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ABSTRACT

Neoplastic development of Syrian hamster embryo (SHE) cells
in culture is a multistep process in which intermediate or preneo-

plastic cells can be identified and isolated. In an attempt to
further characterize normal and preneoplastic cells, we have
compared their susceptibilities to neoplastic transformation fol
lowing transfection with cloned DNA of the oncogenic virus,
Harvey murine sarcoma virus (HaMSV). Normal SHE cells, which
are stably nontumorigenic when injected in nude mice, are com
petent to take up and express exogenous DNA as demonstrated
by transfection experiments with pSV2-neo DNA and certain viral

DNAs. SHE cells treated with 5 ^9 of HaMSV DNA per dish
remained nontumorigenic. Colonies of SHE cells, isolated after
cotransfection with HaMSV and pSV2-neo DNA and selection

for G418 antibiotic resistance, expressed Harvey murine sar
coma virus oncogene (v-Ha-ras) RNA and were initially morpho
logically altered; however, all colonies senesced when subcul-

tured. In contrast, transfection of the cells with polyoma virus
DNA alone or HaMSV DNA plus MC29 viral DNA (pSVv-myc)

and then injection of the cells into nude mice resulted in progres
sively growing tumors of hamster origin within 3 to 5 weeks.

A preneoplastic cell line, DES-4, isolated after treatment of

SHE cells with the human carcinogen diethylstilbestrol, was
chosen for comparative analyses. These immortalized cells are
nontumorigenic and excellent recipients for exogenous DNA. In
contrast to SHE cells, DES-4 cells were highly susceptible to

neoplastic transformation following transfection with HaMSV
DNA. To further investigate the role of HaMSV DNA in the
neoplastic transformation of DES-4 cells and to determine
whether this occurred as a single step, clones of DES-4 cells
cotransfected with pSV2-neo and HaMSV DNAs were selected

by antibiotic resistance and characterized. There was a good
correlation between tumorigenicity and expression of v-Ha-ras

DNA; however, the clones were highly variable in terms of their
latency periods in vivo and anchorage-independent growth. Nei

ther of these two parameters correlated with the level of expres
sion of v-Ha-ras RNA. All of the cell lines derived from tumors

and reinoculated into nude mice had short latency periods in
vivo, were highly anchorage independent, and had high levels of
v-Ha-ras expression. These results suggest that, in these exper
iments, v-Ha-ras expression was necessary, but not sufficient,
for the tumorigenicity of DES-4 cells and that additional changes

in the cells were acquired. Thus, our findings indicate that, in
spite of the oncogenic potential of the HaMSV virus In vivo, this
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viral oncogene alone is insufficient to cause neoplastic transfor
mation of normal or carcinogen-induced preneoplastic cells in
culture. Following transfection with v-Ha-ras DNA, two steps are
required for immortal, preneoplastic DES-4 cells to become

neoplastic; this suggests that, for normal cells, three or more
steps may be required for neoplastic progression under certain
conditions.

INTRODUCTION

There is considerable evidence that neoplastic transformation
occurs as a progressive process through qualitatively different
stages (see Ref. 3 for review). Studies on the stepwise devel
opment of neoplastic potential by cells in culture have provided
important information on the cellular and molecular basis of
carcinogenesis. Using cell culture systems, it has been possible
to quantitate carcinogen-induced, early, preneoplastic changes

in cells (4, 28) as well as the progression of preneoplastic cells
to the neoplastic state (1,7,9,13,24,27). For example, following
exposure to chemical carcinogens, normal, diploid SHE3 cells

give rise to altered cells which are nontumorigenic but have an
increased propensity to become neoplastic. These intermediate
cells, termed preneoplastic cells, can be isolated and cloned, and
they exhibit a number of phenotypic differences from normal
SHE cells, including an aneuploid karyotype, altered morphology,
and an indefinite life span or immortality in culture (1, 3).

Recently, cellular genetic sequences, homologous to retroviral
oncogenes, have been identified, and it has been proposed that
they play a major role in neoplastic development of certain cells
in vivo and in vitro (see Ref. 16 for review). The role of specific
oncogenes in different stages of carcinogenesis and the nature
of carcinogen-induced oncogene activation have been addressed

only recently. Land ef al. (17) and Ruley (23) have described the
neoplastic transformation of primary rat embryo fibroblasts and
baby rat kidney cells by 2 cooperating oncogenes, such as the
EJ-ras oncogene and the v-myc oncogene or the EJ-ras and the

adenovirus Eia gene, but not by a single oncogene alone. In
contrast, preneoplastic rat cells (17, 23) or mouse NIH 3T3 cells
(16) can be neoplastically transformed by the EJ-ras gene alone.

Similar results have been reported by Newbold and Overell (21)
for the transformation of preneoplastic but not normal Syrian
hamster dermal fibroblasts to anchorage independence by the
EJ-ras gene. These results demonstrate the multistage nature
of oncogene-induced transformation, but these findings are in

contrast to the observations that viral infection with HaMSV can

3The abbreviations used are: SHE, Syrian hamster embryo; HaMSV, Harvey
murine sarcoma virus; v-Ha-ras, Harvey murine sarcoma virus oncogene; LTR,
long terminal repeat; SSC, 0.15 M sodium chloride:0.015 M sodium citrate; SDS,
sodium dodccyl sulfate.
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MULTISTEP v-Ha-ras-INDUCED NEOPLASTIC TRANSFORMATION

rapidly induce tumors in vivo in mice, rats, and hamsters (12).
This indicates that either the viral oncogene (v-Ha-ras) is different
from the tumor-derived (EJ-ras) oncogene used in the above

studies, possibly because of the presence of the viral LTR, or
that transformation by virus infection is different from transfor
mation by DNA transfection, possibly due to more efficient
expression of the viral DNA in the former case (14). The impor
tance of level of expression on biological activity is demonstrated
by the recent experiments of Spandidos and Wilkie (26) who
reported that the mutant Ha-ras-1 gene from T24 bladder carci

noma when linked to transcriptional enhancers can induce malig
nant transformation of early passage rodent cells.

A direct comparison of oncogene- and carcinogen-induced

transformation requires a cell culture system in which both
agents induce neoplastic transformation and in which both nor
mal and preneoplastic cells can be identified and isolated. The
SHE cell system is a useful model for making this comparison
because (a) it is well characterized with respect to chemically
induced cell transformation (3, 4), (o) the progression of SHE
cells to neoplasia is well characterized (1-4, 9), and (c) clonally

related normal and preneoplastic SHE cells are available for
studying the effects of oncogenes.

We report here that normal and preneoplastic SHE cells are
good recipients for exogenous DNA. Therefore, we have exam
ined the ability of the v-Ha-ras oncogene, alone or in combination
with the v-myc oncogene, to neoplastically transform normal and

preneoplastic SHE cells.

MATERIALS AND METHODS

Cells and Culture Medium. Tertiary cultures of SHE cells were
established previously from 13-day gestation fetuses as described (4).

The cells can be grown for 10 to 20 passages in culture and then senesce
(4). DES-4 cells (passage 52) were isolated as a clone from cells which
had escaped senescence following treatment of SHE 79-7 cells with

diethylstilbestrol (0.1 ^g/ml) (20). The cell culture medium and growth
methods used have been described (20). All cultures used were tested
by Microbiological Associates (Bethesda, MD) and found to be free of
Mycop/asma.

Plasmid DNA Preparation. The genomic clone H-1 of HaMSV proviral
DNA (8) and a fragment of the HaMSV oncogene (v-Ha-ras), clone BS9

(10), both inserted into the EcoRI site of pBR322, were gifts from Dr.
Esther Chang (Armed Services University, Bethesda, MD). The plasmid
encoding resistance to the antibiotic G418, pSV2-neo (25), was obtained

from Dr. Steve Harris (National Institute of Environmental Health Sci
ences, Research Triangle Park, NC). Plasmid PY1 containing the wild-

type genome of polyoma virus (22) was obtained from Dr. Robert Kamen
(Genetics Institute, Boston, MA). The plasmid pSW-myc containing a

copy of the MC29 proviral DNA (17) was obtained from Dr. Robert
Weinberg (Massachusetts Institute of Technology, Cambridge, MA).
After amplification in Escherichia coli HB101, HaMSV plasmid DNAs
were isolated by alkaline extraction (6). Plasmid DNAs, pSV2-neo PY1,
and pSVv-myc were isolated as described in Ref. 15. The 450-base pair
v-Ha-ras coding fragment was purified from an EcoRI restriction endo-

nuclease (Bethesda Research Laboratories) digest of clone BS9 by
electrophoresis through a 1% agarose gel and electroelution from the
agarose gel as described in Ref. 19.

Transfection Assays. DNAs for transfections were prepared by Ca2+

precipitation as described by Wigler ef al. (30) and modified by Lester ef
al. (18). Transfections were performed in one of 2 ways. SHE or DES-4
cells were plated in 9 ml complete medium at 1 to 3 x 105 cells/100-mm

diameter culture dish (Falcon, Oxnard, CA). Eighteen to 20 hr after
plating cells, 1.0 ml of DNA precipitate containing variable amounts of

plasmid DNA and 5 ^g of sheared (10 times through a 21-gauge needle)

calf thymus DNA (Boehringer Mannheim, Indianapolis, IN) was added to

each dish. Controls were treated with calf thymus DNA only. After 4 to
6 hr of incubation at 37Â°, the medium was replaced with fresh growth

medium. Three to 5 days following treatment, all cells from one treatment
group were pooled and injected into nude mice or plated in agar-
containing medium as described below. Alternatively, cells were cotrans-
fected using variable amounts of pSV2-neo DNA, calf thymus DNA (5

^g/dish), and with or without HaMSV DNA (10 times the amount of
pSV2-neo DNA used). Treatment was for 4 to 6 hr as above. Two to 3

days after treatment, the cells from each dish were subcultured into
three 100-mm dishes using complete medium containing Antibiotic G418

(800 Â¿ig/ml)(Grand Island Biological Co.). Cultures were given fresh
medium containing G418 (800 ^g/ml) 2 times the following week and
twice weekly during subsequent weeks using G418 (100 Â¿Â¿g/ml).Individ
ual colonies originating from different parent dishes were isolated. Cells
were maintained in medium containing G418 (100 /Â¿g/ml)until there were
enough cells for injection into animals, testing for colony formation in
soft agar, or extraction for DNA or RNA analysis.

Molecular Analysis of Transfected Cells. Cells transfected with
HaMSV DNA were examined for the expression of v-Ha-ras by cyto-

plasmic RNA dot blot hybridization (29). Cells were rinsed with cold
phosphate-buffered saline, resuspended in cold Tris-hydrochloride (10
mw, pH 7):EDTA (1 HIM), and lysed by the addition of Nonidet P-40

(0.5%). Nuclei were pelleted, and cytoplasmic supernatant was mixed
with an equal volume of 20x SSC:37% formaldehyde (3:2, v/v) and
incubated for 15 min at 60Â°.When available, 2 x 106 cells of each isolate

to be tested were extracted, and 4 aliquots representing 0.25 to 2.0 x
105 cell equivalents were applied to a nitrocellulose sheet (Bethesda

Research Laboratories, Gaithersburg, MD) using a Hybri-Dot manifold

(Bethesda Research Laboratories). The nitrocellulose filters were baked
at 80Â° in vacuo for 2 hr and were hybridized with the 450-base pair

insert from clone BS9 which had been labeled by nick translation with
32P(1 to 2 x 10" cpm/Mg). Filters were prehybridized overnight at 42Â°in
formamide (50%, v/v):5xSSC:5X Denhardt's solution [1x is bovine

serum albumin (1 mg/ml):Ficoll 400 (1 mg/ml):polyvinylpyrrolidone (1 mg/
ml):potassium phosphate (50 HIM, pH 6.5):SDS (0.25%, w/v):denatured
salmon sperm DNA (250 M9/ml)]. Hybridizations were carried out for 48
to 60 hr at 42Â°in the same buffer, except that Denhardt's solution was

1X, using 32P-labeled probe (106 dpm/ml). Filters were washed 2 times

with 1x SSC:SDS (0.1%, w/v) at room temperature and 4 times with
0.1 x SSC:SDS (0.1 %, w/v) at 50Â°.Autoradiography was then performed
at -70Â° using XAR-5 X-ray film (Kodak, Rochester, NY) in an X-Omatic

casette (Kodak) with Cronex Xtra Life lighting plus intensifying screens
(DuPont, Wilmington, DE). Quantitation of dot blots was achieved by
cutting out the dots and counting the radioactivity in a scintillation counter
with scintillation fluid. The background radioactivity was subtracted from
each sample, and the relative amounts of v-Ha-ras RNA expression were

calculated by setting an arbitrary value of 1 to the value of one sample.
Transfected cell DNAs were examined for the presence of HaMSV

DNA by Southern analysis (19). Twenty Mg of DNA of each sample were
digested to completion with 50 units of Sam HI restriction endonuclease
(Bethesda Research Laboratories). Ten /Â¿gof each sample were then
fractionated by electrophoresis through a 0.75% agarose gel and trans
ferred to nitrocellulose as described (19). Prehybridization, hybridization,
and autoradiography were performed as above.

Tumorigenicity and Anchorage Independence Assays. Cells were
tested for their tumorigenic potential by s.c. injection into either of 2
anterior midlateral sites on nude mice (BALB/c-nu/nu) (Frederick Cancer

Research Center, Frederick, MD). Tumors which formed were removed
and fixed, and histological sections were prepared. Tumors also were
minced into small (1 cu mm) fragments, digested with 0.1% trypsin for
15 min, and reestablished in culture.

Cells were tested for anchorage independence by plating 105 cells in

0.3% agar (Bacto agar; Difco Laboratories, Detroit, Ml) with growth
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MULTISTEP v-Ha-ras-INDUCED NEOPLASTIC TRANSFORMATION

medium plus 0.1 % (w/v) Bactopeptone (Difco Laboratories), as described
previously (4). Colonies of >40 cells were scored.

RESULTS

Transfectabitity of Normal and Preneoplastic SHE Cells by
Exogenous DNA. Normal, diploid SHE cells and preneoplastic
DES-4 cells, derived by carcinogen treatment of SHE cells, were
examined for their abilities to take up and express exogenous
DNA. Cells were transfected by the calcium phosphate method
(30) with plasmid DNA (pSV2-neo) encoding resistance (neoR) to
antibiotic G418, and the frequency of neoR colonies was quanti-

tated. After transfection with pSV2-neo DNA, normal SHE cells
yielded an increase in neo" colonies proportional to the amount

of plasmid DNA added to the cells (Table 1). The frequency of
neo" colonies/cell/Ãtg pSV2-neo DNA was relatively constant (4
to 5 x 10"5) over a 100-fold increase in DNA up to 500 ng/dish

and then decreased slightly. Preneoplastic DES-4 cells were very

efficient in the uptake and expression of foreign DNA, yielding 2
to 7 x 10~3 neoR colonies/cell/Mg pSV2-neo DNA (Table 1).

Effect of Transfection with Oncogenes on the Neoplastic
Transformation of SHE Cells. Tertiary passage SHE cells were
transfected with plasmid DNAs containing the v-Ha-ras, v-myc,

or polyoma oncogenes. Cells treated with carrier DNA (calf
thymus) alone were repeatedly nontumorigenic in nude mice; no
tumors were observed following more than 70 injections of 4 to
6 x 106 cells per site (Table 2). Transfection of the cells with up

Table 1
Transfectabi/ityof SHEcells by exogenousDNA

CellsPhenotypeSHE

Normal,earlypassageDES-4

PreneoplasticDosepSV2-neo(ng/dish)0SO5005000055205000Total

colonies/total
cellsreplated4/10'26/1

07226/1
07123/10"22/5

x10Â«732a/2
x10772a/5x

10"206"/4x
10e>500/10Â«Frequency

ofneo"colonies(colonies/cell/^gpSV2-neo)5.2

xIO'54.5
xIO'52.5
x10~57.3

x10~32.9
xIO'32.1
x10-3>1
x 10~3

* Corrected for background of 4.4 colonies/106cells replated.

Table 2
Neoplastic transformationof SHEcells by plasmid DNA

PlasmidDNA(s)transfected
intoSHE

cellsNoneHaMSVHaMSVHaMSVHaMSVv-mycv-myc

+HaMSVPY1PlasmidDNAGig/dish)00.050.51.05.01.01.0(each)1.0No.

ofcellsinjected/site4-6

x1068x
1069x

1066-8
x10e6-8x10Â«4-6

x10e4-6
x10e4x

10eNo.

of sitesinnude
micewith
tumors/total

no.ofsites
injected0/500/40/40/320/80/89/2021/22Latencyperiod(wk)>20>20>20>20>20>203-5

(7)14(1)21(1)3-4

to 5 /Â¿gof either HaMSV or pSW-myc DNAs alone per dish failed

to neoplastically transform the cells (Table 2). In contrast, follow
ing cotransfection of the cells with 1 >/g each of HaMSV and
pSVv-myc DNAs and then injection of the cells 3 days later into

nude mice, tumors formed within 3 to 5 weeks at 7 of 20 sites
injected. These tumors grew progressively, reaching sizes >3
cm in diameter. Two additional tumors formed with latencies of
14 and 21 weeks. Karyotypic analysis of cells derived from
tumors confirmed that they were Syrian hamster cells."

Cytoplasmic RNA dot blot analysis indicated that the cells from
the tumors were expressing both v-Ha-ras and v-myc. SHE cells

treated with the plasmid PY1 containing the polyoma oncogenes
(22) also were tumorigenic (Table 2). Treatment of the SHE cells
with as little as 0.01 fig of PY1 plasmid DNA and injection of the
cells as above resulted in tumors in 2 of 4 sites after a long
latency period (25 weeks). SHE cells treated with a 100-fold
greater amount of v-Ha-ras DNA remained nontumorigenic after

30 weeks. These results further indicate that the SHE cells were
competent to take up and express exogenous DNA but that
expression of multiple oncogenes was required for tumorigenic-

ity.
To further examine the effects of the v-Ha-ras oncogene on

normal SHE cells, the cells were cotransfected with pSV2-neo
DNA (500 ng/dish) and a 10-fold excess of HaMSV DNA, and
they were then selected for resistance to G418 antibiotic (neoR)
2 days after treatment. The number of neoR colonies was re

duced by ~50% when the cells were cotransfected with pSV2-
neo and HaMSV DNA. However, a number (-25%) of the neoR

colonies from the HaMSV DNA-treated cultures was morpholog

ically altered. One to 2 weeks after treatment, the cells in these
morphologically altered colonies were more spindle shaped than
were cells in neon colonies from control cultures and grew with

a criss-crossed growth pattern. However, when these colonies

were grown further, the cells enlarged, ceased proliferating, and
no longer appeared morphologically altered. These colonies
could be subcultured only once and would senesce upon further
subculturing. A similar pattern of senescence was observed with
neoR colonies from control cultures; however, a small increase
in the growth of morphologically altered neoR colonies in the

HaMSV-treated cultures was noted. Four of these colonies grew
to 5 x 104 to 1 x 105 cells, which was a sufficient number to

test for expression of v-Ha-ras gene sequences. Cells from all 4
of these colonies had detectable v-Ha-ras RNA by dot blot
analysis (Fig. 1). A sufficient number of cells from control neoR

SHE cells could not be obtained for a comparative analysis, but
untreated SHE cells did not express RNA which hybridized to
the v-Ha-ras probe. Under the hybridization conditions used, c-
Ha-ras RNA could not be detected in these experiments.

A sufficient number of cells from neoR colonies cotransfected

with HaMSV DNA was not available for tumorigenicity tests.
However, neoR colonies were tested for growth in agar by

combining cells from multiple colonies. Agar assays were per
formed with all the cells from 20 sets of neo" colonies (>103

cells/colony) from cultures treated with HaMSV DNA; no colonies
growing in agar were observed.

Neoplastic Transformation of DES-4 Cells by HaMSV DNA.

To compare normal SHE cells and immortalized preneoplastic
cells derived from the normal cells, we have contrasted their

" Numbers in parentheses,number of animals with specified latency period. 4M. Oshimura, unpublishedresults.
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Fig. 1. RNA dot blot analysis of SHE cell clones. Cytoplasmic extracts were
obtained from 4 x 105normal SHE cells (Lane 7) and from 5 x 104to 1 x 105cells
of 4 SHE cell clones isolated after cotransfection with pSV2-neoand HaMSV DNA
(Lanes2 to 5). Aliquots ( 1) and dilutions (1:2and 1:4) were appliedto nitrocellulose
filters and probed with "P-labeled v-Ha-ras insert from clone BS9. Aliquots were
from 2 x 105cell equivalentsof normal SHE cells (Lane 7), 5 x 104cell equivalents
of neo-ras clone 2 (Lane2), 3 x 104cell equivalentsof neo-rasclone 8 (Lane3), 5
x 104cell equivalentsof neo-ras clone 13 (Lane4), and 2 x 104cell equivalentsof
neo-ras clone 14 (Lane5).

Table 3
Neoplastia transformation of preneoplastic cells (DES-4) transfected with HaMSV

DNA

HaMSV (ng/dish)0

10
50

500
1000
1000
5000No.

of cells
injected/site1.1

x 107
6x10*

1.0x 107
1.1 x 107
1.1 x 107

2x 10a
1.2X 107No.

of sites with
tumors/total no.

ofsites0/12

4/4
4/4
4/4
4/4
4/4
4/4Latency

period
(wk)>20

<3
<3
<3
<3
<3
<3

susceptibility to neoplastia transformation by HaMSV DNA. Most
of our studies have used DES-4 cells, which were derived from

SHE cells following treatment with diethylstilbestrol (20). These
cells were chosen for study because they could be grown for
multiple passages without becoming tumorigenic. This enabled
us to examine the ability of the v-Ha-ras oncogene to neoplasti-

cally transform the cells. Individual colonies isolated after treat
ment could be obtained and studied for oncogene-induced neo-

plastic transformation because untreated colonies when recloned
usually remained nontumorigenic.

As shown in Table 3, DES-4 cells treated with calf thymus
DNA alone were nontumorigenic even when over 107 cells were

injected into nude mice. However, DES-4 cells transfected with

as little as 10 ng of HaMSV DNA were tumorigenic, rapidly
forming progressively growing tumors at all sites injected in 1 to
3 weeks. The tumors were diagnosed as undifferentiated fibro-

sarcomas and had a marker chromosome present in the parental
cells." DES-4 cells were not neoplastically transformed by pSVv-

myc DNA but were highly susceptible to PY1 DNA (data not
shown). Two other preneoplastic, carcinogen-induced SHE cell

lines were examined, and both were susceptible to neoplastic
transformation by HaMSV DNA.

To examine cells transformed by HaMSV DNA at the clonal
level, DES-4 cells were cotransfected with 5 to 20 ng of pSV2-

neo DNA and a 10-fold excess of HaMSV DNA and were then
selected for antibiotic resistance. Individual neoR clones of DES-

4 cells were isolated and examined for tumorigenicity and an
chorage independence at the time of injection. None of 17 neoR

clones isolated after transfection with pSV2-neo DNA alone grew

in agar, and only one of the 17 clones formed a tumor. This
tumor had a latent period of ~15 weeks (Table 4). Spontaneous

neoplastic conversion of these cells has also been observed after
an additional 20 to 30 passages (>100 population doublings) in
culture.5 In contrast, 8 of 14 neoR clones isolated after cotrans

fection with HaMSV DNA were tumorigenic with latent periods
of 2 to 13 weeks (Table 4). Cells from 5 clones had short latent
periods (<3 weeks), and of these, cells from 3 clones formed
colonies in soft agar with a low frequency (2 to 10 x 10"5), while

cells from the other 2 clones failed to grow in agar (frequency,
<3 x 10~6). None (0 of 3) of the tumorigenic clones with long

latent periods grew in agar, while cells from one of 7 nontumo
rigenic clones did grow in soft agar with a relatively high fre
quency of 10~z.

Correlation of v-Ha-ras Expression and the Presence of v-
Ha-ras Sequences with Transformation of DES-4 Cells. To
determine the role of HaMSV-transfected DNA in the transfor
mation of DES-4 cells, we examined a set of individual clones of
antibiotic resistant DES-4 cells from the experiment shown in
Table 3 for the expression and presence of v-Ha-ras-related

sequences (Table 5). Total cytoplasmic RNA isolated from 2 x
106 cells of each of 14 clones prior to injection and 6 tumor-
derived lines was examined for sequences complementary to v-
Ha-ras DNA by dot-blot analysis. No expression of v-Ha-ras gene

Table4
Neoplastic potential of neo" clones of DES-4 cells isolated after cotransfection

with pSV2-neo and HaMSV DNAs or pSV2-neo DNA alone

CloneC1C2C4C5C7C8COC11C12C13C15C16C17C20B1B2B3B4B5B6B7B8B9B10B11B12B13B14B15B16B17Cotransfec
tion with Tumori- Latent period

HaSV DNA genicity(wk)+
->20+
+2+
+2+
+3+
->20+
+13+
->20+
->20+
+2+
+10+
->20+
+3+
+12+
->20>20>20>20>20>20>20>20>20>20>20>20>20>20>20>20>20+

15Frequency

of col
ony formation in

agar<3x
10-Â«1

x10-11
xIO"1<3
x10-Â«<3
x 10"*<3
x10-Â«<3x

10-Â«1
x10-2<3x

10-*<3
x10-Â«<3
x10-"2
x10~s<3x10-Â«<3x

10-Â«<3

x10-Â«<3
x10-Â«<3
x10-*<3
x10-Â«<3x10-Â«<3x

10-'<3x10-Â«<3x

10-Â«<3x
10-Â«<3x
10-Â«<3

x10"*<3
x10"*<3
x10-Â«<3x

10-Â«<3
x 10~"<3x

10"*<3
x 10-Â«

5J. C. Barrett, unpublisheddata.
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sequences was observed in any non-HaMSV-treated clones,
including a spontaneous tumorigenic variant of DES-4 (Fig. 2).
All tumorigenic, HaMSV-treated, DES-4 clones expressed v-Ha-
ras-related sequences, but to varying degrees. The different
clones differed by greater than 10-fold in their levels of expres
sion of v-Ha-ras RNA. Seven-fold differences in the levels of v-
Ha-ras expression were found for 2 clones (C5 and C16) having

identical latent periods (3 weeks). In addition, 3 clones having
long latent periods (C8, C13, C17) had levels of v-Ha-ras expres

sion at the time of injection similar to that found for clone C16
which had a very short latent period. Thus, no correlation was
found between level of expression of v-Ha-ras RNA, growth in

agar, and latency period for tumor formation. In addition, tumor
cell lines isolated from several tumors that formed were examined
for expression of the v-Ha-ras gene. Six of 6 tumor lines isolated
from DES-4 cells treated with HaMSV DNA expressed v-Ha-ras

RNA, while cells from the one tumor forming in the absence of
HaMSV DNA treatment did not express v-Ha-ras RNA. Tumor-
derived cells consistently had high levels of expression of v-Ha-

ras. With some clones (e.g., C8, C12, and C17), the level of
expression was elevated in the tumor-derived cells relative to

the parental cells, whereas other clones (e.g., C2 and C5) had
high levels of expression prior to injection. In addition, tumor-
derived cells were highly anchorage independent (colony-forming

efficiency, >10%), whereas the cells injected were generally
anchorage dependent or weakly anchorage independent.

Some clones were also examined for the presence of v-Ha-

ras DNA by Southern analysis following digestion of cellular
DNAs with the restriction enzyme Sam HI. All of the clones which
expressed v-Ha-ras-related RNA also had v-Ha-ras DNA (Table
5). Five of the 8 v-Ha-ras DNA-containing clones had multiple
bands by the Southern blot analyses, and 7 of the 8 v-Ha-ras
DNA-positive clones had a fragment of -6500 base pairs. No

cellular ras sequences were detected under the hybridization
conditions used.

DISCUSSION

Our results confirm and extend the findings of others that the
Ha-ras oncogene can not neoplastically transform normal cells

23456789 10

1:8

Fig. 2. RNA dot blot analysis of DES-4 cell clones. Cytoplasme extracts were
derived from neo" DES-4 cell clones selected after transfection with pSV2-neo
DNA alone (Lanes 1 and 2) and from one (non-HaMSV-treated) tumor-derived cell
line (Lane 3). Extracts were also isolated from neo" DES-4 cell clones selected
after cotransfection with pSV2-neo and HaMSV DNAs (Lanes 4 and 5 and 7 to 9)
and from tumor-derived cell lines (Lanes 6 and 70). Aliquots (7) from 2 x 105 cell

equivalents of each cell line and dilutions (7:2, 1:4, and 7:8) were analyzed as
described in Fig. 1. Extracts were made from clones B11 (Lane 7), B17 (Lane 2),
B17T (Lane 3), C5 (Lane 4), C8 (Lane 5), C8T (Lane 6), C12 (Lane 7), C13 (Lane
8), C17 (Lane 9), and C17T (Lane 70). C8 (Lane 5) showed expression with a
longer exposure (see Table 5).

in culture (17, 23). Land ef al. (17) reported that the EJ-ras

oncogene did not neoplastically transform rat embryo fibroblasts,
and Ruley (23) observed similar results with rat kidney fibro
blasts. We have extended these observations to SHE cells.
Newbold and Overell (21) reported that normal Syrian hamster
dermal and embryo fibroblasts treated with EJ-ras DNA exhibited

growth in agar but senesced after isolation. In contrast to these
3 reports which used an activated cellular Harvey-ras oncogene
(17, 21, 23), we have used the viral oncogene, v-Ha-ras, contain

ing the viral LTR promoter. Therefore, differences in susceptibil
ities of normal and preneoplastic cells to this oncogene should
not be due to inefficient expression of the oncogene. In fact, we
have demonstrated that Harvey ras oncogene DNA is expressed
in normal cells and that this is insufficient for the neoplastic
transformation of the cells. These findings are in contrast to a
recent report by Spandidos and Wilkie (26) who found that
efficient expression of the Ha-ras-Ã• gene from the T24 bladder

carcinoma due to linkage with 2 viral transcriptional enhancers
converts early passage Chinese hamster and rat fibroblasts to
the tumorigenic state. These authors also observed that the T24
Ha-ras gene without transcriptional enhancers rescued these

cells from senescence. This latter result is most likely due to the
increased propensity of Chinese hamster and rat cells to escape
senescence, since we were unable to demonstrate that the v-
Ha-ras with the viral LTR induced immortality of the SHE cells.

However, direct quantitative comparisons of the levels of ras M,
21,000 protein in the cells will be necessary to delineate differ
ences due to levels of expression versus cell type and oncogene
differences.

The above result should be compared with the rapid induction
of tumors in vivo by Harvey sarcoma virus and with the morpho
logical and neoplastic transformation of mouse, rat, and hamster
embryo cells in vitro by HaMSV (12). Our results with the v-Ha-

ras oncogene suggest that the ability of viral infection to induce
tumors in vivo is not due to a special property of the viral
oncogene. However, the role of virus infection, replication, and
helper virus on transformation must be examined before direct
comparisons can be made with DNA transfection results. Bather
ef al. (5) reported that mouse embryo cells infected in vitro with
a murine sarcoma virus were not immortal, since they failed to
undergo sustained cell division necessary to form foci; focus
formation appeared to result from virus release and reinfection
of neighboring cells. In contrast, transformation of cells by ras
oncogene transfection occurs in the absence of virus replication
and reinfection of untransformed cells. Since the oncogene alone
can induce transient transformation to anchorage independence
and altered morphology (Refs. 17 and 21; our results), this
transient transformation could be sustained by recruitment of
newly transformed cells. Continued proliferation of partially trans
formed cells would allow additional changes necessary for im
mortality and stable transformation to occur spontaneously.

We have also extended the observation of Land ef al. (17) and
Ruley (23) that the myc and ras oncogenes can act cooperatively
to induce the neoplastic transformation of normal cells. We
observed that treatment of SHE cells with these 2 oncogenes is
sufficient for tumorigenic potential in nude mice. Our findings are
important because they are the first with Syrian hamster cells
which have a more stable karyotype than rat cells and have a
lower incidence of spontaneous transformation into immortalized
cell lines. Since the ras oncogene can induce neoplastic trans-
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Table 5
Correlation of anchorage independence, tumorigenicity, and latent period with the expression and presence of HaMSV

sequence in clones of preneoplastic SHE cells cotransfected with pSV2-neo and HaMSV DNAs

CloneC2C4C5C8C11C12C13C15C16C17C20A4B1B6B8B11B17HaMSV

Anchor-
DNA age inde-
treat- pend- Tumori-
ment eneegenicity+

+++
+++
-++
â€”++
+-+
â€”++
â€”++
â€”â€”+

+++
â€”++
â€”â€”_
_â€”_
___
_â€”_
___
_ _+Latent

pe
riod(wk)22313>20210>20312>20>20>20>20>20>2015HaMSV

RNA
at time of
injection04.7NT0161.0ND"2.23.0ND2.41.5NDNDNDNDNDNDNDHaMSV

RNA
HaMSV in tumor-de-

DNA at time rived cell
of injection"lines8+

5.6+
NT+
16+
8.1+
NAe+

15+
NTNA+

16NT
17NANANANANANANDHaMSV

DNA
in tumor-de

rived cell
lines"+NT+NTNA+NTNA+NTNANANANANANAâ€”

a Relative level of expression from dot blot analysis.
" Presence (+) or absence (-) of HaMSV DNA determined by Southern analysis.
c NT, not tested.
" ND, not detectable.
8 NA, not applicable.

formation of immortalized cells (Refs. 17 and 23; our results), it
is possible that the myc oncogene either induces immortality or
performs the cellular functions altered in immortalized cells.
Further studies are necessary to understand the function of myc
oncogene activation in this and other cellular systems.

Although we observed a rapid conversion of DES-4 cells to
the tumorigenic state following transfection with the v-Ha-ras

oncogene, our results suggest that additional events are required
for the neoplastic transformation of these cells. Cotransfection
of DES-4 cells with pSV2-neo and HaMSV DNAs and selection

for G418 resistance enabled us to examine the effect of HaMSV
DNA in clones of DES-4 cells. Treatment of DES-4 cells with the
v-Ha-ras oncogene increased the expression of both tumori
genicity and anchorage-independent growth in these cells. How

ever, the expression of the 2 phenotypes was not always coor
dinated, and a lack of correlation between anchorage independ
ence and tumorigenicity was observed in individual clones ex
amined at the time of injection. Examples of anchorage-inde
pendent nontumorigenic, anchorage-independent tumorigenic,
anchorage-dependent nontumorigenic, and anchorage-depend

ent tumorigenic clones are found. These results are very different
from studies with chemically induced neoplastic SHE cells, which
show an excellent correlation between anchorage-independent

growth and tumorigenicity both qualitatively and quantitatively
(2). In contrast to the HaMSV DNA-transformed DES-4 cell

clones described here which grew poorly in agar at the time of
injection even when highly tumorigenic (Table 4), most Rous
sarcoma virus DNA-induced tumorigenic clones of DES-4 cells

are highly anchorage independent at the time of injection (fre
quency of colony formation in agar, >1(T2) (11).

The latency periods of the tumors that formed from clones of
DES-4 cells transfected with HaMSV DNA varied greatly from 2
to 13 weeks. We attempted to determine if this variation in
latency period was related to different degrees of expression of
the v-Ha-ras oncogene. There was a correlation between the
expression of v-Ha-ras RNA and HaMSV-induced neoplastic

transformation. All HaMSV-treated, tumorigenic clones ex
pressed v-Ha-ras RNA, while cells from a spontaneous tumor
from a non-HaMSV-treated clone did not express v-Ha-ras RNA.
Examination of these clones for the presence of v-Ha-ras DNA
demonstrated that only clones expressing v-Ha-ras RNA had v-
Ha-ras DNA as expected. Although expression of v-Ha-ras RNA

correlated with tumorigenicity, the level of expression did not
correlate with the latent period.

It seems, therefore, that the presence and expression of
HaMSV DNA may be necessary but not sufficient for the trans
formation of preneoplastic DES-4 cells and that additional

changes may be required for the development of neoplastic
potential. An examination of v-Ha-ras expression and anchorage
independence in cells derived from HaMSV-induced tumors is

consistent with this hypothesis. If the simple presence and
expression of HaMSV DNA were sufficient for the single-step
neoplastic transformation of DES-4 cells, one would predict that
all DES-4 clones expressing v-Ha-ras should be equally tumori
genic and anchorage independent and that tumor-derived cells

might have levels of expression equal to those found in the cells
injected. None of these predictions was found to be true, sug
gesting that tumorigenicity and anchorage independence were
acquired only after an additional cellular change following trans
fection with the v-Ha-ras oncogene. There is ample opportunity

for transfected cell in this and other studies to accumulate
additional changes following the acquisition of HaMSV DNA,
since cells typically go through 20 to 25 doublings before injection
into animals. Preliminary experiments suggest that this additional
change is associated with an enhanced expression of the c-myc
gene in the v-Ha-ras-treated DES-4 cells.6

Our results support the hypothesis that changes in addition to
the acquisition and expression of v-Ha-ras are needed to trans

form these cells neoplastically. The nature of this additional
change is currently under investigation. An additional change

6T. Gilmer, unpublished results.
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may also be necessary for neoplastic transformation of normal
SHE cells, suggesting that at least 3 steps are required for
tumorigenesis.
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