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ABSTRACT

Exposure of synchronized CSHlOT'/z (clone 8) cell populations of
various sizes to Ar-methyl-/V'-nitro-./V-nitrosoguanidine (MNNG) at a

concentration of 2 Mg/mlfor 30 min at 24 h after release from confluence-
induced arrest of proliferation produced neoplastic transformation (for
mation of foci of morphologically altered cells) by a random but episodic
process in a small fraction of the cells at risk soon after treatment. The
fraction of dishes that contained type II or type III foci increased as the
number of cells at risk increased. In contrast, the development of spon
taneous foci is a stochastic process that depends on the number of new
cells that form during population growth and is independent of the number
of cells that are plated (J. W. Grisham et al., Cancer Res., 48: 5969-
5976,1988). When there were small numbers of cells at risk, spontaneous
formation of foci was a source of considerable error in evaluating MNNG-
induced transformation frequency. In surviving cell populations of less
than 1000-3000 cells/100-mm dish, the frequency of induction of foci by
MNNG could not be distinguished statistically from the frequency with
which foci were expected to form spontaneously. When the fraction of
MNNG-treated dishes that contained foci was adjusted for the fraction
of pooled control dishes that contained foci, the number of foci induced
by a uniform dose of MNNG was found to vary with the number of
surviving cells. However, the MNNG-induced transformation frequencies
calculated by the Poisson method were independent of the size of the
population of cells at risk, provided the population of cells at risk was of
sufficient size to allow spontaneous and induced transformation to be
distinguished statistically. The results of this study show that the fre
quency of MNNG-induced transformation can be quantitated in cultures
of 11)1V:cells that contain varying but sufficient numbers of cells at risk
when spontaneous transformation is considered. Furthermore, these ob
servations suggest that MNNG-induced transformation of lOT'/i cells
occurs with the frequency and characteristics of a mutation-like change
involving a single gene.

INTRODUCTION

The results of several studies have been interpreted recently
to suggest that neoplastic transformation (formation of mor
phologically altered foci) in populations of 10T'/2 cells may be

epigenetically determined (reviewed in Ref. l). The experimen
tal basis for this interpretation is the dependence of the calcu
lated frequency of induced transformation on the number of
cells surviving treatment, a consistent finding since lOT'/i cells

were first described; the calculated induced transformation fre
quencies per surviving cell have been found to vary in a roughly
inverse manner with the number of lOTVi cells that survived
carcinogen exposure when raw data from focus assays with low
numbers of surviving cells at risk were used (2-9). Various
hypotheses have been offered to explain the observation that
the apparent frequency of transformation induced by a carcin-
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ogen could be altered by varying the number of cells that survive
treatment, and nearly all of these hypotheses have included an
epigenetically determined component controlling the process
of transformation (focus formation) (1). Fernandez et al. (2)
presented a probabilistic multistage model in which the carcin
ogen-induced transformation frequency varies with the number
of cells present at the time of treatment and with the number
of population doublings occurring before confluence is reached.
They posited that carcinogen treatment caused an epigenetic
"activation" of most of the cells treated and that this change

rendered them susceptible to neoplastic transformation by an
independent, low-frequency event (2). Kennedy et al. (6) pro
posed a similar model to explain the X-ray-induced transfor
mation frequencies which they observed. Other hypotheses for
the observed phenomenon include the necessity for multiple
mutations (10) and the occurrence of interactions between
transformed cells and nontransformed cells, which at high cell
densities may suppress the expression of the transformed plie
notype as foci (3, 10-12), possibly interacting with fading of
the initiation signal (5). Nontransformed 10T'/2 cells inhibit
focus formation by 3-methylcholanthrene-"initiated" lOT'A

cells in which the ability to form transformed foci is blocked by
retinyl acetate (11-13), as well as by UV-transformed, 12-0-
tetradecanoylphorbol acetate-dependent 10T'/2 cells (14). The
ability of a colony of such conditionally transformed 10T'/2

cells to grow to form a focus appears to depend on the size of
the colony of transformed cells at the time confluence is reached
(11-14).

The question of whether neoplastic transformation in 10T'/2

cells is genetically determined in some or all instances is of
great importance for the interpretation of studies in which these
cells are used. Induced transformation occurs on a background
of spontaneous transformation, and spontaneous and induced
foci cannot be distinguished morphologically. Spontaneous
transformation occurs at a low but uniform probability each
time a lOT'/z cell cycles, suggesting that morphological trans
formation of lOT'/z cells behaves like a mutation-like event

(IS). The magnitude of spontaneous transformation depends
on the number of new cell births during growth of a clonal
population, whereas the magnitude of the risk from induced
transformation would be expected to depend most strongly on
the size of the population at risk at the time of exposure to a
carcinogenic stimulus if carcinogen-induced transformation re
sults from a mutation-like event. Confluence provides the se

lection pressure required for expression of the transformed
phenotype as foci of morphologically altered cells. Focus assays
detect and summate both spontaneous mutation-like events,
which occur during the entire life of the cultured population of
cells, and induced mutation-like events, which occur only in the
first few cell cycles after exposure of cells to a carcinogen.
Consequently, spontaneous formation of foci may perturb the
calculation of induced transformation frequencies using data
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derived from a focus assay. In such a situation the background
of spontaneous transformation would be expected to lead to
greater error when small numbers of cells are at risk to induced
transformation than when larger populations are exposed to an
exogenous carcinogenic stimulus.

In this study we have analyzed the formation of foci of
morphologically transformed cells in synchronized lOT'A cell
populations of various sizes that survive exposure to MNNG3

at a concentration of 2 ng/m\ for 30 min at a point in early S
phase, when 10T'/2 cells are maximally sensitive to this chem
ical (16-18). Fluctuation analysis showed that focus formation
in MNNG-treated populations randomly affected a small frac
tion of the cells at risk as an episodic event that occurred soon
after treatment. Induced focus formation varied directly with
the number of clonogenic cells that were exposed to MNNG.
Furthermore, in small surviving populations (less than 1000 to
3000 cells/ 100-mm dish), the frequency with which foci formed
in response to MNNG exposure could not be distinguished
statistically from the frequency with which foci were expected
to occur spontaneously under these experimental conditions.
When MNNG-induced transformation frequencies were calcu
lated by the Poisson method using raw data on the fraction of
dishes that lacked foci (P0), transformation frequencies varied
inversely with the number of survivors. Adjustment of the raw
data for the fraction of control (untreated) dishes that were
expected to lack spontaneous foci (IS) made the calculated
induced transformation frequencies virtually independent of the
number of cells that survived exposure to the same dose of
MNNG and allow the quantification of transformation fre
quency independent of the number of surviving cells.

MATERIALS AND METHODS

Cell Culture and Manipulation. For this study, C3H10T'/2 (clone 8)

cells (from Dr. Steven Nesnow, Environmental Protection Agency,
Research Triangle Park, NC) were maintained by methods adapted
from Reznikoff et al. (19), as previously published (15, 17). Cell
populations were used routinely before they had been passaged 14 times
since clonal isolation. The basal colony-forming efficiency of 10T'/2

cells under conditions of maintenance in our laboratories is 30.1 Â±
0.14% (SEM; N = 120). Proliferation of populations of lOT'/z cells was
synchronized by releasing them from confluence-induced arrest of
proliferation by replating them at lower density. The method of syn
chronization and the pattern of the first cycle of proliferation in lOT'/i

cell populations are reproducible (15, 17). Population synchronization
by release of 10T'/2 cells from arrest of proliferation at confluence
makes them susceptible to the transforming effect of MNNG (16-18),
even though this chemical is ineffective in transforming exponentially
growing populations of lOT'/z cells under conventional conditions of

assay (19, 20). Populations of cells were exposed to MNNG at a
concentration of 2.0 Mg/ml in Hanks' balanced salt solution at 37Â°C

for 30 min at 24 h after release from confluence-induced arrest of
proliferation, a time when they were in early S phase of the cell cycle
(15, 17): at this time 2.0 ng/ml MNNG for 30 min reduce the relative
colony-forming efficiency of lOT'/z cells synchronized by release from
confluence-induced arrest by 50.2 Â±0.5% (Â¿V= 48) when cells are
plated at colony-forming densities. Populations of cells were plated to
yield nominally from 30 to 100,000 survivors/100-mm dish after treat
ment with MNNG at a concentration of 2.0 Mg/m' for 30 min. To
determine toxicity in larger populations (7,000 to 100,000 survivors),
appropriate concentrations of suspended cells were treated with MNNG
and then plated into dishes at colony-forming densities. In all instances
the survival of the cell populations was reduced by one-half within
standard deviations of Â±5%of the mean. Reduction of survival by
MNNG was, therefore, density independent over the range of cell

' The abbreviation used is: MNNG, Ar-methyl-/V'-nitro-/V-nitrosoguanidine.

densities used in this study. Following exposure to MNNG, dishes
containing cells were washed gently with Hanks' balanced salt solution
at 37"(' and fed Eagle's basal medium containing 10% heat-inactivated

fetal bovine serum (Gibco) and gentamicin (50 Mg/ml). Medium was
changed weekly, and at the end of 6 weeks cells were fixed in situ with
methanohacetic acid and stained with Giemsa stain. Type II and III
foci, identified by the criteria of Reznikoff et al. (8), were enumerated
separately.

Fluctuation Analysis. Fluctuation analysis allows the determination
of whether focus formation occurs at a uniform rate during the growth
of a cell population or whether it is an episodic event that affects the
population of cells present at the time of exposure to a carcinogen (21,
22); applications of fluctuation analysis have been reviewed recently
(23). We have shown that spontaneous focus formation in lOT'/i cell

populations obeys stochastic expectations, with the chance of occur
rence related to the number of cell births that occur during population
growth (15). However, events induced by exogenous agents such as
MNNG, might cause transformation either exclusively or most pro
foundly in the cell population present at the time of exposure (episodic)
or they might increase observed transformations by, in effect, elevating
the rate of spontaneous transformation in the entire population (1).
The latter has been proposed to be the way in which \ irradiation
affects transformation in small populations of 101 V;cells (24), whereas
transformation induced by benzo(a)pyrene diol-epoxide is an episodic
event that occurs within a few cell cycles after exposure (25). In this
study, we performed a fluctuation analysis based on the Luria-DelbrÃ¼ck
method (21), as extended by Lea and Coulson (22). For this analysis
each of 212 dishes (100 mm) was plated with sufficient 10 IV: cells, the
proliferation of which was synchronized by release from confluence-
induced arrest of proliferation, to yield 3 x IO4 clonogenic cells/dish

when they were treated with MNNG at a concentration of 2.0 Mg/ml
for 30 min at 24 h after release from confluence-induced arrest. The
treated cultures were allowed to grow until they had reached confluence
(7-8 days), at which time cell populations in each of 130 dishes were
individually trypsinized; the cells from each dish were mixed thoroughly
and all of the cells from a single dish were replated into a single new
dish. Both reseeded and nonreseeded cultures were then allowed to
grow for an additional 6 weeks, at which time they were fixed and
stained as described above, and the combined number of type II and
type III foci/dish was determined. The distribution of the number of
foci observed in reseeded dishes was compared with the distribution
expected to have arisen stochastically, as provided in Table 2 of Lea
and Coulson (22). Goodness of fit was evaluated by x2 test (26).

Isolation and Phenotypic Analysis of Focus-forming Cells. Morpho
logically transformed cells were isolated by trypsinization within clon
ing cylinders from foci of morphological types II and III that occurred
in 10T'/2 cell populations exposed to MNNG. Multiple clonal sublines

were established from individual cells, expanded in culture, and evalu
ated for basal colony-forming efficiency (see previously), doubling times
during exponential growth (8), saturation density (8), and tumorigenic-
ity. Tumorigenicity was assessed by inoculating 1 x IO6cells suspended
in 0.2 ml Hanks' balanced salt solution s.c. into each of 3 or 4 nude

mice. Progressively growing tumors were verified by histolÃ³gica! ex
amination.

Reconstruction Studies. Reconstruction studies were performed as
described by us (15). Transformed cell lines cloned from type II and III
foci induced by exposing populations of 10T'/2 cells to MNNG were
mixed with varying populations of wild-type 10T'/2 cells, plated together
on 100-mm dishes, and evaluated in a standard focus assay for the
efficiency with which the transformed cells were expressed as foci.

Analysis of Non-Focus-forming Cells from MNNG-treated Cultures.
To add to the information supplied by the fluctuation test, we assessed
directly the spontaneous focus-forming ability of cells isolated from the
non-focus-forming lawn of confluent cells of cultured populations in
which the frequency of focus formation had been elevated by exposure
to MNNG, as described above. For this purpose, populations of 10T'/2
cells were synchronized by release from confluence-induced arrest and
sufficient cells were exposed to MNNG at a concentration of 2 Mg/ml
at 24 h after replating to yield a surviving population of 3 x IO4cells/
100-mm dish. After feeding weekly with complete medium for 6 weeks,
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living cultures were examined by phase microscopy and foci of piled-
up cells were identified and their locations were marked on the dish.
Cells in several non-focus-forming areas of the confluent lawn of each
dish were removed by trypsinization within cloning cylinders, pooled,
and replated at 3 x IO4clonogenic cells/ 100-mm dish. Cultures from
which non-focus-forming cells had been removed were fixed and stained
with Giemsa stain, and the foci were enumerated by morphological
type, as described above. At the end of 7-8 days, one-half of the dishes
seeded with non-focus-forming cells were trypsinized, mixed, and re-
plated for fluctuation analysis, as described above. The remaining half
of the dishes were untouched. After 6 weeks, all dishes were fixed and
stained, and the type II and III foci were enumerated.

Data Analysis. Data on the distribution of foci among dishes of each
replicate study were analyzed for goodness of fit to a Poisson distribu
tion and were always found to meet Poisson expectations (26). The
95% confidence limits for the fraction of dishes without foci (Po) were
obtained from the binomial distribution of pooled data for all observa
tions at each plating density (25). Since the pooled data for each plating
density represented the results of 1 to 6 replicate studies, we compared
the 95% confidence limits obtained from the mean and standard devia
tions of the multiple replicates to the 95% confidence limits under the
assumption of a binomial distribution and found agreement within 10%
of the 95% confidence limits by the 2 methods. We have chosen to use
the 95% confidence limits obtained under a binomial model for con
sistent treatment of data, since the availability and number of multiple
replicates varied among groups at different surviving densities.

Transformation frequencies were calculated by the Poisson method
using data on the fraction of dishes that lacked foci (Po) (15). Results
for type II and III foci are presented both with and without statistical
adjustment for the effects of spontaneous focus formation. The adjust
ment procedure divides the fraction of MNNG-treated dishes that were
observed to lack foci (observed Po) by the fraction of dishes that were
expected to lack spontaneously developing foci (spontaneous /'â€ž)in
untreated control cultures (15). The /'â€žvalues in each instance represent
pooled data. In the instance of the control (spontaneous) /'â€ž.data were

pooled from all 2041 dishes at all cell densities, since the occurrence
of spontaneous foci did not vary with plating density (15). In the
instance of the data obtained from MNNG-treated dishes (observed
Po), data are pooled by the density of surviving cells plated, since at a
constant dose of MNNG, the Pa values decreased as the number of
surviving cells increased. The adjusted I\<was assumed to be binomially
distributed, and the normal approximation of the binomial was then
used to obtain the 95% confidence limits for the adjusted fraction of
dishes lacking foci following MNNG challenge. These limits were then
inserted into the Poisson formula to obtain confidence limits for the
estimated MNNG-induced transformation frequency per surviving cell

- In PÂ»

Table 1 Induction of type II and III foci in various populations oflOT'/i cells
surviving treatment with 2 tig/ml MNNG for 30 min at 24 h after release from

confluence-induced arrest of proliferation

No. of surviving cells

The number of surviving cells and not the number of cell divisions
(births) was used to calculate induced frequencies, since fluctuation
analysis showed that MNNG-induced transformation was an episodic
event and indicated that it occurred in a small fraction of the population
at risks oon after the original population was exposed to this chemical.

RESULTS

Table 1 presents data on the number of dishes examined at
each selected population density, the number of cells surviving
exposure to MNNG, and the number of dishes that contained
either type II or type III foci, as well as the fraction of dishes
that contained type II or type III foci (and the 95% confidence
limits) when different numbers of lOT'/z cells survived MNNG
exposure at a concentration of 2 ng/m\. The fraction of MNNG-
treated dishes that contained foci increased as the size of the
population surviving the same dose of MNNG increased; in the
companion paper (15), we have shown that the fraction of
dishes that contained spontaneous foci was independent of the

Type
focusIIIIISurvivingcells/dish303001,0003,0007,00015,00030,00050,000100,000303001,0003.0007,00015,00030,00050,000100,000No.

of
dishes64109174249215248310210386410917424921524831021038Disheswithfoci1019345251691059329239232846776420Mean

fraction
of dishes with

foci0.156Â°0.174Â°0.195Â°0.209*0.237*0.278*0.339*0.443*0.763*0.031Â°0.028Â°0.052*0.092*0.130*0.185*0.248*0.305*0.526*95%

confidence
limits for

fraction of
dishes withfoci0.111-0.2010.138-0.2100.165-0.2250.183-0.2350.208-0.2660.250-0.3060.312-0.3660.409-0.4770.694-0.8320.009-0.0530.012-0.0440.035-0.0690.070-0.1140.107-0.1530.160-0.2100.223-0.2730.273-0.3370.445-0.607

" Does not differ significantly from the mean fraction of control dishes con

taining spontaneously developing foci (15).
* Differs significantly (P < 0.05, one-tail) from the mean fraction of control

dishes containing spontaneously developing foci (15).

size of the plated population. For surviving populations of 30,
300, and 1000 cells, the fraction of MNNG-treated dishes that
lacked foci (Po) of either type II or type III did not differ
significantly from the Po values obtained from untreated dishes
(15) in which foci developed spontaneously (P > 0.05). In
addition, for surviving populations of 3000 cells, the fraction
of MNNG-treated and untreated (control) dishes that contained
type II foci did not differ significantly (P > 0.05).

Table 2 presents the transformation frequencies in MNNG-
treated dishes calculated by the Poisson method when either
the observed P0 values for MNNG-treated dishes are used or
when the observed P0 values in MNNG-treated dishes are
adjusted for spontaneous P0 values observed in control cultures
(15). When the raw data were used, calculated transformation
frequencies in MNNG-treated cultures varied inversely with the
number of surviving cells, as reported by previous workers using
other carcinogenic agents (19, 26-31). Examination of the Pa
values for either type II or type III foci found in MNNG-treated
dishes compared to the Po values for untreated dishes (sponta
neous foci) (15) showed that MNNG treatment was ineffective
in inducing foci greater than the spontaneous level in surviving
populations of less than 1000 cells/dish under the conditions
of this experiment. Correction for spontaneous foci affected the
calculated transformation frequencies in relation to the popu
lation size and the level of spontaneous foci. Adjustment pro
duced less change in the calculated transformation frequencies
for the larger than for the smaller surviving populations, and
for type III foci than for type II foci. Transformation frequencies
calculated for type II foci induced by MNNG differed signifi
cantly (P < 0.05) from the frequencies calculated from data
that were not adjusted for spontaneously occurring foci at all
population sizes between 3,000 and 50,000 surviving cells,
whereas transformation frequencies for type III foci calculated
from adjusted and unadjusted data did not differ significantly
at any plating density greater than 1000 surviving cells (P >
0.05). Transformation frequencies for either type II or type III
foci when calculated from adjusted data showed a narrower
95% confidence interval than did frequencies calculated from
unadjusted data. When populations of viable cells were 3000
or more, the adjusted transformation frequencies for either type
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Table 2 Transformation frequencies calculated from observed data on focus formation in MNNG-treated cultures and from data adjusted for
spontaneously occurring foci

Type
focusIIIIISurvivingcells303001,0003,0007,00015,00030,00050,000100,000303001.0003,0007,00015,00030,00050,000100,000Observed

/'IP(mean and

95%CL)0.844

(0.755-0.933)0.826
(0.755-0.897)0.805
(0.746-0.864)0.791
(0.740-0.842)0.763
(0.706-0.820)0.722
(0.666-0.778)0.661
(0.608-0.714)0.557
(0.490-0.624)0.237(0.102-0.372)0.969(0.927-1.011)0.972(0.941-1.003)0.948(0.915-0.981)0.908

(0.872-0.944)0.870
(0.825-0.915)0.815(0.767-0.863)0.752

(0.704-0.800)0.695
(0.633-0.757)0.474(0.315-0.633)Transformation

frequency
calculated

from observed Pa
(95%CL/10-*)231-93736.2-93.714.6-29.35.73-10.02.83-4.971.67-2.701.12-1.650.94-1.420.98-2.280-2530-20.31.91-8.881.92-4.561.26-2.740.98-1.760.74-1.160.55-0.910.45-1.15Adjusted

/'â€ž(mean and
95%CL)0bAÃ¨0.938

(0.908-0.968)'0.905
(0.865-0.945)'0.856

(0.812-0.900)'0.784
(0.738-0.830)'0.661
(0.597-0.725)'0.281
(0.138-0.424)''t*0.975

(0.952-0.998)''0.934
(0.903-0.965)''0.895
(0.853-0.935)''0.838
(0.792-0.884)''0.774(0.727-0.821)''0.715(0.654-0.776)''0.488

(0.329-0.647)''Transformation

frequency
calculated from

adjusted /'â€ž
(95%CL/10-5)1.08-3.210.80-2.070.70-1.380.62-1.010.64-1.030.86-1.990.20-4.911.18-3.400.96-2.230.82-1.550.65-1.060.50-0.840.44-1.11

* Mean observed Pa adjusted by dividing by mean Pa found to occur spontaneously (15). Spontaneous Pa for type II foci '

confidence limits.
b Observed Pa does not differ significantly from spontaneous Ai (P > 0.05).
' Observed Pâ€žand adjusted Pa differ significantly (P < 0.05).
d Observed Pa and adjusted Pa do not differ significantly (P > 0.05).

0.843; for type III foci = 0.972. CL,

II or type III foci were virtually independent of the size of the
surviving population and the 95% confidence ranges were uni
form.

Table 3 presents the results of fluctuation analysis. The data
show that a majority of the positive reseeded dishes contained
5 to 16 foci each, in contrast to the 1 to 4 foci per positive dish
expected to occur if the original foci formed spontaneously (15).
No correction of the observed number of foci is needed since
reconstruction studies showed that the relative recovery of
transformed cells was virtually 100%. When 500 cells derived
from type II or type III foci induced by exposure to MNNG
were mixed with either IO3 or IO6 wild-type lOT'A cells, foci

evaluated as described above, the transformed cells were re
covered with an efficiency that varied from 26.0 Â±2.2% (N =
12) when 500 transformed cells were mixed with IO3wild-type

cells to 23.7 Â±3.2% (N= 10) when 500 transformed cells were
mixed with 106 wild-type cells. The basal colony forming effi
ciency of the MNNG-transformed cells [26.3 Â±3.2% (N = 15)]

differed neither from that for wild-type cells [30.1 Â±0.14% (N
= 120)] nor from the efficiency of recovery of transformed cells
as foci. These reconstruction studies showed that the efficiency
of expression of transformed cells as foci was virtually 100%
when corrected for the basal colony-forming efficiencies of wild-
type 10T'/2 cells. Table 3 also presents the expected distribution

of foci predicted from the probability values of Lea and Coulson
(22), together with the observed distribution of foci among 130
reseeded dishes. The distribution of observed foci in individual
dishes did not conform to that predicted from the probability
values of Lea and Coulson (22) for an event occurring stochast
ically as new cells are generated during the growth of the
affected population. The observed distribution of foci indicates
that MNNG induced foci in a small fraction of the cells at risk
soon after treatment as an episodic event.

Table 4 presents data on spontaneous formation of foci by
cell populations isolated from the non-focus-forming lawn of
cells from cultures exposed to MNNG under the same condi-

Table 3 Distribution of transformed foci of types Â¡Iand III (combined) among dishes of synchronized lOTVi cells exposed to MNNG, and comparison of the
distributions of foci in expected and observed reseeded cultures

No. of transformed foci in each dish (r)

01Distribution

of foci among 402282
dishes that werenotreseededDistribution

of foci among 5661
30 dishes thatweremixed

andreseededProbability
that a culture 0.4493 0. 1797has

r transformantswhenthe
average no. ofevents(m)
is0.80Â°Distribution

of the expected 58.423.4no.
of dishes with indi

cated no. of fociamong1
30 reseeded cultures*2

3-4 5-89-1611

5 224

7 35170.0959

0.0979 0.07690.048212.4

12.7 10.0 6.217-32040.02603.433-64010.01321.7>64000.01291.7

" Because reconstruction studies indicated that transformed cells were expressed with virtually 100% efficiency, the numbers of foci observed do not require

correction. The observed number of foci differs significantly from the number expected, based on the assumption that transformation occurs at a constant rate during
exponential growth (P < 0.001).

* The fraction of dishes that contained no transformed foci (Pa) was 0.487 for cultures that were not reseeded and 0.430 for reseeded cultures. From these values,

the average number of events (m) is 0.74 to 0.87/dish. The average number of events (m) was taken to be 0.80 and the values for r were read from Table 2 of Lea and
Coulson (22).
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Table 4 Spontaneous formation affaci in populations of 10Tlh cells isolated
from the focus-free lawn of cells from cultures exposed toMNNGPrimary

cultures
exposed toMNNGÂ°Dishes

with fociofDishes

Type II TypeIII78

29 18Secondary

cultures of cells
from the focus-free lawn

of the primary
cultures exposed toMNNG*Dishes

with fociofDishes

Type II TypeIII104

6 3
" Populations of cells exposed to MNNG were synchronized by release from

confluence-induced arrest of proliferation 24 h previously.
* Populations of cells in secondary cultures were proliferating exponentially

(not synchronized).

lions as used elsewhere in this study. Table 4 shows that MNNG
treatment induced the formation of type II and type III foci
with the increased frequency expected. In contrast, foci occurred
in secondary cultures of non-focus-forming cells isolated from
the MNNG-treated cultures at the frequency of spontaneous
focus formation in unsynchronized wild-type lOT'A cells (15).

Furthermore, fluctuation analysis demonstrated that the for
mation of these foci occurred stochastically as the populations
grew to confluence and were related to the birth of new cells in
the population. The fluctuation data are not shown since they
were virtually identical to those for exponentially growing wild-
type lOT'/z cell populations presented in the companion paper

(15).
Cells isolated from both type II and type HI foci were trans

formed as indicated by their saturation densities and tumori-
genicities. Cell lines from type II colonies induced by MNNG
reached a saturation density of 10.9 Â±1.9 x 10" cells/cm2 (N
= 9). Cell lines from MNNG-induced type III foci reached a
saturation density of 11.0 Â±2.0 x 10" cells/cm2 (N = 8). In
comparison, wild-type cells reached a saturation density of 3.1
Â±0.2 x IO4 cells/cm2 (N = 50). Tumors developed in 76% of

the mice inoculated with 9 clonal lines from MNNG-induced
type II foci and in 81% of the mice inoculated with 6 clonal
lines from MNNG-induced type III foci. Wild-type lOT'/z cells

were not tumorigenic when tested under identical conditions.
Populations of transformed cells doubled more slowly than

did wild-type cells during logarithmic growth. The doubling
times of cell populations from type II and type III foci were
22.6 Â±1.8 h (N = 9) and 23.1 Â±1.2 h (N = 9), respectively.
The doubling time of wild-type populations was 16.8 Â±0.4 h
(JV=50).

DISCUSSION

This study demonstrates that transformation of lOT'/z cells

by MNNG is an episodic process that occurs randomly in a
small fraction of the population of treated cells within a few
cell divisions after they are exposed to this chemical. This
conclusion agrees with the previous observation that
benzo(a)pyrene diol-epoxide induces transformation of lOT'/i

cells soon after they are treated (25). While this manuscript was
under review, de Kok et al. (27) reached a similar conclusion
concerning induction of transformation in 10T1/: cell popula
tions by W-ethyl-yV-nitrosourea in studies using a reseeding
protocol. Furthermore, Frazelle et al. (28) and Huband et al.
(29) have produced evidence that is consistent with these inter
pretations for transformation induced by MNNG in lOT'A cells
that were exposed also to 12-O-tetradecanoylphorbol acetate.
In contrast, Kennedy et al. (24) have presented evidence from
fluctuation analysis that X-irradiation induces transformation
in a small fraction of the treated population of lOT'/z cells by a

random process that continues to affect the treated population
each time a cell divides, i.e., by a process that has the charac
teristics of a step-up in the rate of spontaneous transformation.
Our study provides direct evidence that treatment of a popula
tion of 10T'/2 cells with MNNG does not cause a permanent

increase in the rate of spontaneous transformation in cells that
do not form foci. In contrast, focus-forming cells that are
induced by MNNG produce progeny which continue to form
foci in reconstruction studies with virtually 100% efficiency
relative to the basal plating efficiencies of wild-type and trans
formed cells.

Damage produced by MNNG induces transformation soon
after treatment is concluded in a small fraction of the cells that
survive treatment. In contrast, spontaneous transformation oc
curs with an equal probability each time a lOT'/z cell cycles

(15). The number of foci that develop spontaneously, therefore,
reflects the number of cell divisions (births) that occur during
the interval from initial plating of cells until confluence is
reached and proliferation of wild-type cells ceases. These prop
ositions are supported by fluctuation analyses. As previously
reported, the majority of spontaneously positive dishes in re-
plating studies contained fewer than two foci, suggesting that
the spontaneous transforming events occurred during the last
few cell generations before confluence (15). Such a situation
would be expected of a stochastic process related to cell births,
since 90% of all cell births occur during the last three population
doublings before a culture becomes confluent. In contrast, fluc
tuation analysis of MNNG-treated cell populations showed that
the majority of positive dishes contained 5 to 16 foci, indicating
that the transforming event occurred early during the growth
of the cell population, in sharp contrast to the timing of
occurrence of spontaneous foci (15). Under the conditions of
the fluctuation analysis of MNNG-induced transformation per
formed in this study one might expect approximately 64 foci/
replated dish for each induced focus if only the cells present at
the time of MNNG exposure were affected and if the trans
formed phenotype were expressed instantaneously, since the
30,000 cells that survive MNNG treatment must double about
6 times to yield a final population of 2 x IO6 cells. However,

assuming that transformation is the result of a mutation-like
process mediated through DNA replication, the maximal num
ber of foci anticipated in the fluctuation analysis would be 16
foci/replated dish/induced focus. This interpretation reflects
the requirement of one cell doubling for the fixation of the
mutational event by misreplication and the fact that the progeny
of only one of the two daughter cells will contain the mutational
change. These conclusions presume that the growth of trans
formed cells continued uninterrupted after exposure to MNNG,
the efficiency of expression of the transformed phenotype was
complete, and the growth of transformed and untransformed
cells occurred at equivalent rates. Our reconstruction studies
show that the fully transformed 10T'/2 cells are expressed with

an efficiency relative to their basal plating efficiency of virtually
100%. However, MNNG-induced DNA damage can slow pro
liferation of 10T'/2 cells (31), thereby reducing the number of

doublings of the affected cells as compared to the undamaged
cells in the population. Furthermore, we (this paper; Ref. 15)
and others (8) have shown that transformed lOT'/z cells usually
cycle more slowly than do untransformed lOT'/z cells. The

exact expression time required for the transformed phenotype
to become morphologically evident is not clear, but it may
require at least 2 cycles of the affected cells (25, 27). These
situations, individually or in combination, cause the induced
transforming event to appear in the fluctuation analysis to occur
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later in the course of population growth than it actually did. In
addition, influences from surrounding wild-type cells may slow
the growth of transformed cells under some conditions (11-
14). Thus, our results are compatible with a mutation-like
mechanism.

This study also demonstrates that spontaneously forming
foci of morphologically transformed cells (spontaneous trans
formation) may greatly distort the calculation of transformation
frequencies induced in small populations of lOT'/z cells that

survive treatment with MNNG; a similar conclusion was also
reached independently by Huband et al. (29) in studies in which
lOT'/z cell populations were exposed to MNNG in combination
with 12-O-tetradecanoylphorbol acetate. MNNG does not
transform exponentially growing populations of lOT'A cells

under conventional assay conditions (8), but either synchroni
zation of proliferation by release from confluence-induced ar
rest (16-18) or exposure to 12-O-tetradecanoylphorbol acetate
(28, 29) renders 10T'/2 populations sensitive to MNNG-induced

transformation. A common molecular feature of mesenchymal
cell populations following exposure to 12-O-tetradecanoylphor
bol acetate (32) and release from confluence-induced arrest of
proliferation (33) is a burst of expression of the c-myc gene,
which has been demonstrated to sensitize lOT'/s cells to trans
formation by chemicals and X-rays when this gene is introduced
by transfection (34).

It should be noted that in transformation assays using 10T'/2

cells it is the conventional technique to use surviving popula
tions of 100 to 1000 cells/dish when examining chemicals and
physical agents for carcinogenicity (8, 35). In our study it was
possible to reproducibly measure transformation frequencies
induced by MNNG only when relatively large surviving popu
lations of 10T'/2 cells were at risk to induced transformation, a

conclusion that was reached originally in studies with
benzo(fl)pyrene diol-epoxide by Backer et al. (25) and more
recently by de Kok et al. (26) in studies using yV-ethyI-./V-
nitrosourea. Furthermore, Nesnow et al. (20) found that
MNNG can transform exponentially growing populations of
10T'/2 cells plated at low density if the chemical is not applied

until 6 days after plating when the population of cells at risk
has expanded greatly. Thus, larger cell populations at risk as
well as release from confluence or 12-O-tetradecanoylphorbol
acetate exposure can increase the sensitivity with which MNNG
transforms 10T'/2 cells. These observations are plausible if
transformation results from a mutation-like event.

The results of these studies appear to have an important
practical consequence for the use of 10T'/2 cells as the basis of

assays to assess the carcinogenic potential of chemicals such as
MNNG. When small surviving populations of 10T'/2 cells are

used and data on focus formation are not adjusted for sponta
neously occurring foci, tested agents may be falsely incriminated
as having carcinogenic potential. The extent to which sponta
neous transformation confounds the calculation of carcinogen-
induced transformation frequency in focus assays varies with
the size of the surviving cell population and the size of the dish,
as well as with the potency of the carcinogenic agent. A carcin
ogenic agent, such as MNNG, that induces transformation at a
dose-dependent frequency of 10~6 to 10~4/surviving cell is not

capable of reproducibly inducing foci at frequencies statistically
different from background in surviving populations of less than
1000 cells/100-mm dish. Since the number of spontaneous foci
[which is a function of cell divisions (births) and, therefore, of
the population size at confluence, which, in turn is a function
of the surface area of the culture vessel] is virtually independent
of the size of the plated population, most of the foci observed

in studies using carcinogenic agents of potency similar to
MNNG and surviving populations of less than 1000 cells/100-

mm dish will arise spontaneously. One must be especially
careful to correct for spontaneous transformation when using
conditions (synchronization by release from confluence, expo
sure to 12-O-tetradecanoylphorbol acetate, and use of larger
culture vessels, for example) that raise the background level of
spontaneously transformed foci in control populations.

Transformation frequencies calculated by the Poisson
method from data on MNNG-treated dishes that were adjusted
for spontaneous focus formation were independent of the num
ber of cells surviving treatment when 100-mm dishes contained

more than 3000 surviving cells. Transformation frequencies
(95% confidence limits) induced by MNNG under the condi
tions of exposure used here (2 Mg/ml for 30 min at 24 h after
release from confluence-induced arrest of proliferation) in
10T'/2 populations of more than 3000 cells were 0.62 to 3.2 x
surviving cell for type II foci and 0.20 to 4.9 x 10~5/surviving

cell for type II foci. We conclude that correction for sponta
neously formed foci allows MNNG-induced transformation

frequencies to be calculated with acceptable precision, inde
pendent of the number of surviving cells.

These results on MNNG-induced transformation, together
with our studies on spontaneous transformation in lOT'/z cells,

indicate that the frequencies and rates observed are in the range
to be expected of a mutation-like process at a single gene locus.
In addition to point mutations and base deletions, such genetic
modifications could include gene amplifications and re
arrangements. A similar range of mechanisms has been found
to be responsible for drug-resistant variants in mammalian cells,
which occur spontaneously and are induced by mutagens at the
rates and frequencies typical of single-gene mutations (36). The
timing of formation of transformed foci, both spontaneous and
MNNG induced, during population growth also is consistent
with a gene modification. In other studies we have found that
when comparable conditions for quantitation are used, both the
spontaneous transformation rates and the MNNG-induced
transformation frequencies (types II and III foci combined)
occur with magnitudes similar to spontaneous and MNNG-
induced mutations at the Na+/K+ ATPase locus in 10T'/2 cells.4

Similar conclusions about the frequencies of chemically induced
mutation at the Na+/K+ ATPase locus and transformation in
10T'/2 cells have been reached by Backer et al. (25) for
benzo(a)pyrene diol-epoxide and by de Kok et al. (27) for N-
ethyl-/V-nitrosourea. Also, Gehley et al. (37) found a "positive
correlation" in 10T'/2 cell populations between the induction

by benzo(a)pyrene (and some of its metabolic derivations) of
mutation at the Na+/K+ ATPase locus and formation of foci of

morphologically transformed cells. Thus, it appears reasonable
that morphological transformation (focus formation) induced
in 10T'/2 cells by these agents results from the alteration of a

single gene locus. The results of Huband et al. (29) also are
consistent with this idea. Supporting this opinion, Parada and
Weinberg (38) demonstrated that 3-methylcholanthrene-in-
duced transformation of 10T'/2 cells is correlated with the
mutational activation of the c-Ki-ras oncogene in these cells,
and we have found that the c-Ha-ros is activated in at least
some clones of lOT'/z cells transformed by MNNG (39), as well
as in some clones of spontaneously transformed lOT'/z cells.4
Several studies have concluded that transfection of lOT'A cells
with a mutated ras gene (either Ki-ros or Ha-ros) is sufficient
to induce their morphological transformation (40,41), although

4 G. J. Smith and J. W. Grisham, unpublished observations.
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overexpression of the myc gene further increases the yield of
foci (41).
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