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ABSTRACT

Confluence is an agent that promotes the progressive acquisition of
the focus forming phenotype in clones of cells within NIH-3T3 popula
tions. This conclusion is based on four results, (a) Even in cultures which
have been confluent for more than 1 weeks without making foci, some
cells in those cultures have been affected by the confluent state and will
make foci if replated and allowed to grow into new saturated cultures.
Because replicate dishes are very similar in the number and type of foci
formed after replating, we conclude that the progression toward focus
formation is substantially completed before replating, while the cells are
in their original confluent cultures, (b) Different NIH-3T3 populations
were produced by expansion of small or large numbers of starting cells.
When plated without exposure to confluence there was little difference
in focus production among cells from these different sized starter popu
lations. However, confluence caused foci to arise more frequently in
platings of 10* cells derived from large starting numbers than from
platings of 10s cells derived from small starting numbers of cells. This

implies that the confluent state successfully promotes the acquisition of
the focus forming phenotype in a limited percentage of cells in an NIH-
3T3 culture and that those cells are absent from many small starting
populations, (c) There is a progressive temporal effect of the confluent
state on focus formation; the number and density of foci that emerge from
replated confluent cultures increase with the length of time the cells
spend in the confluent state, (d) There is heterogeneity among different
batches of NIH-3T3 cells in the ability of the confluent state to induce
acquisition of the focus forming phenotype. Also, the morphology of the
foci that do arise after confluent treatment differs substantially among
cell populations. Nonetheless, the foci formed from a single batch of cells
are typically similar in morphology, indicating that those foci arose from
one clone, or very few clones, of cells.

INTRODUCTION

Cancer is commonly considered to be a disease originating
within cells, in which an affected cell proliferates to overtake a
host tissue. In this model of carcinogenesis cellular changes
responsible for this aberrant behavior are generally thought to
be genetic. The hierarchy of normally present, extracellular
growth-regulatory relationships, such as the architecture of the
host tissue or the action of specific hormones, usually provides
barriers to autonomous cell growth but these barriers are sub
verted by the genetically altered cell.

It is less common to consider possible systemic origins of
neoplastic growth in which it is alterations of tissue architec
ture, or the cellular milieu, that are causal, rather than merely
permissive, to tumor progression in vivo or to progression to
focus formation in vitro. In this model of carcinogenesis,
changes in the cellular environment serve as a stimulus to which
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cells respond in an adaptive manner. This adaptation is even
tually crucial to neoplastic growth.

The importance of adaptation in the process of neoplastic
progression has been documented in vivo by Farber (l, 2) in the
rat liver and, in vitro, in NIH-3T3 cell cultures in our own
previous work (3-5). In NIH-3T3 populations low serum en
vironments are effective in accelerating acquisition of the focus
forming phenotype (3). We have suggested that this acceleration
is associated with inhibition of cell metabolism and/or division
and we therefore have investigated other ways of inhibiting cell
division to discover whether a similar increase in rate or degree
of progression to focus formation occurs. In this paper we
report on the effects of one such inhibitory mechanism, main
tenance of cells in the confluent state, on the progression of
NIH-3T3 cells to focus formation. We find that confluence is
an effective agent for promotion of focus formation in what we
believe are clones of initiated cells. The transformation of these
clones is heterogeneous in that a spectrum of focal morpholo
gies emerges as a result of exposure to the confluent state,
because a limited proportion of cells is affected, and because
cell populations progress from one focal type to another with
increased lengths of exposure to confluence.

We have previously shown that cell populations maintained
at high population density produce increased proportions of
spontaneous transformants with time (3). There is an experi
mental suggestion that acquisition and expression of the focus
forming phenotype are dependent on cell to cell contact in vitro
(6-8), although no specific mechanism to explain the nature of
the necessary interactions has gained universal acceptance (9).
Nonetheless, it has been established that expression of the
transformed phenotype is modulated by the presence of non-
transformed cells in culture (10-12). Subtle factors such as cell
shape affect whether transformation occurs; Brouty-BoyÃ©et al.
(13, 14) caused the reversion of the transformed phenotype to
a nontransformed phenotype in C3H10T1/2 cells by maintain
ing transformed cells in a flattened state via low density trans
fers. Passage at high densities resulted in restoration of the
transformed state. Recently it has been shown that keeping rat
liver epithelial cells in the confluent state is an effective method
for accelerating transformation (15, 16). Those results, in com
bination with the results to be presented below, indicate that in
vitro transformation is a process that is extremely sensitive to
changing environments. This sensitivity to environmental con
ditions is of paramount importance in producing the range of
variability in focus formation to be described and which we
have previously described (3, 5).

MATERIALS AND METHODS

Media. Procedures described below were carried out in CS' (Hyclone,

Logan, UT) in mixture with MCDB402 (17). Serum concentrations
used included 2% CS (2% CS, 98% MCDB402) and 10% CS. All media

' The abbreviation used is: CS, calf serum.
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HETEROGENEITY AND CONFLUENCE-MEDIATED PROGRESSION

were supplemented with penicillin (100 units/ml) and streptomycin
sulfate (0.05 mg/ml).

Maintenance of Cell Cultures in Passage. Cryopreserved NIH-3T3

cells were obtained from Dr. Stuart Aaronson (National Cancer Insti
tute) and, after thawing, were maintained in subconfluent growth for 6
months (Experiments 1-3) or 4 months (Experiment 4) before the start
of the experiments described below. Subconfluent population density
was maintained by passaging cells three times weekly in 10% CS, the
first two weekly passages at 5 x IO4 cells/60-mm culture dish for 2
days of growth and the third weekly passage at 2 x IO4cells for 3 days
of growth. After commencement of Experiments 1-4, a group of cells
were still maintained in this standard passage cycle to serve as controls
to the experimental cells.

Focus Forming Assay. In all experiments a common method of
assaying cells for focus formation was used. For this assay, 10' cells/
60-mm dish were plated in 2% CS. Cells were incubated for 21 days
before staining, except in Experiment 4 where incubation lasted 10 or
14 days. Media were changed three times weekly in all assays. Assay
dishes were stained by rinsing with Tris-saline, fixing with 100%
methanol, and staining with a 4% water solution of Giemsa.

RESULTS

Experiment 1: Confluence Aids Progression to Focus Forma
tion Even in the Absence of Visible Morphological Changes in
the Confluent Cultures. In this experiment we show that holding
cells in the confluent state affects the degree of progression of
the cells to focus formation.

NIH-3T3 cells which had been maintained in subconfluent
passage in 10% CS were used. Ten cells were plated, in 2% CS,
into each 1.5-cm well of a 24-well tissue culture plate (Falcon).
Cells grew for 9 days and were then transferred into 60-mm
tissue culture dishes (Falcon) to allow for 3 days of further
population expansion without cells becoming confluent. By the
end of this period the original 10 cells had grown to an average
population size of 3.09 x IO5Â±8.5 X IO4(SD). At this time an
assay for focus formation was undertaken by plating IO5 of

those cells in 2% CS for 21 days. All assays were replicated; at
least two assay dishes were set up from each population of cells
derived from 10 cells.

At the end of the 21-day incubation period one assay dish
derived from each 10-cell population was stained. These dishes
will be referred to as original assay dishes below. A sister dish
was trypsinized and transferred, in 2% CS, at 10s cells/60-mm
dish, for an additional 21-day incubation period. Because con
fluence was reached in 4-5 days after plating IO5 cells, cells in

this reassay had been subjected to confluence for more than 2
weeks in the original assay dishes before being tested for focus-
forming ability. The subsequent focus formation reassays of
these confluent maintained cells are referred to as postconfluent
reassays below. The experimental protocol for both the original
assays and the postconfluent reassays is summarized in Fig. 1.

Results of the original assays and post-confluent reassays are
shown in Fig. 2. The original assay dishes made no foci in a
majority of cases. The postconfluent reassay dishes, on the
other hand, made large, distinct foci in a majority of cases, as
quantified in the legend to Fig. 2.

Experiment 2: Confluence Causes Foci to Arise from a Limited
Percentage of Cells. Recognition of the influence of confluence
on cellular progression to transformation led us to investigate
the question of what fraction of a cell population was being
affected, in degree of progression, by confluence.

Experiment 2 was identical in most details of protocol to
Experiment 1 (see Fig. I) except for the initial steps. In Exper
iment 1 seven experimental populations were begun from seven

1. 10. 100. or 1000 Â»IIS plafed
per dish or mutimeli This and
all further slapÂ«,in 2% CS.

expansion wilh
D prevent confluence

Expanded populations are
trypsinized and 100.000 cells
are plaled onto several dishes.

Incubata tor 21 days
Confluent shMt (ormi

* r i-M dish is cUirwd

TriiÂ« is thÂ« Original
Assay Few. if any.

Replated disn is stained
foci present. This is the *
Postconfluent Reassay

Sister dish is
trypsmiied ft replated
al 100.000 cells.
Incubated 21 days

Fig. 1. Experimental protocol for original assays and postconfluent reassays.

10-cell starter populations. In Experiment 2 starter populations
of 4 different sizes (1 cell, 100 cells, 1000 cells, and IO5 cells)

were used. All starter populations were derived from a single
pool of 2.74 x IO6cells by serial dilution.

From 9 to 11 starter populations were begun at each cell
number, all in 2% CS. Then the same protocol summarized in
Fig. 1 was used for the 1-, 100-, and 1000-cell populations.
Populations were expanded, with passage to prevent confluence
from occurring, and original assays were performed by plating
10s cells for a 21-day incubation period in 2% CS. At the end

of this interval one original dish was stained and sister dishes
were transferred for postconfluent reassay at IO5 cells in 2%

CS.
The protocol for the IO5 starter populations was slightly

different in that no population expansion was needed at the
start of the experiment. In this protocol 16 dishes were plated
at 10s cells at the start of the experiment and incubated for 21

days. At the end ofthat incubation period, 5 dishes were stained
and 11 were trypsinized and replated, at 10s cells for 21 days,

in a postconfluent reassay just as with the other size starter
populations.

The effects of confluence on populations derived from differ
ent size starter populations are illustrated in Figs. 3 through 6.
For purposes of clarity only seven representative sets of cultures
are shown in each photograph. As seen in those photographs
both light staining foci, similar to the type I foci of Reznikoff
et al. (18), and dark staining foci, similar to their type 1I/I 11
foci, appear. Distributions of numbers of dark staining foci
from all sets of cultures are summarized in Fig. 7. The results
from the IO5starter populations (Fig. 3) show that the original

cultures, those plated without having experienced confluence
and then incubated for 21 days, exhibited a uniform level of
formation of light staining foci. Fewer than 10 of these faint
foci formed per dish (average 6.5).

Despite the fact that all of the original assays in Fig. 3 were
started from large numbers of cells (10* cells/original assay,
from a pool of 2.74 x IO6cells) and despite the fact that there

was uniformity among those original assays in their formation
of small numbers of light staining foci, the postconfluent reas-
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HETEROGENEITY AND CONFLUENCE-MEDIATED PROGRESSION

Fig. 2. Original assays (top row) with corresponding postconfluent reassays directly below. All 7 populations were begun from 10-cell starter populations. From
left to right, the number of foci present in the original assays was 0, 0, 0, 0, 0, 1, and 2. Both light staining and dark staining foci were present in the postconfluent
reassays. The light staining foci are similar to the type I foci and the dark staining foci are similar to the type Il/Ili foci in the scheme to ReznikoffÃf al. (18). From
left to right the number of dark and (light) foci per dish was 0 (0), 1 (3), 0 (5), 16 (1), 23 (3), 29 (0). and 94 (0). Note that in dishes with many dark staining foci, light
staining foci are often obscured, making counts of those light foci unreliable.

/.: '- '-.

Fig. 3. Original assays (5 dishes in top row) and postconfluent reassays (7 sets in bottom 2 rows) on cells derived from 10* starter populations. The two dishes

within each column of reassays (bottom 2 rows) are replicates derived from the same original assay dish. The 5 original assays in the top row all exhibited similar low
levels of formation of light staining foci. Eleven postconfluent reassays were performed: 7 are shown here. All 11 made large numbers of foci, often dark staining.
Note the high degree of similarity between duplicate reassay dishes. Also note heterogeneity in focus morphology and number between different sets of reassays.

says exhibited a marked heterogeneity in focus formation as
well as a type of uniformity. The type of uniformity was the
consistent presence of dense, dark staining foci in all post-
confluent reassays, despite the absence of such foci in the
original dishes from which they were derived. These reassays
were done in replicate and, as can be seen in the duplicates
shown in Fig. 3, there was a high degree of similarity in focus
numbers and focus morphology between reassay dishes from a
particular original dish. This indicates that the changes which
caused the cells to make the denser foci upon reassay were
present at the time these cells were plated in the reassay. In
other words the cells had undergone progression while sitting
in the confluent state but did not express that change in the

original assays. Heterogeneity, on the other hand, is seen in the
differences in morphology as well as in the number of foci
among postconfluent reassays. Between reassays there were
differences in size, shape, and density of foci but within reassays
the duplicates were very similar. Thus there were either suffi
cient differences between original IO5 cell starter populations
or in events affecting the cells during the 21-day incubation
period to result in the rather different focus morphologies seen
in these postconfluent reassays. In either scenario the fact still
holds that no cells made dark staining foci when plated for the
original assays. Progression to the capability of making dark
foci occurred while the cells were subjected to the constraint of
confluence.
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Fig. 4. Original assays (Â¡oprow) and postconfluent reassays (bottom 2 rows) on cells derived from 1000 cell starter populations. Within each column of dishes are
the original assay (top row) and duplicate postconfluent reassay dishes (bottom 2 rows). Seven sets of dishes were chosen for illustration from a total of 11 available.
All 11 postconfluent reassays made at least some foci. Note the absence of foci in the original assays, the agreement of duplicate postconfluent reassays, and the
decrease in focus production in reassays compared to Fig. 3.

Fig. 5. Original assays (top row) and postconfluent reassays (bottom 2 rows) on cells derived from 100-cell starter populations. Within each column of dishes are
the original assay (top row) and duplicate postconfluent reassay dishes (bottom 2 rows). Seven representative sets of dishes were chosen for illustration from a total of
10 available. Seven of those 10 postconfluent reassays made at least some foci. Note the absence of foci in the original assays, the agreement of duplicate postconfluent
reassays, and the decrease in focus production in reassays compared to Fig. 3.

There is a readily apparent difference, relative to the IO5

starter populations (Fig. 3), in the effect of confluence on
cultures derived from smaller starter populations (Figs. 4-6).

Again there are many cases in which confluence has greatly
amplified the number and density of foci appearing in post-

confluent reassays. As was true in the experiment illustrated in
Fig. 2, many of the postconfluent reassays made substantial
numbers of foci despite being derived from original cultures
which were not making any foci. However, the appearance of
foci in postconfluent reassays from the smaller starter popula

tions was not as consistent as from starter populations begun
from 105 cells. Thus some of the postconfluent reassays from
1000-, 100-, and 1-cell starter populations shown in Figs. 4-6

did not make any light or dark staining foci and the number of
foci per dish generally declined. Specifically, all 11 post-
confluent reassays from 1000-cell starters made at least some
foci (Fig. 4), while 3 of 10 from 100-cell starters (Fig. 5) and 2
of 11 from 1-cell starters (Fig. 6) did not make any foci. The
difference between large and small starters in proportion of
reassays not making any dark staining foci was even more
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Fig. 6. Original assays (top row) and postconfluent reassays (bottom 2 rows) on cells derived from 1-cell starter populations. Within each column of dishes are the
original assay (top row) and duplicate postconfluent reassay dishes (bottom 2 rows). Seven sets of dishes were chosen from a total of 11 available. Nine of 11
postconfluent reassays made at least some foci. Note the absence of foci in most of the original assays, the agreement of duplicate postconfluent reassays, and the
decrease in focus production in reassays compared to Fig. 3.

pronounced (Fig. 7); 6 of 11 populations derived from 1 cell
and 5 of 10 derived from 100 cells did not make a single dark
staining focus. Additionally, the total number of foci (light plus
dark staining) per postconfluent reassay was, in most cases,
lower for cells derived from 1-, 100-, and 1000-cell starter
populations than for 10s starter populations. The number of

foci (light plus dark) per dish in postconfluent reassays was
statistically significantly different among the four different
sized starter populations (Kruskal-Wallis one way analysis of
variance by ranks, H = 14.25, d.f. = 3, P = 0.003) (19). This
significant difference among starter groups arose mainly be
cause of the greater number of foci per dish in the 10s group

than in the other three groups. This same significant difference
is seen when only dark staining foci are considered (Kruskal-
Wallis, H = 12.78, d.f. = 3, P = 0.005) (Fig. 7).

The difference between large and small starter populations,
in the proportion of postconfluent reassays making foci, espe
cially dark staining foci, and in the number of foci per reassay
suggests that intercellular heterogeneity is an important com
ponent in confluence-mediated progression to transformation.

For example, in most cases the cells plated for the original
assays were not making dark staining foci (Figs. 3-6) yet

significant differences arose among starter populations in their
ability to make such foci upon reassay, with the largest starter
group making dark foci in all reassays and the smallest starter
group failing to make such foci in a majority of cases. This
result implies that only a certain portion of cells in our NIH-

3T3 population are competent to complete transformation via
confluence and that a starter population with fewer than IO3

cells was not assured of having such competent cells in our
experiments.

Experiment 3: There Is a Progressive Time Course in the
Effect of Confluence on Focus Formation. The first two experi
ments intended to show that confluence is a factor in progres
sion. In this third experiment we attempt to describe how the

effect of confluence varies with increased length of time spent
in the confluent state.

This experiment was begun 7 days after the start of Experi
ment 2, using the same stock cells; 1.2 x IO7cells were distrib
uted, at 10s cells/60-mm dish in 2% CS, and fed three times

weekly. Thus this experiment, at its start, was essentially iden
tical in protocol to the IO5 starter populations of Experiment
2. Over the next 42 days, at 2- to 3-day intervals, one of these
120 dishes was stained. A second dish was trypsinized, replated
at 10s cells, and incubated for an additional 21 days before

staining. These replated cells were, again, intended to test the
effect of confluence on focus formation except, in this experi
ment, the length of time spent in the confluent state, instead of
being fixed as in Experiment 2, varied from 1 day to more than
5 weeks.

The results (Figs. 8 and 9) show a progressive increase, in
postconfluent reassays, in the number and density of foci with
time the original cultures spent in the confluent state. The
control cultures, i.e., the dishes which incubated for different
lengths of time without passage, were in many ways similar to
the original assays in Fig. 3; only faint foci appeared for most
cultures. It was only with extended periods of incubation time
that even a single dark staining focus appeared in original assays
but even then dark staining foci almost never formed (Fig. 9).

Experiment 4: Some Clones of Cells Are Initiated but Do Not
Progress to Focus Formation until Confluence Has Its Effect. In
this experiment a test of focus-forming capacity of a large
number of cultures was combined with postconfluent reassays
at different times after confluence was reached in an attempt to
evaluate the degree of heterogeneity that cell populations ex
hibit in response to confluence.

Forty-eight original assay cultures were plated at IO5 stock
cells/60-mm dish in 5% CS, a serum of concentration which
previous trial showed was better than 2% CS or 10% CS in
allowing the formation of foci for this new thaw of cells. The
IO5cells were incubated for either 14 or 17 days to begin this
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Fig. 7. Quantification of postconfluent reassay focus numbers from Figs. 3-6.
The total number of dark staining foci per postconfluent reassay dish is shown
(top to bottom) for reassays derived from starter populations of IO5, IO3, IO2,and

1 cells. The distributions of focus numbers are significantly different between
different starter population groups (Kruskal-Wallis test, P = 0.005). Note, from
Figs. 3-6, that dark staining foci usually appeared in reassays derived from
original assays which did not make dark staining foci. Thus the dark staining foci
represent cells which, in some manner, were changed by the confluent treatment.

experiment. Concurrently, a control population of the stock
cells was continued in the original low-density, three times
weekly passage regimen in 10% CS. At 14 and at 17 days after
plating, 8 of the original assay cultures were fixed and stained
and 16 were transferred, at IO5cells, for postconfluent reassay
in 2% CS. Also 16 dilution cultures were made by plating IO4

of these postconfluent cells, from each of the 16 cultures, along
with 10s of the non-focus-forming control cells. This dilution

allowed easier visualization of foci. Postconfluent reassays were
stained either 10 or 14 days after plating. To summarize, three
types of assays were undertaken: Assay 1, original assays which
were incubated for 14 or 17 days before staining; Assay 2,
postconfluent reassays using cells from either the 14- or 17-day
original assays. These reassays were stained after 10 days of
incubation; Assay 3, reassays of IO4 of the cells used in Assay

2 along with 10s non-focus-forming cells. These dilution reas

says were stained after 14 days of incubation.
Three conclusions can be derived from the results of the

original assays and postconfluence reassays (Figs. 10-12): (a)
few foci of any type formed in the 14- or 17-day original assays
(1 focus was present, in total, in 8 dishes from 14 days; 3 foci
were present in 8 dishes from 17 days), (b) few dark foci formed
in any of the sixteen 14-day postconfluent reassays (1 dark
staining focus appeared in each of two dishes, but large numbers
of light staining foci appeared in all of these dishes; see Figs.
10 and 12); (c) many dark staining foci formed in some of the
17-day postconfluent reassays. Specifically, 7 of the 16 post-
confluent reassays of 17-day-old cells had numerous dark stain
ing foci; the remaining 9 dishes had varying numbers of light
staining foci (Figs. 11 and 12).

Close inspection of the dense, dark staining foci from the
postconfluent reassays of the 17-day originals yielded another
important result; the dense foci in any single dish were relatively
uniform in appearance. Some dishes had uniformly dense, dark
staining foci; other dishes had dark staining foci with many
irregular light staining projections from a darker staining core.
This is best seen in the diluted postconfluent reassays (Fig. 13).
In contradistinction to the similarity of focus morphology
within dishes, substantial differences in focus shape, size, and
density occurred from dish to dish. The likeness of dense foci
within dishes and the differences between dishes, combined
with the fact that 9 of the 16 dishes had no dense foci, suggest
that the dense foci in any one dish arose as clones of a single
cell or as a few clones from a small number of cells. It is unlikely
that such clone progenitors only came into existence after the
14th day in the original assay if for no other reason than the
fact that there was often 1000-fold more dark foci appearing in
postconfluent reassays from 17-day originals than from 14-day
original cultures. It is not reasonable to expect that such a rate
of growth, equivalent to 10 divisions in 3 days, could occur in
confluent cultures in 2% CS. The results therefore raise the
possibility that dark foci arose through progression of many
previously non-focus-making cells or by conversion of the large
numbers of light foci that appeared in the postconfluent reas
says from 14 day original cells. Given the morphological simi
larity of the dark staining foci it is likely that the cells from
which these foci were formed were ultimately derived from one,
or very few, progenitors plated in the original cultures. We
therefore conclude that a course of progressive transformation
occurred within a clone, or clones, of cells and that completion
of this course depended on environmental conditions. Those
conditions produced light and dark staining foci and the results
suggest that confluence acting on light staining foci might cause
their promotion to darker staining, denser foci.

DISCUSSION

Maintenance of NIH-3T3 cell populations in the confluent
state will cause non-focus-forming cells within some clonal

subpopulations to progress to the focus forming phenotype. We
base this conclusion on four findings: (a) in cultures which have
been confluent for more than 2 weeks without making any
discernible foci, we consistently find that cells from many of
those confluent cultures will make foci if replated and allowed
to resume division; (b) cells derived from small starter popula
tions exhibit a decreased likelihood of forming foci in reassays
performed after confluent exposure. Our explanation for this
result is that the effect of confluence is sufficient to cause full
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Fig. 8. Bottom row, postconfluent reassays on NIH-3T3 cells derived from original cultures which had sat for (left to right) 2, 5, 9, 14, 21, 28, and 35 days without
transfer. All original cultures were plated with 10! cells in 2% CS on day 0. Cells were allowed to sit, with feeding but no transfer, for the periods listed (2-35 days)
and then trypsinized; 10' cells were replated for an additional 21 days producing the 7 postconfluent reassays shown in the bottom row.

Top row (left to right), original assays after 21, 28, and 35 days without transfer. The corresponding postconfluent reassays are shown directly below in each
column. An occasional dark staining focus appeared in these original assays but the progressive increase in postconfluent dark foci did not correspond to a concurrent
increase in focus activity in the original cultures.

100

Ovk 1oc>oost-cwfliwit waxup
Liflhl taci post-conflu** raituyx
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Fig. 9. Quantification of Fig. 8. With increased time spent without transfer in
confluent culture the number of foci produced per reassay generally increased.
Also with time, the proportion of foci which stained darkly increased. The number
of foci appearing in the original cultures did not increase substantially with time
spent without transfer in confluent culture. Counts on light staining foci in
postconfluent reassays were discontinued at 14 days since the presence of numer
ous dark foci made counts of lighter foci unreliable. With time dark foci became
numerous and semiconfluent. This is indicated as "too numerous to count"

(77VTC) on the ordinate and by asterisks. After 33 days the dark foci formed in
postconfluent reassays increased in size and decreased somewhat in number per
assay.

progression to focus formation in only certain cells in a popu
lation and that this specific fraction is missing from some of
the smaller starter populations; (c) as cells are kept in confluent
culture for increasing lengths of time the number of foci arising
in replating of the postconfluent cells increases and the density
of foci that form increases also. This suggests that there is a
time course in the effect of the confluent state on focus forma
tion; (d) substantial heterogeneity exists in the ability of the
confluent state to cause focus formation among different
batches of cells but there is a similarity in the morphology of
the foci formed from a single batch of cells. This within batch
similarity, in the face of between batch differences, implies that
many of the foci that form in postconfluent reassays for a given
batch of cells are members of a clone of cells. This clone of
cells typically does not express the transformed phenotype in

original assays but under the influence of confluence makes foci
in a subsequent reassay. We thus conclude that these clones of
cells might start along the pathway of transformation before
confluent treatment but that maintenance in the confluent state
is an in vitro biological mechanism by which the progression of
the clone culminates in the ability to form foci.

Our conclusions imply that spontaneous transformation does
not always proceed by a single random event, such as a muta
tion, which occurs and converts a non-focus-forming cell di
rectly to a focus former. Rather, at least part of the progression
to the focus forming phenotype can occur because of adapta
tions cells make while in the confluent state. We have previously
presented evidence illustrating other adaptively based responses
in NIH-3T3 growth characteristics. For example, NIH-3T3
cells which are passaged in 10% CS but grown to saturation in
2% CS typically have a lower saturation density than cells
passaged in 2% CS and then grown to saturation in 2% CS (4,
5). This effect involves most, or all, of the population. This
bulk response supports the adaptive nature of the process. In
another example of adaptation of most of the cells in a popu
lation, NIH-3T3 cells passaged in 2% CS and assayed in 2%
CS made more foci than cells passaged in 10% CS and assayed
in 2% CS. Still, however, fewer than 1% of cells from 2% CS
passage made foci when IO5 cells were plated. Nevertheless,

when clones were made from individual cells from 2% CS,
passage all of those clones made some foci when assayed in 2%
CS. This propensity of clones from 2% CS to make foci was
not repeated in cells maintained in 10% CS; most clones from
10% CS cells did not make foci. This finding again suggests
that a population-wide adaptation toward the focus forming
phenotype had occurred in the low serum population (4). Fi
nally, in a companion experiment to those presented above,3

we showed another example of enhancement of focus formation
associated with passage in low serum. In that experiment cells
from one NIH-3T3 clone, which were passaged in 10% CS,
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'

Fig. 10. Top row, original assays. Dishes were plated at 10s cells in 5% CS and stained after 14 days.
Middle row, postconfluent reassays. Cells derived from the original assay plates at 14 days were plated at 10* cells and incubated for 10 days in 2% CS before

staining. Note the presence of many lightly staining foci on most of the dishes. Bottom row, control assays. Cells Mi!' i from the original parental stock were plated

and stained after 10 days of incubation in 2% CS. The original parental stock was maintained at subconfluent densities by frequent passage in 10% CS. The lack of
foci in these controls and in the original assays suggests that the faint foci appearing in the postconfluent reassays in the middle row arose as the result of confluent
treatment.

Fig. 11. Top row, original assays. Dishes were plated at 10* cells in 5% CS and stained after 17 days. These assays produced similar results to the original assays

at 14 days (Fig. 10, top row).
Middle row, postconfluent reassays. Cells derived from the original assay plates at 17 days were plated at 10' cells and incubated for 10 days in 2% CS before

staining. Note the presence of dark staining foci on many of the dishes. Such foci were not present in the postconfluent reassays in cells derived from original assay
plates at 14 days (Fig. 10, middle row). This implies that the dark foci arose due to increased length of confluent treatment.Bottom row, control assays as in Fig. 10.

made no foci in 50 assays of 10scells in 2% CS, over the course

of 21 weeks. However, at the end of 21 weeks without evidence
of transformation, passage of those cells in 2% CS for only 2
days prior to assay caused these seeming non-focus formers to
make numerous foci upon assay of IO5cells. Such an inverse

sensitivity of transformation to serum concentration has been
seen in other cell lines too. For example, transformation effi

ciency after carcinogenic treatment is highest in lower serum
(2.5% CS) and is eliminated in higher serum media (20% CS)
inC3H10T'/2cells(20).

Taken together with the present results, this evidence from
earlier experiments bolsters our hypothesis that the path to
spontaneous transformation in NIH-3T3 cells can include an
adaptive response to constraints on growth and/or metabolism.
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Fig. 12. Quantification of the 16 postconfluent reassays performed on cells

taken 14 days after plating (top 2 graphs) or 17 days after plating (bottom 2
graphs). For each day the number of light and dark foci appearing is shown on
separate graphs. The lack of light foci on many dishes at 17 days (asterisks) is
essentially an artifact arising either because only dark foci were present or because
the presence of overlapping dark foci prevented an accurate count of any light
foci which may have been present. TNTC, too numerous to count.

The likelihood that there is such a major epigenetic component
in transformation has been suggested and debated extensively
for C3H10T'/2 cells (21). The major impetus for that debate
has been the finding in many studies that C3H10T'/2 transfor

mation rates during chemical and physical carcinogenesis vary
inversely to the number of carcinogen-treated cells initially
seeded for assay (18, 22-26). To some investigators this finding
suggests that carcinogenic agents such as X-rays and methyl-
cholanthrene act by causing heritable epigenetic changes in a
large portion of the exposed cell population (24, 25). This
begins a transformation process which then requires a second
series of events to complete. Because that second step can
display frequency and randomness characteristics typical of
mutations, Kennedy et al. (25, 27, 28) concluded that this
second step was in fact a mutation-like event, although its

frequency could not be increased by typical mutagens. Despite
this lack of effect of mutagens these workers deemphasized
their own previous suggestion that the second event occurs
under confluent conditions. However, it is important to realize
that heterogeneous response to confluent conditions, such as
we have described above, can also produce distributions of focus
numbers which deviate from the Poisson distribution. Such a
deviation from the Poisson distribution is the evidence usually
given to indicate that transformation is occurring, or being
completed, during preconfluent growth (28). Our results suggest
that postconfluent events are crucial in the transformation
process. For example, cells in both the 14- and 17-day original
cultures shown in Figs. 10 and 11 were postconfluent at the
time of reassay, yet the ability to produce dark staining foci
upon reassay was gained by many of the 17-day cells but not by
the 14-day cells. As pointed out above, the degree of increase
in frequency of dark staining foci indicates that a change took
place in many individual cells in the original assay dishes
between days 14 and 17 and not that a change occurred in one
or a few cells with subsequent population expansion of those
few transformants during the 3-day interval. Important too was
the fact that this conversion was heterogeneous among popu
lations; 7 of 16 reassays showed a large degree of change from
the original assays by making many dark staining foci, the
remaining 9 cultures showed no such change.

Our findings therefore present an alternative explanation to
random mutational events during preconfluent proliferation as
the second step in transformation. Certainly the results pre
sented in this paper serve to reemphasize the progressive influ
ence of confluence on transformation. We suggest that growth-
constraining conditions, such as confluence, can elicit epige
netic changes throughout the course of transformation, much
as carcinogens can cause large scale changes which are likely to
be epigenetic, during the initial phase. This ability of carcino
gens to affect all members of a population of cells might be
overlooked if we consider carcinogens to be a homogeneous
class in general effect, which they are not. As recognized by
Huband et al. (26), carcinogens can immediately activate, to
ward transformation, small percentages of cells in a population

Fig. 13. Dilution assays of postconfluent cells. Each assay was derived from a
different original assay dish at 17 days after plating. Sample original assays of
such cells are shown in Fig. 11. top row. IO4 of these postconfluent cells were
mixed with 10' control cells which did not make foci (Figs. 10 and 11, bottom

row) and plated in 2% CS for 14 days of incubation. Note the similarity of focus
size, shape, and density within each reassay versus the difference in focus mor
phology between dishes. This within dish similarity suggests a clonal origin of
the foci, with confluence affecting many of the cells within a clone to progress to
the focus forming phenotype.
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or carcinogens can modify the majority of cells in a population
and those cells then depend on additional events before focus
formation occurs. Huband et al. showed that some carcinogenic
agents act in ways consistent with the first model and other
carcinogens in ways consistent with the second.

In a study with parallels to our study, Grisham et al. (9, 21)
proposed that spontaneous transformation in C3H10T'/2 cells

results from mutation of a single gene locus. Nevertheless, their
data also show that cells which had been held in the confluent
state for 2-3 days, as a means of synchronizing cell division,
exhibited a significantly higher rate of type II focus formation
than cells not subjected to such a treatment. Specifically, 15.7%
of C3H10TP/2 cultures subjected to confluence made type II
foci while only 6.5% of cultures which were not subjected to
confluence made any type II foci. The occurrence of type III
foci was slightly, although not significantly, higher in the con
fluent treated cultures. Just as was the case in our experiments,
Grisham's group found little relationship between starting pop

ulation size and number of spontaneous focus generated in
original assays. However, they did not examine the interaction
between starter population size and confluence as was done in
the work presented here.

Our findings on the effects of confluence raise the possibility
that cell-to-cell contact and tissue architecture play important
roles in neoplastic progression. The importance of tissue archi
tecture in tumor progression in vivo has been recognized in the
field of foreign body carcinogenesis where disruption of normal
cellular contacts, by inert foreign bodies of specific dimensions,
is crucial, e.g., in the evolution of mesotheliomas arising from
asbestos particle exposure (29). In the C3H10Tl'/2 cell line,
Bertram et al. (6-8, 20) have suggested that interactions be
tween initiated and nontransformed cells may prevent the
expression of the transformed phenotype. Because of this po
tential interaction they proposed that initiated cells had to
achieve a minimum colony size to free themselves from the
inhibitory influence of neighboring nontransformed cells. How
ever, that hypothesis has not been supported in subsequent
investigation by Grisham et al. (21). Thus how cell-to-cell
interactions affect the confluence-mediated effects on transfor
mation is still not known.

Our findings closely concur with the recently reported results
of Lee et al. (15) who found that exposure of rat liver epithelial
cells to periods of confluence accelerated how rapidly both
spontaneously arising and carcinogen-induced foci appeared in
cell lines, compared to lines which are not allowed to become
confluent during the course of passaging. Borek (30) also found
that rat liver epithelial cells showed a high rate of spontaneous
transformation when maintained under confluent conditions
and the nutritional stress of non-feeding. Poiley et al. (31)
described a system for accelerating progression of carcinogen-
treated rat embryo cells, BALB/C-3T3 mouse cells, and Syrian
hamster embryo cells to a malignant phenotype by subjecting
the cells to periods of growth in agarose suspension. The
common thread in all of those reports and our own is that
inhibition of cell division and/or metabolism enhanced acqui
sition of the malignant phenotype. This conclusion, if infre
quently acknowledged, is hardly new; the connection between
cellular inhibition and cancer was explicitly recognized, over
five decades ago, by Haddow (32).

The converse phenomenon to transformation enhancement
by inhibition has also been reported both in the literature and
in observations from our laboratory; acquisition of the trans
formed phenotype is inhibited or reversed by maintenance of

cultured cells in continuous subconfluent growth. Thus, in
Experiment 4, the control cells which were used in the original
assays were passaged at subconfluent densities and generally
did not make foci throughout the experiment while those same
cells experiencing confluence did. We have repeatedly noted
the ability of frequent low density passage to retard or prevent
acquisition of the ability to form foci (4).4 In the C3H10Tl'/2
cell line, Brouty-BoyÃ©et al. (13, 14) have shown that keeping
cells at low densities, and in a very flat configuration, can cause
a reversion from the transformed to the nontransformed phe
notype, confirming the importance of cellular architecture, cell-
to-cell interactions, and metabolic state in maintenance and
promotion of the transformed phenotype. Brouty-BoyÃ©et al.
(33) have shown that the probability of reversion to a stable,
nontransformed phenotype by transformed cells is directly re
lated to the amount of time these cells spend in low density
passage. Interestingly these stably reverted nontransformed
cells retain the chromosomal pattern characteristic of the trans
formed cells from which they were most recently derived rather
than of the nontransformed parental C3H10Tl'/2 cells. This

suggests that the reversion is metabolically mediated rather
than being mediated by changes in genetic structure.

We have suggested that the effect of confluence on growth
and metabolism is progressive and that acquisition of the trans
formed phenotype can proceed through increasing degrees of
ability to multiply under constraining conditions. The occur
rence of such progressive changes in cellular states has led us
to propose a model, entitled progressive state selection, to help
explain how those changes might come about (4, 34, 35).5 This

model is based on the continuous generation of phenotypic
heterogeneity in cultured cells (36) and posits that environ
ments, such as confluence or low serum, can select for coordi
nated, nonnulla) ionall y determined changes in properties, such
as enzyme activities, which allow a cell to function and repro
duce more effectively in that environment. Selection for more
effective metabolic activity under conditions of growth con
straint could, for example, lead to populations with more cells
able to overcome normal contact inhibition of growth and hence
cultures with increased proportions of cells able to produce
foci. The adaptation engendered by such selection would be less
fixed than a mutationally based adaptation and could explain
the reversibility of transformation documented in earlier work
from our laboratory (4).

One possibility arising from our observations is that under
the continued influence of confluence, cells from which dark
staining foci arise evolve from cells which initially made lighter
staining foci. In our laboratory we have observed that light
staining foci which have been isolated, expanded, and subjected
to confluence do produce darker staining foci. However, cells
from those confluence induced darker foci have tumorigenic
properties different from cells derived from dark staining foci
which arose without confluent treatment (37). Thus dark stain
ing, dense, type II or III foci may be a heterogeneous class and
it is not known how frequently cells in dark staining foci pass
through a stage in which they make light staining foci. None
theless, Vogt and Dulbecco (38) observed progressive steps in
the transformation of polyoma-infected hamster embryo cells.
They concluded that transformation of those cells often went
through an initial step in which "thin" foci, analogous to our

light staining foci, formed and that dense foci evolved from
those "thin" foci. We see that as a reasonable hypothesis. At

4 R. Grunde) and H. Rubin, submitted for publication.
5E. Farber and H. Rubin, submitted for publication.
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the same time, however, we wish to emphasize how sensitive
that evolution or progression is to the cellular milieu and to the
diversity of cells within a population and how heterogeneous
the outcome subsequently is. The variation in postconfluence
reassays derived from large starter populations (Fig. 3) is an
important reminder than the basic process of progression is
underlaid by a complex of mechanisms, acting on heteroge
neous cells, but converging on a malignant end point.
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