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ABSTRACT Ouabain-resistant mutants were induced in
C3H mouse embryo 10T1/2 fibroblasts by exposure to ultraviolet
light, thus making available an in vitro system for studying
mutagenesis and oncogenic transformation in parallel. 2Rb
uptake studies showed that biochemical mutants at the plasma
membrane Na+,K+ transport ATPase (EC 3.6.1.3) locus were
being selected for in this system. The optimal expression time
for the mutants was found to depend on the dose of ultraviolet
light, as was the induced mutation frequency. The ratio of
transformation to mutation frequencies was found to be on the
order of 10 for four different doses, suggesting that the target
size in the cellular genome for transformation may be ap-
proximately 10 times the size of the Na+,K+ ATPase gene. We
propose that both transformation and mutation induction can
now be quantitatively studied in this single system.

There is at present a significant body of information based on
both experimental investigations and theoretical considerations
that supports the view that the oncogenicity of chemical and
physical carcinogens is derived from their mutagenic action
on the genome of animal cells (1-8). In order to elucidate the
relationship between mutation induction and oncogenesis, it
seems necessary, if not ultimately imperative, that experimental
systems be available that are amenable to studying both pro-
cesses in parallel. Animal systems are useful in such studies but,
because of the time and cost involved as well as difficulties in
the interpretation of the data due to uncontrollable biological
variation, increasing efforts have been directed to the search
for in vitro systems that can fulfill this goal.
The lack of such suitable systems can be ascribed in part to

the independent tracks along which in vitro studies of muta-
genesis and oncogenic transformation have developed. In the
area of mutation research, sufficient evidence has now accrued
to substantiate the assertion that heritable variations in cultured
somatic cells induced by mutagens are caused by formal genetic
mechanisms and are therefore indeed mutants (9-11). How-
ever, for obvious reasons, most studies in this field have been
restricted to cell lines that have a quasidiploid chromosome
complement and are functionally hemizygous at many genetic
loci (10, 12). These cell lines, as examplified by the CHO and
V79 lines, have been shown to have undergone extensive
chromosomal rearrangement in terms of both banding pattern
and sequence of replication (12, 13). Having acquired im-
mortality and malignant potential, these cells are basically
unsuitable for in vitro oncogenic transformation assays because
they are in essence already transformed.

At the same time, although certain in vitro transformation
systems have been developed, success has not been achieved
in isolating mutants at known genetic loci. Some studies have
been forced to take the unfavorable approach of comparing and
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correlating transformation in a mammalian cell system with
mutation induction in a bacterial system (14, 15) or the former
in one mammalian system and the latter in another (4, 16,
17).
More recently, with the development of the ouabain selection

system for mutations at the Na+,K+ ATPase locus (18, 19), at-
tempts have been made to study both mutagenesis and trans-
formation in primary cultures of hamster embryo fibroblasts
(20, 21). This system has the attractive feature of being diploid.
However, being primary cultures, one has the problem of cel-
lular senescence as well as both variability from embryo to
embryo and heterogeneity of cell types from a single embryo.
To avoid some of these problems, some investigators have used
cryopreserved cells taken from embryos, pooled, and put into
culture some time ago (15, 22). Fluctuations of this sort ob-
viously pose limitations on the reliability of this system and on
the reproducibility of results among different laboratories.
The other widely used in vitro transformation system has

been the C3H 10T1/2 clone 8 mouse embryo fibroblast line.
As a transformation system, it has been extensively character-
ized (23-26). These cells are extremely sensitive to postcon-
fluence inhibition of growth. When early passage cells were
used, the frequency of background transformation was below
the level of detection. The experimental protocol allows
transformants to be scored as foci of cells piled up on top of a
monolayer of normal cells. Their altered morphology makes
the scoring of transformants unambiguous. When cells from
the transformed foci were injected back into syngeneic animals,
there was a 100% correlation with tumorigenicity (24, 25).

Several laboratories have attempted to obtain biochemical
mutants in this system and have not been successful. In this
paper, we report that ouabain-resistant mutants can be induced
and recovered in these cells after exposure to UV light. We
present here the characterization of this mutation system and
suggest that both mutagenesis and oncogenic transformation
can now be reliably studied in quantitative terms in this single
system.

MATERIALS AND METHODS
Cell Cultures. C3H 10T1/2 c1.8 cells were originally ob-

tained from C. Heidelberger. They were grown in Eagle's basal
medium supplemented with 10% fetal calf serum (Microbio-
logical Associates) that had been heat-inactivated at 560 for 30
min. The selective medium used in the mutagenesis assay dif-
fered from the nonselective medium only in that it contained
ouabain (Sigma) dissolved directly in the medium.

Cells were routinely passaged in Blake bottles and were
maintained in 5% CO2 incubators held at 37°. A 0.15% trypsin
solution was used to remove cells from their substrate.

Mutagenesis Assay. Cells (5 X 105) obtained from stock
cultures were plated in 100-mm Falcon plastic dishes in non-
selective medium. After 16 hr of incubation to allow the cells
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to attach, the medium on the plates was removed by suction and
the cells were exposed without the plastic lid to a bank of five
GE G8T5 germicidal lamps emitting predominantly at a
wavelength of 254 nm. The exposure rate at the surface of the
cells was 3.85 ergs mm-2 sec-1. After the exposure, the plates
were replenished with fresh nonselective medium and incu-
bated at 370 for the expression of mutants. When the plates
became confluent before the end of the expression period, the
cells were trypsinized and replated at a low cell density to
continue growth in normal medium.

At the end of the expression period, cells were trypsinized
and replated in ouabain-containing medium at a density of 2.5
X 105 cells per 100-mm plkte. This cell density has been found
to be optimal for the recovery of mutants. Fourteen days of
incubation in the same medium was allowed for the mutant
cells to grow to macroscopically visible colonies. An appropriate
dilution of the same cell suspension was plated in parallel in
nonselective medium for the assay of clonogenic survival of
these cells. At the end of the 2-week period, all plates were fixed
with Bouin's solution and stained with trypan blue. Mutation
frequency was computed on a per survivor basis.
Rubidium Uptake Assay. Approximately 105 cells were

seeded in glass scintillation vials in 2 ml of nonselective medium.
After 24 hr, the medium was replaced with one that contained
ouabain at a specified concentration. The vials were then in-
cubated for 3 hr to allow ouabain binding to proceed to a sat-
uration level. A small amount of rubidium-86 (New England
Nuclear) dissolved in complete medium was added to each vial
to yield a final concentration of approximately 1 tiCi/ml. The
vials were then returned to the incubator for 15 min to allow
transport of 86Rb to proceed. At the end of the 15 min, the
medium was removed and the vials were washed three times
with ice-cold Earle's balanced salt solution. The cells were then
lysed in 10 ml of distilled water, and the Cerenkov radiation
from the radioisotope retained by the cells was counted in this
aqueous medium with a scintillation counter set for a 3H win-
dow.

RESULTS
Effect of Ouabain on Cell Survival. In order to determine

the minimum ouabain concentration that is lethal to wild-type
cells, including any unusually resistant ones that may arise by
chance (27), a plating efficiency assay was performed for var-
ious concentrations of ouabain. In the range 1-100 MM, ouabain
was essentially nontoxic to wild-type cells (Fig. 1). Between 0.1
and 1.0 mM, the plating efficiency decreased by 6 orders of
magnitude, leveling off thereafter at higher drug concentra-
tions. Based on these data, a ouabain concentration of 3 mM was
chosen for the mutagenesis assay. At this drug concentration,
only the spontaneously arising true mutants, which existed at
a frequency of 2.5 X 10-7 in a random population of wild-type
cells, survived to form macroscopic colonies. Such colonies were
found on plates with a background that was virtually devoid
of any attached cells. The colonies appeared healthy on the basis
of cell morphology, and the colony sizes at the end of the 2-week
selection period were comparable to those of wild-type cells
grown in nonselective medium.

Mutagenesis by UV Light. UV light-irradiated cells were
grown in nonselective medium for various expression times
before being exposed to 3 mM ouabain for mutant selection.
The optimal expression time that allowed the maximal fecovery
of mutants was found to depend on the dose of UV light (Fig.
2), increasing from 2 days for 25 and 50 ergs/mm2 to 6.5 days
for 100 ergs/mm2. The rate of appearance of mutants at less-
than-optimal expression times was in each case greater than the
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FIG. 1. Toxicity of ouabain to random populations of wild-type
1OT1/2 cells. The absolute plating efficiency in ouabain-free medium
was 13%.

rate of disappearance of mutants at longer-than-optimal ex-
pression times.
When the mutation frequency at each optimal expression

time was plotted against UV light dose, the data points followed
a straight line on a semilogarithmic plot (Fig. 3). The least
squares regression line that fits these data is described by the
equation log f = 0.013D - 5.257 in which f is the mutation
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FIG. 2. Frequency of induced mutation to ouabain resistance as
a function of expression time for UV light doses of 25 (o), 50 (0), 75
(-), and 100 (&) ergs/mm2.
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FIG. 3. Dose-response relationship for the induction of ouabain
resistant mutants in 10T1/2 cells by UV light.

frequency per surviving cell andD is the dose in ergs/mm2. The
correlation coefficient is 0.99.
Ouabain Binding and Rubidium Uptake. Ouabain has been

shown to inhibit specifically the function of plasma membrane
Na+,K+ transport ATPase (ATP phosphohydrolase, EC 3-.6.1.3)
(28). We used the uptake of 86Rb, a radioactive conjoiner of
potassium, to assay the degree of inhibition of this enzyme by
ouabain binding in both wild-type and mutant cells. The three
UV-induced mutant cell lines used here (designated OR12,
OR15, and OR16) were independently isolated by the steel
cylinder method from separate plates. Mutant clones thus iso-
lated were subsequently recloned once and passaged routinely
in selective medium.

Fig. 4 illustrates the effect of ouabain concentration on 86Rb
uptake. -At 10 mM ouabain, 86Rb transport in wild-type cells
was decreased to one-fifth that of cells grown in ouabain-free
medium, with 50% inhibition occuring at about I mM. In
contrast, all three mutant cell lines tested showed less than 20%
inhibition of uptake for all ouabain concentrations used. These
data indicate that the ouabain-resistant clones that we have
isolated were indeed cells with their Na+,K+ ATPase enzyme
altered in such a way that its affinity to ouabain was substan-
tially decreased without significantly impairing its transport
function.

DISCUSSION
We have demonstrated in these experiments that- ouabain-
resistant mutants can be induced by UV light in Ct3H 10T1/2
mouse embryo fibroblasts. The 86Rb uptake studies (Fig. 4)
provide firm evidence that the resistant clones we have isolated
were indeed mutants with an' altered gene product and not
merely phenotypic variants. Moreover, the alteration in this
gene product, the plasma membrane Na+,K+ ATPase, was a
specific type that decreased its affinity to ouabain binding but
maintained its ability to perform ion transport functions. In the
absence of studies with the isolated enzyme such as have been
done for mutants at the hypoxanthine phosphoribosyltrans-
ferase locus (29-32), the 86Rb uptake assay currently provides
the most conclusive demonstration of mutation at the Na+,K+
ATPase locus.

It should be pointed out that the quantitative nature of this
mutation system is subject to certain underlying assumptions
which are implicit in all mutation systems of this basic design.
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FIG. 4. Transport of 86Rb in the presence of different concen-
trations of ouabain for wild-type and mutant 1OT1/2 cells. 0,
Wild-type; o, mutant OR12; A, OR15; v, OR16.

First, with respect to growth rate, it has been assumed that
mutants, including both those that are fully expressed and those
that are not, grow at the same rate as wild-type cells during the
expression period. Second, with respect to plating efficiency,
it has been assumed that mutants, fully expressed or not, plate
equally well as normal cells. This applies to the situations in
which subculturing is required during the expression period
as well as to the final plating into the selective medium. Fur-
thermore, the estimation of the induced mutation frequencies
is based on the assumption that the plating efficiency of the
mutation plates (with 2.5 X 105 cells plated) is approximately
the same as the plating efficiency of the survival assay plates
with a few hundred to a few thousand cells plated.
The background mutation frequency of the 1OT1/2 system

is extremely low, on the order of 10-7, and is comparable to that
of other rodent cell systems reported (33, 34). This low fre-
quency of spontaneously arising mutants renders the system
sensitive even at low doses of UV light. For example, at a dose
of 25 ergs/mm2, which kills 4% of cells (26), the background
mutation frequency is only 2% of the induced mutation fre-
quency.
Our experiments here offer no explanation for the UV light

dose dependence of optimal expression time beyond what has
been invoked by others (34). The longer expression times re-
quired for larger doses are presumably due to more severe
metabolic inhibition. Higher doses of UV light prolong the time
required to complete the first DNA synthetic period after ir-
radiation and thus induce a dose-dependent division delay (35).
The disappearance of mutants for longer-than-optimal ex-
pression times is presumably due to the growth disadvantage
of mutant cells. Whatever the precise mechanism may turn out
to be, these data point to the critical necessity of measuring the
optimal expression time for each treatment regimen when this
mutation system is used.

Because mutation to ouabain resistance is a codominant
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Table 1. Comparison of transformation and mutation
frequencies induced by UV light in 1OT1/2 cells

Mutation
Transformation frequency

UV dose, frequency (t) (m)
ergs/mm2 X 104 X 105 t/m

25 1.2 1.2 10
50 3.1 2.5 12
75 8.7 5.2 17
100 9.6 11 9

The values of t are taken from ref. 25. The values for m are taken
from Fig. 3.

marker (18) likely to be of the point mutation type (34), one can
compare the mutation frequencies obtained in these experi-
ments to the transformation frequencies obtained in the same
system (26) to arrive at an estimation of the target size for on-
cogenic transformation. Table 1 presents the results of such
comparisons for four different UV light doses. In each case, the
ratio of transformation to mutation frequencies is on the order
of 10. These values are similar to those obtained independently
by two different laboratories by treating primary hamster
embryo cells with reactive derivatives of chemical carcinogens
(20, 21).

It is tempting to infer from these results that the target size
for transformation in the 1OT1/2 cells is 10 times that of the
Na+,K+ ATPase gene, assuming that interaction of UV light
with all parts of the cellular genome is random. This straight-
forward interpretation, however, is likely to lead to an over-
estimation of the transformation target size because recent data
have shown that mutations to ouabain resistance involves only
a restricted region of the 97,000 dalton subunit of the Na+,K+
ATPase enzyme (36,37). In other words, the size of the muta-
tion target is not that of the whole gene for the Na+,K+ ATPase
enzyme, which has a molecular weight of 250,000 (38), but is
a small fraction of it. Until we know the size of the region of the
polypeptide that is responsible for altered ouabain binding, we
cannot arrive at an accurate determination of the size of the
transformation target. As a first approximation, these consid-
erations suggest that the transformation target could be as small
as one to a few average-size genes.
We propose that the mouse embryo 1OT1/2 fibroblast system

can be used to study quantitatively both mutagenesis and on-
cogenic transformation by various chemical and physical car-
cinogens. Although ouabain-resistant mutants have not been
induced by x-ray in any cell system, chemical carcinogens such
as ethylmethane sulfonate, which has been shown to be x-ray
mimetic in terms of DNA damage and repair (39), have been
shown to induce ouabain-resistant mutants in Chinese hamster
cells (34). It can be expected, therefore, that this system should
be useful for a wide spectrum of carcinogens. Furthermore,
mutation to ouabain resistance may be a good index for muta-
tions at other genetic loci because Arlett et al. (34) have dem-
onstrated a broad agreement between results obtained from the
ouabain and 8-azaguanine selection systems. Quantitative study
of mutagenesis and transformation in the same experimental
system may yield more interpretable data that would be helpful
in the elucidation of the mechanisms of carcinogenesis.
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