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ABSTRACT

Spontaneous formation of morphologically altered foci of types II and
III (neoplastic transformation) was examined in populations of C3H
lOTVi (lOT'/j) cells. Initial surviving cell densities ranged from 3 to 3 x
10s cells/100-mm dish and the final cell density was approximately 2 x
IO'1cells/dish, yielding widely differing numbers of population doublings

but similar numbers of cell births from the time of cell plating to the
attainment of confluence. Spontaneous formation of foci was independent
of the initial surviving cell densities (and, therefore, of the number of
population doublings) but was related to the number of cell divisions (cell
births) between the time the cell population was plated and when suppres
sion of proliferation of wild-type cells occurred in confluent cultures. In
418 pooled asynchronously proliferating cultures in 100-mm dishes the

95% confidence limits for the fraction of dishes containing foci was
0.041-0.089 for type II foci and 0.008-0.036 for type III foci; for cell
populations in 2041 pooled cultures in 100-mm dishes, the proliferation
of which was synchronized by release from confluence-induced arrest of

proliferation, the 95% confidence limits for the fraction of dishes con
taining foci were 0.150-0.166 for type II foci and 0.017-0.032 for type

III foci. Using the Poisson method, the 95% confidence limits for rates
of spontaneous transformation in asynchronously proliferating popula
tions of lOT'/z cells were 1.4-3.2 x 10~8/cell/division for type II foci and

0.28 to 13 x 10 "/cell/division for type III foci; in populations in which

proliferation was initially synchronized by release from confluence-in
duced arrest, spontaneous transformation rates were 5.6-6.3 x lO^/cell/
division for type II foci and 0.59-1.1 x 10~8/cell/dÂ¡vision for type III foci.

Spontaneous transformation occurred in populations of wild-type KIT >

cells at the rates and with the characteristics expected of the mutation of
a single gene locus.

INTRODUCTION

Populations of cells of the C3H 10T>/2 (clone 8) line have
found wide use as an in vitro system in which to evaluate the
carcinogenic potential of chemicals and physical agents (1) and
to analyze cellular mechanisms of neoplastic transformation.
lOTVi cells are stably aneuploid (hypotetraploid) mesenchymal
cells derived from whole embryos of C3H mice, their prolifer
ation is strongly inhibited when they are confluent, and they
fail to produce tumors when inoculated as suspensions into
either irradiated C3H mice (2, 3) or nude mice (4). Within
approximately 6 weeks after exposing populations of 10T"/2

cells to carcinogenic chemicals of various classes, to UV light,
or to X-rays (1), neoplastic transformation is heralded by the
formation of foci of morphologically altered, piled-up cells in a
confluent monolayer of nontransformed cells (3). Cells of foci
of either of two morphological forms (types II and III) produce
tumors in 50-100% of recipient mice (3).

The cellular mechanisms of neoplastic transformation are
controversial despite years of study. A major hypothesis holds
that induced neoplastic transformation involves one or more
mutation-like events that result from the interaction between
exogenous carcinogenic agents and the DNA of affected cells
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(5), involving specific gene loci such as protooncogenes. Other
investigators posit that neoplastic transformation is produced
by epigenetic mechanisms (6) or has an epigenetic step (5).
Similar questions have arisen concerning the nature of other
selectable heritable changes in cultured mammalian cells, many
of which have been shown to result from gene mutations (7).
The interpretation of the results of some transformation studies
with lOT'/z cells supports the participation of an epigenetic

mechanism in this process (8, 9), whereas the results of other
studies are most consistent with a genetic mechanism (10, 11).
If neoplastic transformation results from a mutation-like event,
both spontaneous and induced transformation would be ex
pected to involve aberrant DNA replication of the same gene
or genes; spontaneous mutation should occur with a fixed
probability each time a cell cycles during population growth,
whereas induced mutation would occur episodically in the pop
ulation of cells at risk when exposed to a carcinogenic agent
(5). The quantitative analysis of spontaneous transformation in
a cell population can yield data to provide evidence as to
whether this event occurs with characteristics compatible with
randomly occurring mutation-like changes in gene loci; fur
thermore, fluctuation analysis can distinguish the pattern or
timing of occurrence of spontaneous and induced events (12,
13). Thus, a clear delineation of the characteristics of sponta
neous transformation in lOT'/z cells should aid the ultimate

determination of the mechanism(s) of the induced transforma
tion of these cells.

Despite the potential utility of quantitative analysis of spon
taneous transformation in cell populations in vitro to provide
insight into mechanisms of neoplastic transformation, compar
atively few such studies have been reported, even though spon
taneously occurring neoplastic transformation has been noted
since the first reported attempts to induce neoplastic transfor
mation in cultured cell populations by exposing them to carcin
ogenic chemicals in vitro (14). Although the occurrence of
spontaneous transformation in control cultures of wild-type
cells has been noted in many of the previous studies on induced
transformation in lOT'/z cells, spontaneous transformation has
not been fully analyzed in wild-type 10T'/2 cell populations (5).

In this paper we report studies in which we have examined the
characteristics of spontaneous transformation (spontaneous
formation of foci of morphological type II and type III) in large
populations of untreated 10T'/2 cells. The results indicate that

type II and type III foci form spontaneously during the growth
of 10T'/2 cell populations at rates comparable to spontaneous

mutations at single gene loci in mammalian cells. Synchroni
zation of the proliferation of C3H lOT'/z cells slightly increases

the spontaneous formation of type II foci as compared to
asynchronous populations.

MATERIALS AND METHODS

Cell Culture. C3H 10T'/2 (clone 8) cells at passage 6 were obtained

from Dr. Steven Nesnow, Environmental Protection Agency, Research
Triangle Park, NC. They were maintained in complete medium com
posed of Eagle's basal medium with Earl's salts (Gibco), containing
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heat-inactivated fetal bovine serum (Gibco) at a final concentration of
10% in accordance with the methods of Reznikoff et al. (2). When
tested regularly for Mycoplasma (15), cultures were found always to be
uncontaminated. For determination of rates of spontaneous transfor
mation, cell populations were used routinely when they had been
passaged less than 14 times since clonal isolation. Antibiotics were not
used in cultures being maintained routinely, and during the 6-week
period of focus formation only streptomycin and gentamicin were used.
Neither penicillin nor Fungizone were ever used during the 6-week
period of focus development because these antibiotics have been re
ported to suppress focus formation by 10T'/2 cells (16, 17).

Synchronization. Synchronization of proliferation was produced by
releasing 10T'/2 cells from confluence-induced arrest of proliferation by
replating them at lower density. To accomplish this, 1 x IO6exponen
tially growing cells were plated in each 100-nini dish and allowed to

grow for 4 days without a change of medium. This procedure arrested
approximately 95% of the population in GÃ¬phase and the remainder
in G2 + M phases, as judged by analysis of flow cytograms. Less than
0.5% of the cell population was in S phase in confluent cultures.
Following their replating at lower density (see below), the cells began
to enter S phase at about 11-12 h, and a maximal fraction (85%) of

the population was in S phase at 26 to 28 h (18). The replated cell
population doubled between 30 and 32 h (18).

Quantification of Cells Plated. In order to quantitate precisely spon
taneously transformation rates it is necessary to measure accurately the
number of cells that attach and proliferate to produce confluent popu
lations. Our studies show that the basal colony-forming efficiency
(plating efficiency) for wild-type lOT'/z cells under the conditions used
in our laboratory is 30.1 Â±0.14% (SEM, n = 120). Basal plating
efficiency was determined by plating a known quantity of cells, less
than 3000 (usually 500 or 1000) cells/100-mm dish in multiples of 5
dishes, after which they were cultured in complete medium for 10-12
days during which time they were fed twice. At the completion of this
period, cultures were fixed in methanohacetic acid (3:1) and stained
with Giemsa stain. Colonies were enumerated and the colony forming
(plating) efficiency was determined by dividing the number of colonies
found by the number of cells plated.

Plating efficiencies measured at clonal plating densities do not nec
essarily reflect accurately the plating efficiencies of cell populations
cultured at higher densities that may allow cooperative or competing
interactions between cells. Plating efficiencies of cell populations in
excess of densities that allow clear separation between adjacent colonies
(in our experience greater than about 3000 plated cells/100-mm dish)
cannot be quantitated by the standard method of counting colonies.
However, reconstruction studies (reported in a later section) in which
wild-type and transformed 10T'/2 cells were mixed and cultured together

indicated that the transformed cells, at least, showed similar plating
efficiencies when plated in either small (colony-forming) or in larger
mixed populations of wild-type and transformed cells. Furthermore,
analysis of the doubling times and the lengths of time required for
different plated populations (102-106) of wild-type lOT'/j cells to reach
a population of 2 x IO6cells/100-mm dish suggested that their plating

efficiencies and growth rates are similar across this span of plating
densities.

Analysis of Transformation. Cells from confluent or exponentially
growing populations were plated in 100-mm dishes at densities of 10,
IO2, IO3, 10", 10s, or IO6 cells/dish to yield proliferating populations
containing nominally 3, 30, 3 x IO2,3 x IO3,3 x 10", or 3 x IO5cells/

dish. Transformation was scored routinely at 6 weeks after plating cells.
Cultures were refed with complete medium containing 10% fetal bovine
serum at weekly intervals. Foci of types II and III were identified as
previously described (3) and enumerated separately. Some groups of
cultures were exposed to acetone vehicle (0.5% in Hanks' balanced salt

solution) for 30 min when in early exponential growth (1 day after
plating) or in synchronized cultures at 6 h (G! phase) or 24 h (S phase)
after release from confluence. These acetone-treated control groups
were included in order to determine whether acetone, which we used as
a vehicle in studies on chemically induced transformation (19), influ
ences spontaneous transformation and whether cells located in GÃ¬or S
phase show a differential sensitivity to this chemical.

Analysis of spontaneous transformation in clonogenic populations
of cells of different sizes was performed for two purposes: (a) to assess
the presence of prÃ©existenttransformed cells in the population of wild-
type 10T'/2 cells used in this study; and (/>)to attempt to distinguish

whether spontaneous transformation was more closely associated with
cell births (divisions) or population doublings during population
growth. PrÃ©existenttransformed cells should vary with the size of the
clonogenic populations examined, and the smaller clonogenic popula
tions would be unlikely to contain prÃ©existenttransformants. Further
more, since the final population of wild-type 10T1/! cells in 100-mm
dishes is approximately 2 x 106/dish under the conditions of culture
we use, population doublings vary 7-fold over the span of plating
densities used while cell births (divisions) vary only about 15% (Table
1).

Fluctuation Analysis. In order to assess whether spontaneously form
ing foci arose by a stochastic process related to cell births, we performed
a fluctuation test based on the Luria- DelbrÃ¼ckmethod (12), as extended
by Lea and Coulson (20). The fluctuation test, which was first applied
to the analysis of mutations in bacterial populations (12), also has been
applied successfully to populations of cultured mammalian cells (see
Ref. 5) in which it has been used to analyze the acquisition of specific
locus mutations (21-23), anchorage independence (24-27), and tumor-
igenicity and altered growth (28, 29). The fluctuation test also has been
applied to the analysis of the formation of morphologically altered foci
in populations of lOT'/z cells exposed to X-rays (30). The uses and

limitations of application of fluctuation analysis to mammalian cell
populations have been reviewed recently (13).

For the study reported here, each of 270 dishes (100-mm) were
plated with 3 x IO4 clonogenic cells (the proliferation of which was
synchronized by release from confluence-induced arrest of proliferation)
and allowed to grow to confluence (7-8 days). At this time the cell
populations of 134 of the dishes were individually trypsinized, the
population of dispersed cells from each individual dish was thoroughly
mixed and all of the cells from each original dish were entirely replated
into a single new dish. Both the mixed-reseeded and the unreseeded
cultures were then allowed to grow for an additional period of 6 weeks,
at which time the cell populations were fixed and stained as described
above and the numbers of type II and type III foci combined were
determined. Trypsinization, mixing, and reseeding separates into indi
vidual cells the clones of transformed cells that have arisen from single
transformed cells. Transformed clones that arise during the early gen
erations of the plated populations will contain more cells than will
clones that arise during later generations prior to confluence. Therefore,
the reseeded dishes will be expected to contain more foci than will the
dishes that are not reseeded, and the number of foci in reseeded plates
will be related to the number of cells in the original foci. The basal
plating efficiencies of nontransformed and transformed 10T'/2 cells did

not differ significantly, so that neither type of cell encounters a relative
plating disadvantage after reseeding (see below). The distribution of the
number of foci observed in the reseeded dishes was compared with the
distribution expected to have arisen stochastically, as provided in Table
2 of Lea and Coulson (20). Goodness of fit was evaluated by x2 tests

(31).
Isolation and Phenotypic Analysis of Focus-forming Cells. Morpho

logically transformed cells were isolated from spontaneously developing
foci of both types II and III by trypsinization within a cloning cylinder.
Clonal populations were propagated from single focus-forming cells,
expanded in culture, and selected phenotypic properties (basal colony-

Table 1 Population doublings and cell divisions to confluence at various plating
densities in 100-mm dishes

Surviving
cells/dishm3

30
300

3,000
30,000

300,000Population

doublings
to confluence"19.3

16.0
12.7
9.4
6.1
2.7Cell

divisions
to confluence

(x10')Â°2.00

2.00
2.00
2.00
1.97
1.70

" Calculated from a confluent population (JV>)of 2.0 x 10* cells/dish.
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Table 2 Spontaneous focus formation in synchronized cell populations

Surviving
Type focuscells/dishII

30
300

3.000
30,000

300,000Dishes

with foci/
dishes26/158

70/373
111/785
88/584
25/141Mean

fraction of
dishes

without foci
(Po)0.835

0.812
0.859
0.849
0.82395%

confidence
limits for

fraction of
dishes

without foci
(Po)0.805-0.865

0.792-0.832
0.847-0.871
0.834-0.864
0.791-0.855

All dishes pooled 320/2041 0.843

III 30
300

3,000
30,000

300,000

4/158
11/373
18/785
20/584
5/141

0.975
0.971
0.976
0.966
0.965

All dishes pooled 58/2041 0.972

0.834-0.850

0.963-0.987
0.962-0.980
0.971-0.981
0.959-0.973
0.950-0.989

0.968-0.983

forming efficiency, doubling time during exponential growth, saturation
density, and tumorigenicity) of the cloned transformed cells were ana
lyzed. Basal colony-forming efficiency was measured as described pre
viously for wild-type cells. Doubling time and saturation density were
quantified as described by Reznikoff et al. (3). Tumorigenicity was
evaluated in nude mice by inoculating 1 x IO6 cells in 0.2 ml Hanks'
balanced salt solution s.c. into each of 3-5 mice. Progressively growing
tumors were corroborated by histolÃ³gica!examination.

Reconstruction Studies. Reconstruction experiments were performed
to determine the efficiency with which spontaneously transformed cells
were expressed as foci when mixed with wild-type 10T'/2 cells and
analyzed in a standard focus assay. For these studies, 500 transformed
cells of type II or type III were mixed with either IO3or IO6wild-type
10T'/2 cells and cultured in 100-mm dishes for 6 weeks; foci were
evaluated as described above.

Data Analysis. For each set of experimental conditions, agreement
with the Poisson model was tested by counting the number of foci per
dish and applying a x2 test between the expected distribution of foci

among dishes and the distribution found experimentally (31). In all
instances, agreement with the Poisson model was obtained for the
distribution of foci among the multiple dishes plated at each density.
The 95% confidence limits for the fractions of dishes without foci (Po)
were obtained from the binomial distribution of pooled data for all
observations at each plating density (31). Since the data on spontaneous
formation in the several hundred dishes at each plating density repre
sented 1-8 replicate studies, we compared the 95% confidence limits
obtained from the mean and standard deviation of the multiple repli
cates to the 95% confidence limits for the total pooled data obtained
under the assumption of a binomial distribution. In every instance, the
95% confidence limits agreed within 5% of upper and lower limits by
the two methods. We have chosen to use the 95% confidence limits
obtained under the binomial model for consistent treatment of data
from studies in which multiple replicates were either done or not done.

Under the Poisson model, two measures of the mean number of foci
per 100-mm dish, m, may be considered depending on whether reliable
estimates of the number of multiple foci per dish are available. If such
measures are available then m may be simply estimated as the average
number of foci per dish. Alternatively, m may be estimated from the
result that P0 = probability of no foci in a dish = e~m.The two methods

were typically in good agreement for these data; the latter method is
reported here because it appears to be more conservative, obviating a
potential source of error caused by the seeding of cells from foci to
form secondary' foci. The 95% confidence limits for the fraction of

dishes without foci (Po) may be translated into confidence limits for m.
The statistical significance of the difference in the fraction of dishes
without foci between different groups (i.e., between estimates of Po)
was determined by Fisher's exact test or x2 test, where appropriate (31 ).

The rate, n, of transformation per cell per division was calculated
using the equation

Po = e~m

per dish. Under a model of exponential growth, N is given by the
expression

N/-N,

In 2

(12, 22, 28), where A/and NÂ¡are the final and initial number of cells
per dish, respectively. Thus, Â¡iis obtained by evaluating the expression

-In Po x In 2
Nf - N,

For purposes of calculation, the final number of 10T1/: cells at conflu
ence in 100-mm dishes (i.e.. AÂ»was taken to be 2 x IO6. Under the
conditions of culture presently used, the number of lOT'/z cells at
confluence was 2.04 Â±0.10 x IO6/100-mm dish (N = 20).

RESULTS

Spontaneous Development of Foci in Synchronously Prolifer
ating Populations. lOT'/z cells from populations in which pro

liferation was blocked by growth to confluence were replated in
100-mm dishes in numbers that yielded nominal cell densities
of 3 to 300,000 clonogenic (surviving) cells/dish in multiples
of 10. Table 2 shows the number of dishes that contained either
type II or type III foci at 6 weeks after plating and the total
number of dishes examined at each plating density. Also shown
are the mean and the 95% confidence limits for the fraction of
dishes that lacked foci of each type (Po). Studies with dishes
containing nominally 3 cells/dish were unsuccessful since many
of these cultures did not produce uniformly confluent popula
tions during the period of 6 weeks following plating. However,
in the dishes in which confluence was attained, focus incidence
was in the range found in confluent cultures developing from
clonogenic populations of the other sizes studied (data not
shown). The data in Table 2 clearly demonstrate that the
spontaneous formation of either type II or type III foci was
unrelated to the number of clonogenic cells that were initially
plated, indicating that the plated cells included few preexisting
transformed cells and suggesting that the expression of trans
formed foci was not related to population doublings.

Spontaneous Development of Foci in Asynchronously Prolif
erating Populations. Spontaneous focus formation was exam
ined in asynchronously proliferating cultures that were initially
plated to yield nominally 3,000 or 30,000 clonogenic cells/100-
mm dish. Table 3 shows the number of dishes that contained
either type II or type III foci at 6 weeks after plating and the
total number of dishes examined at each plating density, as well
as the mean and the 95% confidence limits for the fraction of
dishes lacking each type of focus (Po). The mean fraction of

Table 3 Spontaneous focus formation in asynchronous cell populations

Type focus11Â°Survivingcells/dish3,00030,000Disheswith
foci/dishes12/19015/228Meanfraction

ofdisheswithout

fociPU0.9370.93495%

confidence
limitsforfraction

ofdisheswithout

foci(Po)0.919-0.9540.902-0.966

All dishes pooled 27/418

III 3,000
30,000

4/190
5/228

All dishes pooled 9/418

0.935

0.979
0.978

0.978

0.911-0.959

0.969-0.989
0.959-0.997

0.964-0.992

where m = nN and N is the total number of cell divisions (cell births)

" In all pooled dishes, type II foci occurred significantly less frequently in

asynchronously proliferating cultures than in all pooled proliferating synchro
nously as depicted in Table 2 (P < 0.05).
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dishes that lacked spontaneously developing type II foci was
significantly higher than was found for populations that were
synchronized, but the fraction of dishes containing type III foci
was unaffected by synchronization. As before, the formation of
foci was not related to the plating density.

Reconstruction Studies. Transformed cells were recovered
with an efficiency that varied from 27.5 Â±3.0% (N = 5) when
500 transformed cells were mixed with IO3 wild-type cells to

33.5 Â±6.4% (N = 7) when 500 transformed cells were mixed
with IO6 wild-type cells. Since the basal colony-forming effi

ciency of the spontaneously transformed cells [32.2 Â±5.8% (N
= 8)] differed neither from that of wild-type cells [30.1 Â±0.14%
(N = 120)] nor from the efficiency of recovery of transformed
cells as foci in the reconstruction assay, these results indicate
that clonogenic spontaneously transformed cells were recovered
as foci with approximately 100% efficiency relative to their
basal colony-forming efficiency.

Fluctuation Analysis of Focus Formation. Table 4 presents the
data on the number of foci in individual dishes that were either
reseeded or not reseeded. These data show that there were more
foci in the reseeded dishes, indicating that some of the foci in
unreseeded, confluent dishes contained several cells. Table 4
also presents the expected distribution of foci predicted from
the probability values of Lea and Coulson (20) and the observed
distribution of foci among 134 reseeded dishes. The distribution
of observed numbers of foci in individual dishes did not differ
significantly from that predicted from the probability values of
Lea and Coulson (20). No correction of the observed number
of foci is needed since reconstruction studies showed that the
plating efficiencies of wild-type and transformed cells were
identical and that the relative recovery of transformed cells was
virtually 100%. This result indicates that transformants arose
by a stochastic process during proliferation of the plated cells
to form a confluent population.

Calculation of Spontaneous Rates of Transformation. Table 5
shows the 95% confidence limits for spontaneous transform-
ants/cell/division for synchronously proliferating populations
of 10T'/2 cells as calculated by the Poisson method. Similar

data for cells of asynchronously proliferating cultures also are
shown in Table 5.

Phenotypes of Focus-forming Cells. Cells isolated from both

type II and type III foci were transformed as indicated by
assessment of their saturation densities and tumorigenicities.
Cell lines from spontaneous type II and type III foci reached a
saturation density of 8.9 Â±1.6 x IO4cells/cm2 (N = 4) and 9.8
Â±0.8 x 10" cells/cm2 (TV= 4), respectively. Progressively

growing tumors developed in 75% of the mice implanted with
4 different cloned lines derived from spontaneous type II foci
and in 92% of the mice implanted with 4 different cloned lines
derived from spontaneous type III foci. In comparison, wild-
type 10T'/2 cells reached a saturation density of 3.2 Â±0.2 x IO4
cells/cm2 (N = 50). Wild-type lOT'/z cells did not produce

tumors in nude mice. Populations of transformed cells doubled
more slowly than did wild-type cells during exponential growth
in monolayer cultures. Cell populations derived from type II
foci doubled every 21.4 Â±1.2 h (N = 4), and cell populations
from type III foci doubled every 22.4 Â±1.0 h (TV= 4). In
contrast, populations of wild-type lOT'/z cells doubled every
16.8 Â±0.4 h (TV=50).

DISCUSSION

This study shows that foci of morphologically transformed
cells develop spontaneously in cultures of C3H lOT'/z (clone 8)

cells at low but predictable frequencies. As shown by the data
in Table 3, spontaneous formation of type II foci was signifi
cantly more frequent in populations that were synchronized by
release from confluence-induced arrest of proliferation than in
exponentially proliferating populations; in contrast, the spon
taneous occurrence of type III foci did not vary between these
two populations of 10T'/2 cells. Among 2041 dishes (100-mm)

of originally synchronized populations evaluated in this study
(4.0 x IO9cell divisions at risk), 1 dish of each 6 or 7 contained

a type II focus and 1 dish of each 28 to 50 contained a type III
focus. Among 418 dishes (100-mm) of asynchronously prolif
erating populations studied (8.3 x 10* cell divisions at risk), 1

dish of each 14 to 40 contained a type II focus and 1 dish of
each 35 to 200 contained a type III focus. This study shows
that spontaneous focus formation did not vary significantly
with the number of clonogenic (surviving) cells plated, which
suggests that spontaneous transformation (focus formation) is
not related directly to the number of doublings of the initial

Table 4 Distribution of spontaneous type Â¡Iand type II foci (combined) among dishes not reseeded or reseeded at confluence and comparison of the distributions of foci
expected to occur and observed in reseeded cultures

The observed number of foci does not differ significantly from the number expected, based on the assumption that transformation occurs at random during
exponential growth (P > 0.99).

No. of transformed foci in each dish (r)

3-4 5-8 9-16 17-32 33-64 >64

Distribution of dishes ob- 116 16
served to contain the indi
cated no. of foci among 136
unreseeded dishes'

Distribution of dishes ob- 113 11
served to contain the indi
cated no. of foci among 134
reseeded dishes"- *

Probability that a culture has r 0.8607
transformants when average
no. of events (m) is 0.15C

Distribution of dishes ex- 115 8.7
pccicd to contain the indi
cated no. of foci among 134
reseeded cultures

0

0.0646 0.0239 0.0200 0.0137 0.0081 0.0044 0.0023 0.0023

3.2 2.6 1.8 1.1 0.6 0.3 0.3

" The fraction of dishes that contained no transformed foci [/'(1)was 0.86S for cultures that were not reseeded and 0.843 for reseeded cultures. From these values,
the average number of events (m) (i.e., transformations) is 0.14 to 0.16/dish. The />0values did not vary greatly between cultures that were either reseeded or not.

* Reconstruction studies carried out as described in "Materials and Methods" demonstrated that the efficiency of expression of transformed cells as foci was
approximately 100% under standard conditions of focus array when corrected for basal colony-forming efficiency. Therefore, the number of foci observed needs no
correction for fractional recovery.

c The average number of events (m) was taken to be 0.15 and the values for r were read from Table 2 of Lea and Coulson (20).
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Table 5 Rates of spontaneous transformation calculated by Poisson method from
fractions of dishes without foci

Population
growth

characteristicsSynchronized

by release from
confluence-induced arrest
ofproliferationPooled

ExponentialPooledSurviving

cells/dish30300

3,000
30,000

300,000
All
3,000

30,000
AllTransforman

ts/cell/generation (X 10~")

(95% confidence lim
its)Type

II5.0-7.5

6.3-8.0
4.8-5.7
5.1-6.4
6.4-9.5
5.6-6.3
1.6-3.9
1.2-3.6
1.4-3.2Type

III0.45-1.3

0.70-1.3
0.66-1.0
0.96-1.3
0.53-2.1
0.59-1.1
0.38-1.1
0.11-1.5
0.28-3.2

cell population. For surviving populations of 3 to 300,000 cells
to reach confluence in a 100-mm dish (2 x IO6 cells), the
number of population doublings to confluence differs by 7-fold
while the number of cell divisions (cell births) to confluence
varies only by about 15% (Table 1). These results suggest that
spontaneous focus formation is related to the number of cell
divisions (cell births) that occur in a population of clonogenic
lOT'/z cells from the time of plating until confluence is reached.

Fluctuation analysis confirms this interpretation, showing that
spontaneous transformation (focus formation) is a stochastic
process and demonstrating that each new cell division is at
equivalent risk to transformation leading to spontaneous focus
formation.

Data on the reported occurrence of spontaneous foci in
control dishes of 1OT'/z cells maintained during studies to

analyze the carcinogenic potential of chemical or physical
agents support the results of this study on the magnitude of
spontaneous transformation in exponentially growing 1OT'/z

cell populations. Among studies in which more than 100 dishes
were evaluated for spontaneous foci in asynchronously prolif
erating populations of 1OT'/z cells, Kennedy et al. found 2 type
II foci and 0 type III foci in 209 dishes (100-mm) (9) and 4 type
II foci and no type III foci in 423 dishes (100-mm) (32); Gehley
et al. (33) found 1 type III focus in 109 dishes (100-mm) (type
II foci were not counted); Han and Elkind (34) encountered 5
dishes among 247 dishes (100-mm) that contained either type
II or type III foci; Weitzman et al. (35) found 7 type III foci
(type II foci were not enumerated) in 210 dishes (100-mm);
Frazelle et al. (36) described 1 type II focus and 1 type III focus
in 568 dishes (60-mm); Billings et al. (37) reported 2 type II
foci and no type III foci in 247 dishes (60-mm); Huband et al.
(38) found 4 type II foci and 0 type III foci in 783 dishes (60-

mm); and Miska and Bosnian (39) saw no type III foci in 145
wells (16-mm) (type II foci were not counted). De Kok et al.
(11) recently reported 5 foci (type II and type III) in 2.5-cm2
flasks containing 3.6 x IO6 cells at risk. Since the final popu
lation of lOT'/z cells at confluence and, therefore, the number

of cell divisions (cell births) that occur in the plated population
of cells before confluence is reached is determined by the surface
area of the culture dish, larger dishes will have a higher proba
bility of containing spontaneous foci. Barrett and Elmore (5)
have reviewed some of these data and concluded that sponta
neous transformation occurs in 1OT'/z cell populations at rates

similar to those reported here.
The validity of our interpretation of the data presented here

depends on the consistent expression of foci from transformed
cells independent of when the transforming event occurs during
the growth of the population of cells in a dish. Inhibition by
wild-type 10T'/2 cells of focus formation by carcinogen-treated
cells has been described (40-46), and such inhibition of focus

formation has been posited to be responsible for the observed
lack of linearity between the incidence of carcinogen-induced
foci and the number of cells that survive treatment with a
carcinogen in 10T'/2 cell populations (40, 43-45). Reconstruc
tion experiments with 1OT'/z cells "initiated" by exposure to 3-

methylcholanthrene, in which focus formation was suppressed
by exposure to retinyl acetate (45, 46), demonstrated that
expression of transformed foci under these conditions is sensi
tive to the proportion of wild-type 1OT'/z cells in the population
and to the number of "initiated" cells that are included in a

colony at confluence (45). Similar results have been obtained
with clones of UV-irradiated 1OT'/z cells that require the pres
ence of 12-O-tetradecanoylphorbol acetate for the expression
of foci (47,48). Wild-type 1OT'/z cells are able to suppress focus
formation by the UV-irradiated cells unless 12-O-tetradeca
noylphorbol acetate is present in the medium of mixed cultures
from the time the cultures are established. These results indicate
that some types of conditionally transformed 1OT'/z cells are
protected from the inhibitory influences of wild-type cells by
being located in a sufficiently large colony under some circum
stances.

If wild-type 1OT'/z cells similarly inhibit the formation of foci

produced by spontaneously transformed cells, the expression of
spontaneous foci should decline markedly in dishes in which
cells are plated at high densities. Since we did not observe a
difference in the yield of spontaneous foci in cultures plated at
high densities as compared to those plated at low densities, our
results suggest that clone size at confluence is not a determining
factor in the emergence of spontaneously transformed foci
under the conditions of our study; the yield of foci was nearly
constant irrespective of whether the population doubled more
than 16 times (30 surviving cells) or less than 3 times (300,000
surviving cells) prior to confluence. This opinion has been
corroborated directly by our reconstruction studies in which
500 spontaneously transformed cells (derived clonally from
both type II and type III foci) were mixed with either IO3 or
106wild-type 1OT'/zcells and evaluated for focus-forming ability

in a standard assay. The efficiency of expression of transformed
cells as foci was virtually 100% when corrected for the basal
colony-forming efficiency of transformed and wild-type cells
(which did not differ significantly). Expression was sensitive
neither to the fraction of wild-type cells in the mixture nor to
the size of the clone of transformed cells at confluence. Similar
results also have been obtained in reconstruction studies in
which cells isolated from foci induced in 1OT'/z populations by
exposure to 3-methylcholanthrene were cultured in mixtures
with wild-type 1OT'/z cells (47).

Recent studies suggest that focus formation by "initiated"
lOT'/z cells is suppressed by influences that pass from wild-type

cells through nexus junctions (42), but studies by other inves
tigators indicate that there is not a simple relationship between
the coupling of adjacent cells through nexus junctions and the
ability of 10T'/2 cells to form morphologically transformed foci

(49). Furthermore, Oesch et al. (50) have recently demonstrated
that proliferation of wild-type 1OT'/z cells is inhibited by contact
with glutaraldehyde-fixed cells, either wild-type or transformed,
indicating that transfer of materials through nexus junctions is
not required to block the growth of wild-type 10T'/2 cells.

Proliferation of transformed cells was not blocked by contact
with either wild-type or transformed cells under these condi
tions. That important interactions between wild-type and trans
formed 1OT'/2 cells do not require connections by nexus junc

tions or even direct cell contact is suggested also by observations
that prominent alterations in 1OT'/z cells transformed by 3-
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methylcholanthrene include reduced binding of epidermal
growth factor to the epidermal growth factor receptors (51 ) and
the acquired susceptibility of transformed cells to growth stim
ulation by transforming growth factor /3, which is secreted by
both transformed and untransformed lOT'/z cells in the popu

lation (52, 53).
The susceptibility of the retinyl acetate-suppressed, 3-meth-

ylcholanthrene-'Mnitiated" or UV-irradiated, 12-0-tetradeca-

noylphorbol acetate-dependent, transformed cells (43-47) to
wild-type lOT'/z cell-induced blockage of focus formation

clearly distinguishes their phenotypes from the phenotypes of
transformed cells isolated from foci that occur either sponta
neously (this paper) or are induced by 3-methylcholanthrene
(47) or MNNG3 (19). This difference between the apparent
influence of wild-type cells on expression of transformed foci
finds an analogy in the effect of metabolic cooperation on
eukaryotic cells expressing enzyme variants. The phenotype of
hypoxanthine-guanine phosphoribosyltransferase-deficient (8-
azaguanine-resistant) variants is suppressed by contact with
wild-type cells, whereas the expression of the phenotype of
Na*/K+ ATPase defective (ouabain-resistant) cells is not influ

enced by metabolic cooperation (54). The reason for the sensi
tivity of "initiated" or UV light-treated 10T'/2 cells to suppres

sion of focus formation by wild-type cells remains to be deter

mined.
Another situation that could affect the validity of our inter

pretations of the results presented here is the accumulation of
spontaneously transformed cells in populations of wild-type
10T'/2 cells with increasing culture passage. Our data suggest
that spontaneous transformants do not accumulate in wild-type
populations with increasing culture passage if cell populations
are not allowed to reach confluence as they are passaged in
culture. We have examined spontaneous focus formation at
various culture passages between 7 and 19 in carefully main
tained populations of 10T'/2 cells and have found that the yields

of spontaneous foci were virtually identical in cell populations
at the various passage levels.4 For example, in exponentially

growing populations we found to occur spontaneously 5 type II
foci and 1 type III focus among 84 dishes (100-mm) at passage
7, 5 type II foci and 2 type III foci among 103 dishes (100-mm)
at passage 13, and 8 type II foci and 2 type III foci among 87
dishes (100-mm) at passage 19. These differences in incidence
of spontaneous foci are not significant and the data agree closely
with those found in the study reported in this paper. Addition
ally, the uniform yield of spontaneously transformed foci, in
dependent of the number of clonogenic cells plated, which we
have found further suggests that transformed cells do not ac
cumulate in the wild-type 10T'/2 population under the condi

tions of maintenance conventionally used. However, if sponta
neous transformation occurs in wild-type lOT'/i cell popula

tions during exponential growth at the rates our results indicate,
significant subpopulations of spontaneously transformed cells
should accumulate in wild-type cell populations at late passages
if the populations are allowed to expand to large size during
exponential growth in culture. Accumulation of transformants
should occur even if cultures are not allowed to remain at
confluence, unless exponential growth selects against trans
formed cells. A selective disadvantage for transformed cells in
a population of wild-type cells undergoing continuous exponen
tial growth could result if transformed cells grow more slowly
than do wild-type cells. Reznikoff et al. (3) found that the
generation time for two clones of transformed cells isolated

3The abbreviation used is: MNNG, A/-methyl-lV'-nitro-A/-nitrosoguanidine.
4J. W. Grishamet al., unpublishedobservations.

from foci induced by exposure to 3-methylcholanthrene was
considerably longer than was the generation time for wild-type

cells (22 and 27 h for the two transformed clones as compared
to 15.5 h for for wild-type cells). In a study on the phenotypic
correlates of neoplastic transformation in lOT'/i cells in which

transformation was induced by various agents, Jones et al. (55)
noted that "none of the transformed lines grew significantly
faster than the parental population." Similar observations have

been made by other investigators (56, 57). We have corrobo
rated these impressions of a longer doubling time of trans
formed cells in an analysis of 25 clonal lines of transformed
10T'/2 cells isolated from type II and type III foci arising

spontaneously or induced by exposure of cells to MNNG (19).
None of the transformed lines had a doubling time that was
shorter than that of wild-type cells and the average doubling
time of the transformed lines was 40% longer than that of wild-

type cells. We have found no significant differences in the
doubling times of transformed lines derived from either type II
or type III foci, or between transformed lines derived from
either spontaneous or MNNG-induced foci (19). All of the

transformed clones examined by us or by Reznikoff et al. (3)
would be diluted quickly during exponential growth when com
pared to the nontransformed cells in the wild-type population.

We believe that their slower growth may explain the lack of
accumulation of spontaneous transformants in wild-type pop
ulations with increasing culture passages. However, unlike the
situation in exponentially growing populations, transformed
cells have a marked growth advantage in confluent cultures in
which proliferation of nontransformed cells is suppressed. In
such a situation, transformed cells rapidly accumulate.

This study has demonstrated that spontaneous transforma
tion (formation of foci of morphologically altered cells) occurs
in populations of 10T'/2 cells at the rate and with the kinetic

characteristics expected of a mutation involving a single gene
locus. Using the Poisson method, the 95% confidence limits
for spontaneous transformation rates observed by us for type II
foci is 5.6-6.3 x 10"8/cell/division and for type III foci it is
0.59-1.1 x 10~8/cell/division in synchronized populations of
10T'/2 cells and 1.4-3.2 x 10~8/cell/division for type II foci and
0.28-1.3 x 10~8/cell/division for type III foci in asynchronously
proliferating populations. Spontaneous mutation at the Na+/
K+ ATPase locus in 10T'/2 cells occurs at the frequency of about
10~7/surviving cell (58), in agreement with previous reports (10,

59), similar to the spontaneous frequency found to occur in
other mouse mesenchymal cells (23). Thus, our results are
compatible with the hypothesis that spontaneous focus forma
tion (morphological transformation) in 10T'/2 cells results from
a mutation-like process at a single gene locus (5). However, the

rate and kinetics we have observed for spontaneous morpholog
ical transformation also may characterize genetic changes that,
in the strict sense, are not point mutations or base deletions.
Such alterations may include gene amplifications and re
arrangements (60). It is possible that an oncogene may repre
sent the gene locus that is susceptible to spontaneously occur
ring mutation-like change in wild-type lOT'/z cells which gives

rise to morphological transformation. In unreported studies,
we have demonstrated that DNA from lOT'/z cells isolated from

selected spontaneously occurred foci of type II or type III is
able to transform NIH 3T3 cells by transfection and that the
transformed 3T3 cells contain an activated Ha-ras oncogene of
10T'/2 origin.5 The same oncogene also has been found by us to

*G. J. Smith and J. W. Grisham, unpublished observations.
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be activated in selected transformants induced by treating lOT'/i

cell populations with MNNG (61).
The basis for the higher frequency of spontaneous focus

formation in cell populations that have been synchronized by
release from confluence-induced arrest of proliferation, as com
pared to exponentially growing populations, is not certain. The
observation suggests that transformed foci are more efficiently
expressed in populations that are cycling after being released
from confluence-induced arrest. It is of interest that exposure
to 12-O-tetradecanoylphorbol acetate elevates the background
level of type II foci in control populations of lOT'/z cells by
approximately the same extent as does release from confluence-
induced arrest of proliferation (36, 38). Similarly, both syn
chronization by release from confluence and 12-O-tetradeca-
noylphorbol acetate exposure make lOT'/z cell populations

susceptible to MNNG, although this chemical is not able to
transform exponentially growing populations with high effi
ciency under standard conditions (36, 38). This coincidence
suggests that release from confluence-induced arrest of prolif
eration and 12-O-tetradecanoylphorbol acetate exposure of ex
ponentially growing populations cause common molecular
changes in lOT'/z cells that increase the efficiency of focus

formation. Although the possible common effects of these two
regimens may be multiple, both manipulations have been found
to induce heightened expression of the c-myc gene in mouse
mesenchymal cells (62, 63). Furthermore, lOT'/z cells in which
c-myc expression is increased by gene transfer show heightened
susceptibility to the transforming potential of chemicals and X-
rays (64).
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