot
apparatus (Schleicher & Schnell) onto membranes (Gene-Screen, New
England Nuclear). The dried filters were prehybridized at 42Â°Cover

night in a solution containing 6 x SSC (0.90 M NaCI, 0.90 mM sodium
citrate), 0.2% polyvinylpyrrolidine, 0.2% Ficoll 400, 0.2% BSA, 1%
SDS, 50 jig/ml of sonicated salmon sperm DNA, and 50 Mg/ml of
polyadenylic acid. Hybridization of the filters was accomplished in a
sealed plastic bag containing a buffer (0.1 ml/cm2 of filter) composed

of 50% formamide, 6 x SSC, 50 mM sodium phosphate buffer, pH 7.0,
1% SDS, and approximately IO7cpm of a heat-denatured, 32P-labeled,
DNA probe. Hybridization reactions were incubated at 42"C for 72 h

with gentle shaking, whereupon the membranes were rinsed quickly 3
times with 10 x SSC, 1% SDS for 15-30 min, and soaked in 0.1 x
SSC containing 1% SDS at 50-65Â°C for an additional 15-30 min.

Dried blots were placed against Kodak XAR-5 film and autoradi-

2The abbreviations used are: DMEM, Dulbecco's modified Eagle's medium;

BSA, bovine serum albumin; SDS, sodium dodecyl sulfate; p21, M, 21,000
protein: SSC, standard saline citrate; RTC, rat tumor cell.

ographed in metal cassettes containing enhancing screens at â€”80Â°Cfor

3-7 days.
DNA Digestion and Southern Blotting. High molecular weight cellular

DNAs were digested with restriction endonucleases according to con
ditions of the supplier (Bethesda Research Laboratories, Inc.), except
that a 2-fold excess of enzyme was routinely used. DNA digests were
electrophoresed through 0.8% agarose gels as before (14), and trans
ferred to nitrocellulose membranes (BA-85, Schleicher & Schuell) es
sentially according to Southern (18). Filters were prehybridized over
night with gentle agitation at 37Â°Cin a solution containing 5 x SSC
(0.75 M NaCI, 75 mM sodium citrate), 5 x Denhardt's solution (1 mg/
ml bovine serum albumin, 1 mg/ml Ficoll 400, 1 mg/ml polyvinyl-

pyrrolidine, 5 mM sodium phosphate, 1% (v/v) glycine, 250 Mg/ml of
salmon sperm DNA, and 50% formamide). Hybridization proceeded
under stringent conditions for an additional 72 h at 45V with approx
imately IO7 cpm of a nick-translated 32P-labeled DNA probe in 5 x
SSC, 1 x Denhardt's solution, 2 mM sodium phosphate, 125 Mg/ml of

salmon sperm DNA, 50% formamide, and 10% (v/v) dextran sulfate.
The membranes were washed 3 times with 2 x SSC and 0.1 % SDS at
60Â°C3 times with 0.3 x SSC containing 0.1 % SDS, dried, and auto-

radiographed as above.
Polyacrylamide Gel Electrophoresis and Immunoblotting. Monolayers

of cultured fibroblasts and tumor cells were washed 3 times with
phosphate-buffered saline solutions prior to solubilization directly from
tissue culture flasks in a small volume of ice-cold 0.1 M sodium
phosphate buffer, pH 7.2, containing 1% phenylmethylsulfonylurea,
1% Nonidet P-40, and 0.1% SDS. The lysates were briefly sonicated
on ice, made 10% in a tracking dye-sucrose solution (Bethesda Research
Laboratories, Inc.), and placed in boiling water for 10 min prior to
electrophoresis through vertical slab gels composed of 10% polyacryl-
amide (acrylamide:bisacrylamide, 30:0.8 by weight) containing 0.1%
SDS prepared in 3 mM Tris-HCl, pH 8.8. The samples were electro
phoresed for 16 h at 80 V in 25 mM Tris-HCl buffer, pH 8.8, 186 mM
glycine, and 0.1% SDS. Following electrophoresis, the gels were im
mediately placed against nitrocellulose membranes (BA-85, Schleicher
& Schuell) and inserted into a cassette of a Hoefer electrophoretic gel
transfer device containing 25 mM Tris-HCl, pH 8.8, 192 mM glycine,
and 20% methanol (v/v) (19). The proteins were electroblotted to the
membranes at 40 V for 4 h at 5*C. The filters were air dried overnight
at room temperature, incubated for 2 h at 37Â°Cin 3% BSA in 10 mM

Tris-HCl, pH 7.6-0.9% NaCI, and reacted overnight at room tempera
ture with mouse monoclonal antibodies raised against the Ha-ras p21
product (Microbiological Associates, Inc.), previously diluted 1:100 in
10 mM Tris-HCl, pH 7.6-0.9% NaCI containing 3% BSA and 10%
normal serum. Filters were washed several times in 10 mM Tris-HCl,
pH 7.6-0.9% NaCI, and reacted with rabbit anti-mouse secondary
antibody conjugated with horseradish peroxidase (Miles Biochemicals),
diluted 1:200 in 3% BSA, 10% nonimmune serum, 10 mM Tris-HCl,
pH 7.6-0.9% NaCI for 2 h at room temperature. The filters were
thoroughly washed as before, and visualized according to manufactur
er's instructions.

RESULTS

Characterization of the Rat Tumor. A 3- to 4-cm fibrosarcoma
spontaneously appeared on the back of an aged male Wistar-
Furth rat in our breeding colony. The tumor contained many
multinucleated giant cells scattered throughout a background
of densely packed spindle-shaped cells (Fig. IA). Multiple met-
astatic nodules were found in the lung, abdominal viscera, and
inferior surface of the diaphragm. A tumor cell line designated
RTC (rat tumor cell) was readily established in vitro from the
malignant neoplasm (Fig. 1/f). Histologically similar cancers
were generated with 4-6 weeks in normal rat pups given injec
tions s.c. immediately after birth with IO6 cultured RTCs. No

morphological, biochemical, or immunological evidence for
oncogenic DNA or RNA viruses could be detected either in
tumor cells, sera, or in spent tissue culture fluids. Because of
its highly aggressive behavior in vivo, and rapid establishment
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Ha-ras AND TRANSFORMATION OF NORMAL RAT CELLS

A

Fig. 1. Appearance of a naturally occurring
sarcoma in an aged male Wistar-Furth rat.. (.
paraffin-embedded section of a representative
field of tumor demonstrating dense cellulari!)'
and abundant tumor giant cells; />',rat tumor

cells (RTC) were readily grown from the pri
mary tumor expiant and established in vitro in
monolayer culture.

A Â¿Ã‹

in vitro, the RTC cell line seemed an ideal candidate from which
to identify and isolate a naturally occurring activated oncogene,
as well as to systematically resolve how many oncogenes were
required to confer a malignant phenotype to normal, homolo
gous cells.

Detection of Transforming Genes. Transfection-transforma-
tion assays were performed on NIH/3T3 cells as well as on
primary rat embryo fibroblasts in order to detect and quantitate
potential oncogenic activity in RTC DNA. Approximately 25
Mgof genomic DNA were applied to 4-5 x 10* 3T3 cells/60-

mm Petri dish. After subculturing and 20 days of incubation,
multiple large foci composed of morphologically transformed
cells were observed and counted (Table 1). The neomycin re
sistance gene pSV2-neo (20) was cotransfected with genomic
RTC DNA into early-passage rat embryo fibroblasts, and the
cultures were subsequently maintained in the presence of 300
Mg/ml of Geneticin (G418) (20). Within 2 weeks, multiple
colonies of antibiotic-resistant rat cells were present within
each Petri dish. After an additional 2-3 weeks, monolayers
were reestablished and foci of cells lacking contact inhibition

Table 1 Transforming efficiencies of DNA
Approximately 4-5 x 10*cells were plated/60-mm Petri dish the night before

transfection. High molecular weight genomic DNA was precipitated as described
in "Materials and Methods," and 25 jig were applied to each dish. For rat embryo
fibroblasts, 2 jig/dish of the pSV2-neo DNA were cotransfected with genomic
DNA. Two days after transfection, the cellular contents of each 60-mm dish were
trypsinized and dispersed into 2- to 100 inni Petri dishes. Transfected rat embryo
fibroblasts were treated with 300 fig/ml of Geneticin (G418). After 2-3 weeks,
foci were eventually identified and scored as in "Materials and Methods."

DNAsourceNoneNoneRat

embryocellRat
embryocellpSV2-neo"pSV2-neoRat

embryo +pSV2-neoRat
embryo +pSV2-neoRat
tumorcellRat
tumorcellRat
tumor cell +pSV2-neoRat
tumor cell + pSV2-m>oTarget

cell
typeNIH/3T3Rat

embryoNIH/3T3Rat

embryoNIH/3T3Rat

embryoNIH/3T3Rat

embryoNIH/3T3Rat

embryoNIH/3T3Rat

embryoFoci/plate1/160/162/162/160/160/161/160/16175/164/16ND*49/16
" Approximately 2-3 #igof the antibiotic resistance plasmid were coprecipitated

in the presence of 25 Mgof Escherichia coli genomic DNA as carrier prior to
introduction into each 60-mm Petri dish.

* ND, not done.

were quantitated (Table 1). Under these assay conditions, the
transformation efficiency for rat embryo cells was approxi
mately 7-10 colonies/IO6 cells/25 MgDNA in contrast to 20-
30 colonies/IO6 NIH/3T3 cells/25 ng DNA. It was unlikely
that the integration and expression of the pSV2-neo sequences
contributed to transformation inasmuch as transfection with
the plasmid alone or in combination with normal rat DNA
failed to produce foci in G418-resistant rat cells. Interestingly,
it was difficult to identify and quantitate transformed rat cells
when the pSV2-neo marker was omitted; discrete colonies of
morphologically transformed foci appeared only when G418-
sensitive cells were selectively destroyed. Altogether, these find
ings suggested that rat tumor DNA contained a dominant-
acting genetic factor capable not only of transforming estab
lished 3T3 cells, but normal rat embryo cells as well. Further,
full expression of the malignant phenotype in rat cells was
possible only when adjacent G418-sensitive normal cells were
killed.

Chromosomal Analysis and in Vivo Growth of Transformed
Cells. Transformed rat embryo cells isolated and subcloned for
2-4 weeks from G418-resistant foci were examined for chro
mosomal alterations. It was apparent from analyzing metaphase
chromosome spreads that the transfected-transformed cells dif
fered dramatically from the normal embryonic cells from which
they were derived. The normal rat fibroblasts were essentially
diploid (42 chromosomes/cell), whereas the transformed coun
terparts were heteroploid (45-125 chromosomes/cell), with a
modal number of 55 in the 100 random metaphases examined
(Fig. 2, A and B). Furthermore, representative spreads con
tained supernumerary as well as abnormal chromosomes asso
ciated with cancer cells (Fig. 2, C and D) (21). Although these
findings were consistent with a malignant phenotype, we sought
to assess tumorigenicity more definitively in vivo. Several litters
of newborn Sprague-Dawley rats were given injections of either
IO6 normal rat embryo fibroblasts or of IO6 transformed cells/

animal. Comparable numbers of both cell types were similarly
injected into 6 young nude mice. The rats given injections of
control cells were unremarkable 12 weeks later. On the other
hand, 15 of the 20 rats given injections of transformed rat cells
bore neoplasms at the site of injection histologically indistin
guishable from the original tumor (Fig. 3). No macroscopic
evidence for metastatic spread was detected, however. After 3
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Ha-roÃAND TRANSFORMATION OF NORMAL RAT CELLS

Fig. 2. Chromosomal analysis of normal
and tumor DNA-transfected-transformed rat
embryo cells. Dividing tissue culture cells were
arrested in metaphase and chromosomal
spreads were prepared. Histograms of chro
mosomal number were determined from 100
randomly selected metaphase spreads of (.-I).
normal, and (B), transformed rat embryo cells.
Karyotypes of representative control (C) and
transformed (/)) rat embryo cells were main
tained for several weeks in vitro.
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months, similar neoplasms appeared in 3 of 3 nude mice given
injections of the transformed rat cells; the 3 mice which received
control embryonic cells were unremarkable.

Expression of ras Oncogenes. Because the histopathological
appearance of the original tumor was consistent with a rat
fibrosarcoma, we screened cellular RNAs for elevated levels of
transcripts of the ras oncogene family. Cytoplasmic RNA dot-
blots were first hybridized with a radiolabeled, Ha-ras DNA
probe (pT24c3) derived from a human bladder carcinoma (22,
23). Although normal rat embryo cells synthesized low, but
detectable levels of mRNAs homologous to the probe, equi-
molar amounts of RNA from transformed cells contained sub
stantially more transcripts (Fig. 4). However, only minimal
levels of hybridization were detected when blots of control and
transformed rat cell RNAs were hybridized with radiolabeled
v-ros-Ki,c-myc,and n-ras DNA probes (data not shown). These

findings suggested that a single Ha-ra.voncogene was differen
tially expressed at elevated levels, and most likely was the
oncogenic component in RTC DNA.

Southern Blotting of Rat and Mouse DNA. To demonstrate
the presence of RTC DNA in the genomes of transfected-
transformed cells, restriction digestion and Southern blotting
were performed. DNA from normal and transformed rat cells
was digested with EcoRl, electrophoresed, blotted to nitrocel
lulose membranes as before (14), and hybridized to the radio-
labeled pT24c3 oncogene probe. The germ line c-Ha-ros pro-
tooncogenes were resolved in normal rat embryo cell as well as
in the RTC DNA as 2 bands of approximately 13 and 20
kilobase pairs (Fig. 5A). This finding was consistent with the
work of Ellis et al. (24), who reported that rat c-Ha-ros pro-
tooncogenes lacked Â£coRIrestriction sites, and that rat chro
mosomal DNA contained 2 germ line variants, c-ras-H-l and
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Ha-roj AND TRANSFORMATION OF NORMAL RAT CELLS

Fig. 4. Expression of Ha-ros-specific mRNA as determined by RNA dot-blots.
Total cellular RNA was blotted onto nylon membranes, hybridized at high
stringency to the human Ha-ras DNA probe pT24c3. and autoradiographed.
Cellular RNA was isolated and blotted in amounts shown from (.11 normal rat
embryo fibroblasts; (B) rat tumor cells (RTC); and (C) transfected-transformed
rat embryo cells.

kb

Fig. 3. Regeneration of malignant tumor in vivo in newborn rats given injec
tions shortly after birth of approximately 10' normal or transformed rat embryo
cells. I- 5-week-old rat with expanding lesion (arrow) at site of injection of
transformed cells. B, close-up view of rat above with skin reflected to demonstrate
large, s.c. tumor. C, sectioned and stained tumor from animal above to demon
strate hislopathological similarities to original tumor seen in Fig. II.

c-ras-H-2. A more recent report revealed that c-ras-H-2 lacked

introns, and was most likely a nonfunctional pseudogene (25).
In contrast, DNA from several transformed isolates of trans-
fected rat embryo cells typically contained an additional, donor-
derived band approximately 9.5 kilobase pairs homologous to
the human Ha-ras probe (Fig. 5C). It seemed unlikely that this
presumably transforming fragment was derived from the co-
transfected cSV2-neo DNA. However, to rule out this possibil
ity, a control blot was prepared by utilizing radiolabeled pSV2-
neo DNA as a probe (Fig. 6). EcoRl digestion of neo DNA
yielded 2 fragments of 5.8 and 2.9 kilobase pairs (Fig. 6/<), as
did rat embryo cells transfected with the selection marker alone
(Fig. 6C), and in transformed rat embryo cells transfected with
neo plus RTC DNA (Fig. 6D). Transformed 3T3 cells likewise
contained the 2 new fcoRI-generated neo fragments (Fig. 6E).
DNA from untransfected rat embryo cells lacked any homology
with pSV2-neo (Fig. 65). We were therefore convinced that the
9.5-kilobase pair fragment of Fig. 5C was of rat tumor origin

Fig. 5. Southern blot hybridization analysis of DNA from control and trans
fected-transformed rat embryo cells. High molecular weight genomic DNAs were
digested to completion with EcoR\, electrophoresed through 0.8% agarose gels,
blotted to nitrocellulose membranes, hybridized with the same probe as in Fig. 4,
and autoradiographed.. I. rat embryo cell DNA; /;. rat tumor cell (RTC) DNA;
and C, DNA from a representative subclone of transfected-transformed rat
embryo cells, kb, kilobase.

since we remain unaware of any significant nucleotide sequence
homology between human Ha-ras and pSV2-neo, especially
under hybridization conditions of high stringency.

To confirm that the same rat-specific oncogenic sequences
had been integrated within the transformed mouse 3T3 cells,
DNA was extracted from a representative subclone of a mor
phologically transformed 3T3 focus, digested with BamHl and
Â£coRI,and hybridized with the same radiolabeled probe. These
particular restriction endonucleases were selected to differen-
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A B C D

2.9- gtt^^gj^^^

Fig. 6. Southern blot analysis of integrated pSV2-neo in transfected rat and
mouse cells. High molecular weight DNAs were digested to completion with
EcoRl, electrophoresed, and blotted as in Fig. 5. Purified pSV2-neo was nick-
translated with "P-labeled nucleoside triphosphates, hybridized at high stringency
to the blotted DNA fragments from (A) pSV2-neo; (B) control, untransfected rat
embryo cells; (C) rat embryo cells transfected with pSV2-neo; (D) transformed
rat embryo cells transfected with RTC DNA plus pSV2-neo; (E) DNA from
transformed mouse 3T3 cells transfected with RTC DNA and pS\2-neo. kbp,
kilobase pair.

tiate between mouse and rat c-ras-Ha, inasmuch as the mouse
germ line homologue contains BamHl restriction sites in con
trast to the rat counterpart. In general, only faint hybridization
was detected when restriction-digested mouse DNAs were
probed with pT24c3 under conditions of high stringency and
overnight autoradiography (Fig. 7). This observation was pre
viously reported by others, utilizing the same 3T3 strain and
the same DNA probe (26), suggesting that the germ-line mouse
Ha-ras protooncogene, in contrast to rat c-ras-Ha, shared only
weak homology with the human homologue. More specifically,
BamHl digests contained several faint bands smaller than 5
kilobase pairs, whereas EcoRl digestion yielded one major band
of 23 kilobases, and an additional smaller band. On the other
hand, the transfected-transformed 3T3 subclone contained new,
rat-derived Ha-ras-specific sequences distinct from the mouse
germ line fragments. Intense bands approximately 5.6 and 9
kilobase pairs were produced with EcoRl and BamHl digestion,
respectively. Therefore, it appeared that the transformed 3T3
subclone had incorporated a smaller Ha-ras-containing frag

ment from RTC DNA than had the representative rat cells.
Rehybridization of the same Southern-blotted mouse DNAs to
rat-specific, repetitive nucleotide sequences showed extensive
homology in both lanes loaded with transfected DNA, espe
cially coincident with the region corresponding to the rat-
derived Ha-ras oncogene (data not shown). Altogether, these
data suggested that a tumor-derived Ha-ras oncogene was trans
ferred from RTC genomic DNA to normal rat embryo fibro-
blasts, as well as to NIH/3T3 mouse cells, resulting in onco-

genic transformation in both instances.
Detection of Ha-ras p21. In order to detect increased levels

-9.2

-5.6

Fig. 7. Southern blot analysis of control and transformed isolate of mouse
3T3 cells. Southern blotting and hybridization were performed as in Fig. 5. A,
control DNA with Â£coRI;B, control DNA and BamHl; C and D, transformed
3T3 DNA with Â£coRI and BamHl, respectively. Arrows, faintly reactive 23
kilobases (kb) EcoRl fragment of mouse germ line Ha-ras.

of p21 expression corresponding to elevated levels of Ha-ras
mRNA in transfected cells, cell lysates were electrophoresed
through SDS-polyacrylamide gel electrophoresis gels, blotted,
and reacted with monoclonal antibodies raised against the Ha
ras gene product. Relatively greater amounts of Ha-ras p21
were synthesized in transfected-transformed cells in comparison
to the normal counterparts (Fig. 8). These findings were con
sistent with the nucleic acid hybridization data which suggested
that the spontaneously activated Ha-ros oncogene in rat tumor
cells was stably transferred and expressed at relatively elevated
levels in the transfected rat fibroblasts.

DISCUSSION

Some workers proposed that coordinated interaction between
nuclear and cytoplasmic oncogene products was necessary to
transform normal mammalian cells to malignant phenotypes
(9, 10, 13). However, this generalization most likely is an
oversimplification of a highly complex and variable molecular
process. For instance, Spandidos and Wilkie (27) demonstrated
that a synthetic transfection vector containing the mutated T24
Ha-ras-7 human oncogene ligated to prokaryotic transcrip-
tional enhancers and promoters was independently capable of
transforming a variety of normal mammalian cells in vitro. The
authors concluded that the presence of the regulatory nucleotide
sequences flanking the mutated ras oncogene ultimately deter
mined whether or not normal cells would be transformed,
inasmuch as the activated ras-I oncogene lacked tumorigenicity
in the absence of the enhancers. Similarly, Yoakum et al. (28)
reported successful transformation of primary cultures of hu-
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Fig. 8. Western immunoblot of total cellular lysates from control and trans
formed cells electroblotted to nitrocellulose membranes following SDS-poIyacryl-
amide gel electrophoresis through 10% gels. Blots were reacted with monoclonal
antibodies generated against human p21, and resolved with a secondary antibody
conjugated with horseradish peroxidase. A, 20 Â¿<gof control rat embryo cell
proteins; /(. 20 pg/lane of transfected-transformed rat embryo cell proteins.

man epithelial cells following transfection with plasmici HI
containing v-Ha-ras DNA. Barbacid (29) recently related that
early passage rat embryo cells were transformed into fully
malignant phenotypes with metastatic potential by utilizing a
plasmid containing an activated human c-Ha-ros gene in com
bination with the pSV2-neo selection marker. Therefore, the
question of how many and which oncogene products are nec
essary in general for malignant transformation of normal eu-
karyotic cells remains unresolved.

Our studies with genomic tumor DNA are in agreement with
the overall conclusions of Spandidos and Wilkie (27), and
Barbacid (29), confirming the stable transformation of normal
rodent fibroblasts, presumably by a single mutated member of
the ras oncogene family. However, unlike the previous studies,
the oncogenic factor in our model system was not synthetically
modified and cloned, but consisted of naturally occurring nu-
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cleotide sequences isolated from a spontaneous cancer. Al
though the transforming frequency of normal rat embryo fibro
blasts was lower than for NIH/3T3 cells, the demonstration of
new Ha-ros-specific DNA and elevated levels of p21 expression
in morphologically altered cellular isolates was compelling evi
dence that both cell types were transformed by the same onco
gene sequences.

The stable integration and expression of a single copy gene
in a mammalian target cell transfected with mammalian ge
nomic DNA is a rare event. Fewer than 10 transformed colo
nies/106 rat cells/25 Â¿igof tumor DNA were reproducibly

generated from our transfection assays. Interestingly, Wigler et
al. (30) obtained nearly identical frequencies of successful trans
fer and expression of a discrete single-copy eukaryotic gene
(thymidine kinase) into tk mammalian cells by using total cel
lular DNA as donor. Such low frequencies of transformation
of rat cells by RTC DNA most likely precluded the unlikely
possibility of consistent cointegration of two or more unlinked,
but activated oncogenes into the same cell. More conclusively,
our inability to detect mRNAs from other well-characterized
oncogenes in RTCs as well as in transformed mouse and rat
cells convinced us that a single, dominant-acting oncogene
derived from tumor DNA was solely responsible for inducing
the neoplastic phenotype. To our knowledge, this is the first
report of malignant transformation of normal mammalian cells
following transfection with genomic DNA from a spontaneous
cancer in an animal of the same species.

There is historical precedent to substantiate the single-hit
kinetics of malignant conversion of normal animal cells follow
ing transfection with unmodified, genomic tumor DNA. In a
landmark experiment, Hill and Hillova (31) recovered a tem
perature-sensitive, transformation-defective strain of Rous sar
coma virus from normal avian fibroblasts transfected with
genomic DNA purified from hamster cells previously trans
formed by the mutant virus. Therefore, it was not unexpected
that a single rat oncogene, genetically related to a viral homo
logue, was capable of transforming normal cells. The use of
cotransfected antibiotic resistance genes and cytocidal selective
drugs, such as G418, were probably influential in enhancing
the induction, propagation, and eventual isolation of trans
formed rat embryo cells as has been recently reported (32). In
contrast to their previous work (9), Land et al. were recently
able to transform rat embryo fibroblasts with a single activated
ras oncogene, although the presence of the selectable neomycin
resistance marker and high levels of p21 expression were re
quired (33). Although these workers questioned the appropri
ateness of this and similar experimental systems of single hit
kinetics as models for naturally occurring cancers, the proposed
requirement for the expression of immortalizing nuclear and
transforming cytoplasmic oncogene products in spontaneous
oncogenesis still requires additional rigorous experimentation.
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