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Human Diploid Cell Transformation by DNA
Extracted from the Tumor Virus SV40

Abstract. The DNA isolated from simian virus 40 (SV40) can transform human
fibroblast cells in tissue culture. Clonal lines of DNA-transformed human cells
have been obtained that have properties characteristic of cells transformed by
whole virus. They all contain SV40 T-antigen, and infectious virus can be re-
covered by cocultivation. This is the first demonstration of a permanent genetic
alteration produced in human cells by purified DNA.

Simian virus 40 (SV40), a small,
DNA-containing tumor virus, has been
shown to induce a morphological trans-
formation of various cell types, includ-
ing human cells, in tissue culture (7).
The virus-transformed cells are charac-
terized by their epithelioid morphology
and lack of sensitivity to contact inhibi-
tion of cell division (2). They contain
SV40-specific messenger RNA (3), and
infectious virus can generally be recov-
ered (4). The in vitro transformed
cells are tumorigenic in the appropriate
animal host (7). SV40-infected cells
produce a new antigen, the T-antigen,
that can be detected in the cell nucleus
(5). The production of this antigen
persists in transformed cells and in
tumor cells.

The nucleic acid extracted from SV40
was shown by Gerber to be infectious
for green monkey kidney cells (6).
The observation by McCutchan and
Pagano (7) that the infectivity of
SV40 DNA could be markedly en-
hanced with diethylaminoethyl-dextran
led us to study the effect of SV40 DNA
on human cells. The studies described
below demonstrate that infectious nu-
cleic acid can enter and permanently
alter the genetic makeup of a normal
human cell.

A human fibroblast strain (F.R.),
obtained from a skin biopsy specimen
of a clinically normal adult female, was
tested. It had previously been shown
to have high susceptibility to transfor-
mation by SV40 (8). Other cells stud-
ied included green monkey kidney cells,
the mouse cell line Balb/3T3 (9), and
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a line of rat kangaroo fibroblasts. Cul-
tures were maintained in 50-mm plastic
petri dishes in Dulbecco’s modification
of Eagle’s medium supplemented with
10 percent calf serum. For experiments
with whole virus, a pool of plaque-
purified SV40 small-plaque virus (SV-
S) (10) was used.

Small-plaque SV40 DNA (11) was
extracted with a mixture of chloroform
and isoamyl alcohol in the presence of
sodium dodecyl sulfate and sodium per-
chlorate (12), and the double-stranded,
twisted circular DNA (DNA I) was
isolated by equilibrium density centrif-
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| 1 1
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Fig. 1. Induction of SV40 T-antigen in
monkey and human cells by SV40 DNA:
relationship between micrograms of SV40
DNA I per infection and the fraction of
T-antigen positive cells. Each point rep-
resents the data from two separate experi-
ments; at least 20,000 cells were scored
for each point. Triangles, green monkey
kidney cells; dots, human diploid fibro-
blasts.

ugation in cesium chloride containing
ethidium bromide (13). One pg of
DNA I was found to correspond to
3.0 X 10¢ plaque-forming units.

Cells in the logarithmic phase of
growth were washed twice with serum-
free medium and incubated with 0.2 ml
of fluid containing SV40 DNA and
300 pg/ml of diethylaminoethyl-dextran
in Earle’s balanced salt solution without
sodium bicarbonate. After 30 minutes
at room temperature with frequent gen-
tle agitation, the cultures were washed
twice and fresh medium was added.
Within 24 hours the cells were trans-
ferred both to dishes containing cover
slips for SV40 T-antigen studies and to
dishes at appropriate dilutions for the
transformation assay (8). Following
exposure to SV40 DNA the cells were
maintained in medium supplemented
with 0.5 percent rabbit antiserum to
SVv40.

Cells containing SV40 T-antigen were
stained by the indirect fluorescent anti-
body method (5). The fraction of T-
antigen positive cells was scored at 72
hours, a time at which, under our con-
ditions, the maximum number of posi-
tive cells was seen either with intact
virus or with DNA. In a typical test
20,000 to 40,000 cells were counted
to determine the fraction of cells that
were T-antigen positive. Infectious virus
was recovered from DN A-transformed
clones by cocultivation with green
monkey kidney cells in the presence of
ultraviolet-inactivated Sendai virus (4).

Human cells and green monkey kid-
ney cells were infected with serial dilu-
tions of DNA I. Figure 1 shows that
the percentage of SV40 T-antigen posi-
tive cells rose with the concentration
of DNA for both monkey and human
cells. The efficiency of infection was
comparable in spite of the fact that
whole virus is over 100 times more
efficient at inducing T-antigen in mon-
key cells than in human cells. The
same efficiency of T-antigen induction
by DNA was also found with Balb/
3T3 cells, and with rat kangaroo cells.
In the latter case the cells were fully
resistant to T-antigen induction by
whole virus.

Transformed colonies were first ob-
served in DNA-infected human cultures
2 to 3 weeks after infection. The trans-
formation frequency was assayed at 3
to 4 weeks. In their tissue culture prop-
erties the transformed colonies that de-
veloped were typical of SV40-trans-
formed cells. The cells were epithelioid,
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Table 1. Efficiency of T-antigen induction and transformation in human cells by SV40 DNA

and SV40.
. . Transformed T-antigen/

SV40 Infectxous SV4o T-a'n.txgen colonies/ transformed

units added (% positive) 5w 10° cells* colonies
DNAY 1.5 X 10? 0.06 0
DNA 6.0 x 10? .18 3 3.0 x 10
DNA 3.0 X 10° .68 21 1.6 X 10?
DNA 1.5 x 10* 1.2 26 2.3 x 102
DNA 5.0 x 10* 1.5 21 3.6 X 10?
Virus 5.0 x 10* < .01 0
Virus 5.0 X 107 5.8 164 1.8 X 102

* Average of two separate experiments. At each concentration in each experiment 5 X 105 cells

were exposed.

showed pronounced loss of contact in-
hibition of cell division, and readily
formed multiple cell layers. They also
showed persistent nuclear abnormalities
and many giant cells.

In Table 1 virus and viral DNA were
compared for their transforming ac-
tivities. With the DNA I preparation
transformed colonies were seen by us-
ing as little as 6.0 X 102 plaque-form-
" ing units or 0.02 pg per culture. When
5.0 X 10% infectious units were used,
transformed colonies were readily seen
with crude DNA or DNA I while no
transformed colonies were found by
using whole virus. At the lower DNA
concentrations approximately 200 in-
fectious units of DNA I were sufficient
to produce one transformed human
colony. At higher DNA concentrations
there appeared to be a plateau, both
for infectivity, as judged by the per-
centage of T-antigen positive cells, and
for transformation. With intact SV40
small-plaque virus approximately 2.5 X
10% infectious units were required to
produce one transformed colony. Viral
DNA was, therefore, 1000-fold more
efficient per infectious unit than whole
virus. The inefficiency of whole virus
was due to inefficiency at an early step
in human cell infection, for example,
adsorption, penetration, or uncoating,
or a combination of these. Once either
the virus or the viral DNA reached the
stage of inducing SV40 T-antigen there
was a comparable but low probability
that the cell would develop into a
transformed colony. The T-antigen/
transformation value ranged from 1.6
to 3.6 X 102 for DNA and was 1.8 X
102 for whole virus [see also (8)].

Several clones of DNA-transformed
human cells have been isolated and
grown up to mass culture in the pres-
ence of SV40 antiserum for at least
20 to 30 cell generations. Ten trans-
formed clones, each the product of an
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7 One microgram of DNA T contained 3.0 X 10* infectious units.

independent DNA-cell interaction, were
stained for T-antigen. With each clone
practically every cell was found to be
T-antigen positive. By cocultivation
with green monkey kidney cells in the
presence of ultraviolet-inactivated Sen-
dai virus, infectious virus was recovered
from each clone. As with transforma-
tion by intact virus, therefore, the en-
tire viral genome is present and recov-
erable from the DNA-transformed
cells.

Diderholm et al. described transfor-
mation by SV40 DNA in mass cultures
of bovine embryo cells (/4), which
were very resistant to transformation
by high-titered intact virus. Black and
Rowe have reported T-antigen induc-
tion by SV40 DNA in hamster BHK21
cells. These cells, too, were found to
be insensitive to infection with virus
(15). In our present report it is also
shown that SV40 DNA can induce
T-antigen in marsupial rat kangaroo
cells in which there is a complete
block to infection by whole virus. The
species differences in T-antigen induc-
tion with whole virus are, therefore,
probably due to differences in attach-
ment, penetration, or uncoating, rather
than to differences in the ability of the
exposed viral genome to begin func-
tioning once inside the cell. The ulti-
mate outcome of infection, however,
remains under cellular control. SV40
DNA is highly cytopathic for monkey
cells, weakly cytopathic for human
cells, and noncytopathic for mouse
cells, behaving in the same manner as
whole virus.

While transformation of human cells
by DNA is more efficient than by whole
virus per infectious unit, it is still high-
ly inefficient per molecule. When 5 X
105 cells were infected with 0.1 ug of
SV40 DNA I (3.0 X 103 plaque-form-
ing units), 21 cells were transformed.
If the molecular weight of SV40 DNA

is 2.5 X 10¢ (1), it can be calculated
that 10° DNA molecules are needed
per transformation event. Transforma-
tion and T-antigen induction appear, at
least over a limited range, to be linear-
ly related to DNA concentration. This
suggests that a single molecule of DNA
is sufficient to induce SV40 T-antigen
and also to permanently transform hu-
man cells.

There is considerable evidence that
shows that SV40 DNA can become a
permanent part of the host cell genome
(4, 16). Most of the SV40 DNA found
in transformed cells is associated with
the chromosomes (/7). Whether SV40
has an integration function similar to
that of bacteriophages A and P22 (18)
is not yet known. However, if the viral
DNA’s ability to integrate into the
human cell genome can be separated
from its oncogenicity, it then may be
possible to use “integrating” viral DNA
as a carrier to insert specific genetic
information into human cells.

STUART A. AARONSON
GEORGE J. ToDARO
Viral Carcinogenesis Branch,
National Cancer Institute,
Bethesda, Maryland 20014
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