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Separation of chemical and physical carcinogenesis into the stages of initiation (mutation) and promotion (selection) established that
incipient neoplastic cells could persist in the organism indefinitely without expression. Spontaneous mutations associated with can-
cer also lie dormant in untreated normal tissue. Without selection, there is no tumor development. Experiments in cell culture
showed that confluent normal fibroblasts suppress growth of contacting transformed fibroblasts, and that normal keratinocytes
similarly suppress tumor formation by adjacent papilloma cells. With cells that are generally more susceptible to transformation,
however, prolonged contact inhibition progressively selects mutants that favor neoplastic growth. Selection of individual mutant
cells allows them to become a significant fraction of the population and creates an enlarged target for additional genetic hits. Cru-
cially, this enrichment step, not the initial mutation step, is the numerically limiting factor in tumor development. Unexpectedly, vari-
ants that are resistant to spontaneous transformation are selected in vitro by growing cells for many low density passages at maxi-
mal exponential rate. Confluent cultures of resistant variants suppress the growth and normalize the morphology of contacting
transformed cells. Varying the conditions for selection shows that tumorigenic transformation is preceded by intermediate steps of
progressively higher saturation density that are increasingly permissive for the expression of the more neoplastic cells in the popula-
tion. There is also evidence of increasing permissiveness with age of normal tissues in vivo for solitary cancer cells transplanted in
their midst. Spontaneous transformation in culture can be used to identify dietary components that are required for promotion and
may therefore be applicable in prevention of human cancer.

tumor initiation � promotion � progression � microenvironment

M
ost cancer researchers
would agree that ‘‘most if
not all cancer cells contain
genetic damage that ap-

pears to lie at the heart of tumorigene-
sis’’ and ‘‘there is little doubt that the
genetic paradigm dominates research on
cancer’’ (1). However, there is good rea-
son to believe that there is another fun-
damental aspect of cancer that is as
important as genetic change in deter-
mining the actual growth of a tumor,
but has received much less attention in
recent years. That aspect concerns the
selective conditions that underlie the
development of tumors from cells that
carry the requisite oncogenic mutations,
but otherwise remain dormant.

Cancer-Related Mutations Without
Neoplastic Expression
These conditions first came to light in
classical studies on the mechanism of
carcinogenesis in the skin of mice
treated with polycyclic aromatic hydro-
carbons (PAHs). Repeated painting of
the skin with a carcinogenic PAH for
more than 8 weeks is required for papil-
lomas to appear subsequently, and an
even longer period is required for carci-
nomas to ultimately develop (2, 3).
However, a single application of the
carcinogen followed by repeated appli-
cation of an agent that is itself not carci-
nogenic in most mouse strains will
produce tumors (4). The single applica-
tion of carcinogen is called initiation,
and the repeated application of the non-
carcinogenic agent is known as promo-

tion. The promoting agent can be
started shortly after initiation with a
high yield of tumors, or 1 year later with
a general decrease in tumor yield, but
that leaves unmistakable evidence of the
persistence of the initiated effect (5).
The early onset of initiation and its long
persistence are characteristic of muta-
tions and are generally interpreted as
such. In contrast, interrupting the pro-
motional treatment for an extended pe-
riod before it is completed returns the
skin almost to its original postinitiation
state (6), although more quickly respon-
sive to reestablishment of promotion
(7). Without promotion there is no tu-
mor formation. The physiological
changes of promotion include terminal
differentiation of most of the epidermal
keratinocytes, releasing the initiated
cells, which escape differentiation, to
multiply and form papillomas (8, 9).

The differential effect of promotion
on normal and initiated epidermal cells
implies that, in the absence of promo-
tion, the normal basal keratinocytes sup-
press the neoplastic development of the
initiated cells. That implication was
borne out in cell culture by the partial
inhibition of colony formation by initi-
ated cells when seeded in an excess of
keratinocytes in sufficient calcium (10),
and of papilloma formation in skin
grafts with a similar excess of keratino-
cytes (11). There was no inhibition of
epidermal carcinoma cells in two-dimen-
sional cultures, but early stage carci-
noma cells were inhibited in three-di-
mensional organotypic cultures of skin

(12). A role of selection is also seen in
experimental carcinogenesis of the liver
in rats in which the promoting agent is
toxic to normal hepatocytes, thereby
allowing the formation of nodules by
those hepatocytes that had been ren-
dered resistant to the promoter by prior
initiation with carcinogen (13, 14). That
conclusion is reinforced by the normal-
ization of transplanted aneuploid rat
hepatocarcinoma cells distributed as sol-
itary cells among the liver cords (15).
The stages of initiation and promotion
have been identified in the development
of mammary adenocarcinoma and many
other neoplasms of animals and humans
(6). The process may therefore be con-
sidered as a general characteristic of
carcinogenesis.

There is evidence that spontaneously
initiated cells occur in the normal epi-
dermis of the SENCAR line of mice,
which has been selected for sensitivity to
skin carcinogenesis (16). Long-term re-
petitive treatment of uninitiated skin of
this line with the strong promoter 12-O-
tetradecanoylphorbol 13-acetate (TPA)
produced papillomas and even carcino-
mas in some mice; most of the tumors
harbored a mutation in a specific codon
of the Ha-ras oncogene (17). It appears
that the promoters drove the expansion
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of clones bearing a spontaneous muta-
tion of the Ha-ras gene to papilloma
formation, which provided the opportu-
nity for further mutations and progres-
sion to carcinomas.

Similarly, the repetitive painting of
the Oslo strain of uninitiated hairless
mice with TPA led to tumors in about
one-fourth of them in 4 months (18).
Because TPA is nonmutagenic in mam-
malian cells (19), and does not require
metabolic activation for its promoting
effect in mouse skin (20), it was sur-
mised that the tumors arose by promo-
tion of spontaneous mutations in the
epidermis (3). These results take on
great significance in view of the evi-
dence that most human cancers arise
from selection of cells with spontaneous
tumor-related mutations (21). The ex-
tended periods of time required for the
appearance of tumors by repeated pro-
moter treatment of uninitiated skin sug-
gests that there are intermediate stages
that precede tumor formation. That
would be consistent with genetic recon-
struction of a hereditary form of human
colorectal cancer associated with muta-
tion of mismatch repair genes. The
reconstruction shows that 90% of the
mutations that ultimately contribute to
tumor development involve clone sizes
below a threshold of clinical detection
(22). Therefore, this occult prologue to
visible neoplasia is much longer than
generally appreciated.

The initiation phase of two-stage
chemical carcinogenesis in mouse skin
can be replaced by infecting the epider-
mis with the activated v-ras gene of the
mouse sarcoma virus (23). The mere
establishment of the v-ras gene was in-
sufficient to produce any tumors, but
when establishment was followed by re-
peated painting with TPA, papillomas
appeared in almost all of the mice. The
latent period for papilloma appearance
in these mice was considerably shorter
than for those initiated with a carcino-
genic PAH. This shortening of time to
papilloma appearance was thought to
reflect the higher levels of expression
of the mutated ras genes driven by viral
gene promotion than are observed in
chemically induced tumors associated
with activated ras genes. The TPA treat-
ment was equally effective begun imme-
diately after the virus was introduced or
4 months later, showing that the acti-
vated ras alone could persist for ex-
tended periods without any sign of
neoplastic expression.

Mutations in chromosomal regions
associated with human mammary cancer
were found in histologically normal
breasts of one-half of the women exam-
ined (24). The presence of such lesions
does not necessarily lead to cancer even

many years later (25). The finding of
about 100 mutations and large genomic
rearrangements in every cell of the
small intestine and other organs of
young normal mice, with more than a
3-fold increase of their number in old
mice (26, 27), is a guarantee that can-
cer-related mutations are common, but
neoplastically dormant in normal tissues.
Skin fibroblasts from people genetically
predisposed to colorectal cancer became
tumorigenic when grown in the presence
of TPA (28), consistent with the initi-
ated state of the cells. Numerous exam-
ples have been given of specific
mutations of the ras oncogene in chemi-
cally induced tumors in which the muta-
tion had arisen spontaneously and was
selected rather than induced by the
treatment (29).

Studies on Neoplastic Suppression
and Selection in Cell Culture
The foregoing results established that
cancer-related mutations exist without
neoplastic expression in normal tissues
unless physiological changes are brought
about that elicit tumors. However, de-
tailed analysis of the dynamics of neo-
plastic suppression and selection were
limited in an organism. Development of
an assay for transformation of cells in
culture by Rous sarcoma virus (RSV)
(30) opened up the quantitative study of
transformation, which led to the genetic
era of cancer investigation (1). An early
finding in the study of RSV-induced
transformation of chicken fibroblasts
was that the addition of newly trans-
formed cells to a confluent, contact-
inhibited culture of chicken fibroblasts
would result in the morphologic normal-
ization of the RSV-transformed cells
and inhibition of their proliferation (31).
Transformed focus formation of RSV-
infected cells was suppressed by substi-
tuting fetal bovine serum (FBS) for calf
serum (CS) in the medium, or raising
the concentration of the latter, but sup-
pression was effective only when the
infected cells were surrounded by nor-
mal cells (32). Mammalian fibroblasts
transformed by polyoma virus were also
inhibited by contact with a quiescent
layer of mouse fibroblasts (33). That was
also true for mammalian fibroblasts irra-
diated with UV, but continuous treat-
ment with TPA brought on focus
formation (34, 35). These and other
studies with fibroblasts showed that
transformed fibroblasts could be inhib-
ited by contact with quiescent normal
fibroblasts, but the single-step expres-
sion of transformation did not reveal
intermediary aspects of the process.
These studies did not explore whether
the suppressive capacity of cells could
be altered. These deficiencies were

eventually overcome in studies of spon-
taneous transformation in culture.

Spontaneous transformation was first
encountered in untreated controls dur-
ing experiments on chemical carcinogen-
esis of mouse fibroblasts in culture (36).
Spontaneously transformed cells capable
of producing sarcomas in mice began to
appear after 4 months in culture and
continued occurring over a 4-year pe-
riod of investigation (37). It was also
observed in epithelial cells from liver,
kidney, epidermis, and parotid gland
(38). A key observation was that mouse
fibroblasts repeatedly seeded and main-
tained at high density to maximize con-
tacts between cells became tumorigenic
in syngeneic mice, whereas those subcul-
tured at low density to minimize contact
did not (39). The onset of tumorigenic-
ity in the cultured cells was accompa-
nied by an increase in their saturation
density. It was implied that the high-
density cultures selected for cells with
the capacity to overcome contact inhibi-
tion and thereby drive tumorigenesis. In
retrospect, this finding seems to present
a paradox because cell–cell contact
interactions in different situations ei-
ther suppress or select the neoplastic
phenotype.

A related experiment was done with a
diploid line of rat liver epithelium,
which was either maintained at conflu-
ence for extended periods of time at
each passage to maximize selection or
subcultured more frequently to limit
selection (40). Some cultures in both
groups were also treated with a muta-
genic carcinogen. The cells underwent
spontaneous transformation much ear-
lier under selective than nonselective
conditions. Transformation was acceler-
ated somewhat under nonselective con-
ditions by treatment with the mutagenic
carcinogen, but it did not approach the
early onset of spontaneous transforma-
tion under selective conditions. It is
apparent that selection was the domi-
nant driving force in spontaneous
transformation.

Neither of the above studies (39, 40)
examined conditions for spontaneous
transformation other than cell–cell con-
tact, nor did they inquire about interme-
diate steps in that transformation or
shed light on the dual consequences of
cell–cell interactions noted above. An
opportunity to approach these problems
became available with the NIH 3T3 es-
tablished line of cells that had origi-
nated from mouse embryo fibroblasts
(41). Spontaneous transformation was
commonly encountered in this line in
the form of foci of morphologically al-
tered cells in confluent cultures (42–44).
The NIH 3T3 cells were of special inter-
est because they were uniquely sensitive
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to transformation by transfection with
DNA from some human cancers (45).
The sensitivity of the NIH 3T3 cells to
transformation by the mutated ras gene
from a human bladder cancer was
widely interpreted to mean that the can-
cer resulted from mutation in that single
gene and was the spark that set off in-
tense search for causal mutations in hu-
man cancer. However, the common
occurrence of spontaneous transforma-
tion in the target NIH 3T3 cells indi-
cates they had already progressed to a
preneoplastic state that required only

the selective promotion of confluence
for neoplastic expression. That view was
reinforced by the appearance of large
numbers of transformed foci when the
cells were grown in a medium specially
formulated to maximize clonal growth
of mouse 3T3 cells (46). The incidence
of spontaneous transformation was then
so high in the conventional 10% concen-
tration of CS that it had to be reduced
to 2% CS to eliminate such foci in a
single round of confluence (1° assay).
By thus raising the bar to transforma-
tion, it was possible to study various
conditions that bring on transformation.

Alternative Conditions That Reduce or
Promote Spontaneous Transformation
A 5-fold reduction of CS concentration
slowed the exponential growth rate of
the NIH 3T3 cells at low density only
slightly, but it reduced their saturation
density in direct proportion to the re-
duced CS concentration (47). A few
low-density passages (LDPs) in the low
CS (2%) resulted in the appearance of
transformed foci when the cells were
tested at confluence (48). In contrast,
LDP in conventional high CS (10%)
produced no increase in focus-forming
capacity; indeed, the cultures exhibited
a decrease in focus formation (Fig. 1).
Parallel LDPs in high FBS, which made
only a minimal decrease in exponential
growth rate (47), eventually resulted in
a large increase in transformed focus
formation (Fig. 1). Continued LDP be-
yond the formation of small light foci
produced an increase in the size and
density of the individual foci to a degree
concordant with tumor-producing capac-
ity (49). Because no foci approaching
such size and density had appeared in
previous assays with fewer LDPs carried
in high FBS, mutations must have been
occurring continually to traverse the
multiple steps required for such devel-
opment. These mutations required selec-
tion under the slightly reduced growth
rates in FBS to increase the number of
target cells for the additional mutations
necessary for progression to full tumori-
genic capacity. Mutations must have
been occurring at an even higher fre-
quency per unit time under the maximal
growth rate in high CS, but the lack of
selection did not allow the increase in
the collective target size required to ac-
cumulate the further mutations needed
for progression to tumorigenic capacity.
In fact, there was a gradual selection for
cells resistant to spontaneous transfor-
mation. Clearly, a high rate of mutation
without selection is insufficient to drive
neoplastic transformation.

Selection for Resistance to Spontaneous
Transformation and for Capacity to
Suppress Growth of Contiguous Cells
Continued LDP at maximal growth rate
in high CS over an extended period re-
sulted in more than a 2-fold decrease in
saturation density of the NIH 3T3 cells
(50). Those cells became refractory to
spontaneous transformation even in
three and four serial rounds of conflu-
ence (3° and 4° assays) (51, 52). In addi-
tion, they suppressed focus formation
when they were cocultured in large
numbers with small numbers of fully
transformed cells, for which they formed
a confluent background. The suppres-
sion began only after the suppressing

Fig. 1. Effects of frequent LDP in CS or FBS on the capacity of cells for focus formation. NIH 3T3 cells were
thawed and subjected to LDP three times a week either in 10% CS at a maximal growth rate or in 10% FBS
with a 10–15% reduction of maximal growth rate. After the indicated total number of days in LDP,
aliquots of cells were assayed for focus formation in a 2° assay at confluence in 2% CS. Note that all of the
assays of the cells that had been in LDP with 10% CS were seeded with 105 cells, as shown on the left. In
contrast, only the first assay at 27 days of the cells that had been in LDP with 10% FBS used 105 cells,
whereas all of the subsequent assays were diluted to 103 cells, as shown on the right, and cocultured with
105 non-focus-forming cells (50).
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cells reached confluence and small foci
derived from the added transformed
cells began to appear, but those begin-
ning foci disappeared in the following
few days (Fig. 2A). In contrast, early
foci formed in cocultures of the fully
transformed cells on a confluent back-
ground of transformable cells continued
to expand to form enormous foci. It
would appear that the transformation-
resistant cells perform the same type of
cell–cell suppression of fully trans-
formed cells as did quiescent confluent
cultures of normal freshly explanted
chick embryo fibroblasts in contact with
RSV-transformed fibroblasts (31). In
contrast, those NIH 3T3 cells that were
themselves capable of undergoing spon-
taneous transformation at confluence
allowed continuous expansion of colo-
nies from fully transformed cells distrib-
uted in their midst.

To study an intermediate level of sup-
pression, a clone of NIH 3T3 cells was
chosen that produced large dense foci in
two rounds of confluence (53). Diluting
these cells from the 2° assay with an ex-
cess of cells that were moderately re-

fractory to spontaneous transformation
resulted in a decrease in the size and
density of foci from the former in a 3°
assay (Fig. 2B). The number of foci,
however, remained as expected from the
cell dilution. The results indicated there
are many degrees of susceptibility to
transformation that are negatively corre-
lated with the capacity to suppress focus
formation by fully transformed cells.

Dynamics of Spontaneous
Neoplastic Transformation
It is evident from the increasing size
and density of foci generated by succes-
sive LDPs (Fig. 1) and from serial
rounds of confluence (54) that there are
intermediate degrees of focus formation.
But such foci might be only the tip of
the iceberg in view of the evidence that
most of the mutations in human cancer
occur in an occult stage before a tumor
becomes clinically evident (22). Increase
in saturation density would serve as an
accurate quantitative indicator of in-
creased growth capacity of a cell popu-
lation before focus formation, and the
increase resembles the hyperplasia that

is a preneoplastic change in experimen-
tal and human cancer (55–58). Evidence
for progressive preneoplastic states
came from a multilineage experiment
with NIH 3T3 cells in which a primary
round of confluence (1° assay) was done
in low or high concentrations of CS to
vary saturation densities, and therefore
vary the total number of cell divisions in
which mutations occur (59). The cells
were relatively refractory to spontane-
ous transformation in low CS, which
would allow expression of preneoplastic
stages of progression. The period of in-
cubation in the 1° assay was also varied
to account for the kinetics of change.
After the 1° assay each of the lineages
underwent serial 2°, 3°, and 4° assays, all
in the same low CS to maintain constant
conditions in which saturation densities
were measured in each of the four
groups, as shown in Table 1. There were
graduated increases of saturation density
in the serial 2°, 3°, and 4° assays in each
category, but the increases were much
greater in those started from 1° assays
in high CS than in low CS, in keeping
with the much larger number of cell di-
visions and progressive mutations occur-
ring in the 1° assay of the former under
the constraint of confluence. In addi-
tion, the saturation densities of the se-
rial assays increased significantly with
length of incubation from 2 to 3 weeks
in the 1° assays, although the total num-
ber of cells in the 1° assays showed only
a small fractional increase in the extra
week. That relationship indicates that
the mutations accumulated in that frac-
tion of cells that could continue multi-
plying after the majority population had
become quiescent.

The major point of the experiment,
however, was that the lineages started in
low CS showed no transformed foci in
the 2° and 3° serial assays, and only very
small foci in the 4° assays (59). Where
there were progressive increases in satu-
ration density, there were, in effect, ex-
tended periods of hyperplasia at high
density with no or very little sign of
clonal neoplasia in the form of trans-
formed foci. A similar result appeared
in the 2° assay of cells started in high
CS for 2 weeks, but careful microscopic
examination of the 2° assay cultures re-
vealed uniform numbers from lineage to
lineage of very small, light foci, indica-
tive of selection of many variants capa-
ble of limited overgrowth. All these cul-
tures with limited increases in saturation
density but no clearly neoplastic foci
resemble the preclinical hyperplasia re-
corded in experimental and human car-
cinogenesis (55–58).

The unique category started in high
CS for 3 weeks had lineages that already
showed transformed foci in the 2° assay

Fig. 2. Suppression vs. expression of transformed foci depending on the resistance or susceptibility to
spontaneous transformation of the confluent, contact-inhibited, background cells. (A) Suppression vs.
expression of focus formation by transformed cells cocultured with an excess of resistant (173c) or
susceptible (27M/28M) cells. One thousand transformed cells of the 28H subline were cocultured with 105

cells of the 173c subline that had become resistant to spontaneous transformation by virtue of 294 LDP in
10% CS; or with 105 cells of the 27M or 28M subline that were still sensitive to transformation. The cultures
were fixed and stained at 8, 10, and 14 days (51). (B) Partial suppression of focus formation by coculture
with an excess of partly resistant cells. A clone of NIH 3T3 cells that repeatedly produced 1–2 small, dense
foci in 1° assay of 105 cells was put through a 2° assay using 105 cells and a 3° assay using 500 cells cocultured
with 105 cells that had become partially resistant by virtue of 108 LDP in 10% CS (53).
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(59). These would represent a telescop-
ing of progressive transformation in the
2° assays which masks the intermediary
steps of hyperplasia, just as they might
not be readily apparent in histological
examination of clinical tumors. Finally,
the variance in saturation densities was
very low where there were no large foci
(Table 1). Where the variances were
high, they were associated with the ap-
pearance of cultures with many dense
foci, which drove large increases in satu-
ration density. The high variances are
indicative of the rarity of cells that had
accumulated enough mutations to
progress to the type of dense foci identi-
fied with tumorigenic capacity (49).

Correlating the in Vivo and in Vitro
Evidence for Suppression and Selection
of Neoplastic Development
The process of initiation and promotion in
chemical carcinogenesis established un-
equivocally that cells with neoplastic po-
tential could persist indefinitely within the
tissue of origin without forming recogniz-
ably neoplastic lesions unless promotional
treatment is brought to bear (4, 5). With
the advent of the molecular era of cancer
investigation, many other types of evi-
dence have reinforced this conclusion. It
was of particular significance that Peter
Brookes, coauthor of the first paper that
reported covalent bonding of PAHs to
DNA in the order of their carcinogenicity
(60), editorialized that many of the ras
mutations found in experimental carcino-
genesis are not induced by the carcino-
genic treatment but result from selection

of spontaneous mutations (29). Selection
has been inferred as the driving force in
human cancer of the colon (61), skin (62,
63), lung (64, 65), and other tissues (21).

Although it was long known that the
neoplastic phenotype of transformed
fibroblasts could be suppressed in cell
culture by contact with an excess of nor-
mal fibroblasts (31, 33), it was not until
parallel observations were made with
papilloma cells and normal epidermal
cells (10, 11) that the role of normal
cells in suppressing tumorigenic prolifer-
ation of initiated cells became apparent.
A particularly significant observation
was that a line of epidermal cells ex-
posed to carcinogen that behaved like
initiated cells in vitro but formed normal
epidermis in skin grafts had lost their
capacity to suppress tumor formation by
papilloma cells in mixed grafts (11).
This observation implies that the cells
surrounding an incipient papilloma cell
in initiated skin may have become more
permissive for tumor development dur-
ing promotion. Similarly, a line of im-
mortalized but nontumorigenic human
keratinocytes lost the capacity to
suppress the growth of early stage carci-
noma cells in three-dimensional organo-
typic cultures of skin (66). The effect is
simulated in the NIH 3T3 cultures dur-
ing serial rounds of confluence, which
raise the saturation density of the popu-
lation and its permissiveness for trans-
formed focus formation (Table 1). It
supports the idea of regional neoplasia
in which large areas of a tissue exposed
to carcinogen are involved in the neo-

plastic process although the tumors arise
locally (67). The process is strikingly
exemplified after repeated paintings of
rabbit ears with carcinogen, whereupon
papillomas appear and disappear, with
new ones continuing to appear for years
after the paintings have ceased (68).

Another source of decreased suppres-
sive capacity of phenotypically normal
cells is aging of the organism, as seen in
the increased permissiveness of the rat
liver with age for multiplication of trans-
planted rat hepatocarcinoma cells (15).
This permissiveness may be related to the
marked increase with human age in the
incidence of solid epithelial cancer. The
number of mutations per proliferating cell
increases more than 3-fold with age (27),
as does heterogeneity of cell cycle time
(69) and of gene expression (70), all of
which are consistent with a reduction in
the regulatory capacity of the entire popu-
lation of the cells.

The contact interactions among cells
that underlie neoplastic suppression and
selection are mediated by the activity of
the plasma membrane (71, 72). They de-
pend on the adhesion among cells that is
responsible for contact inhibition of
growth (73) but can be modulated by the
growth-promoting activity of serum. A
sharp lowering of the concentration of CS
in confluent NIH 3T3 cells markedly di-
minishes transformed focus formation,
whereas doing it to rapidly proliferating
cells in LDP provides the selective condi-
tions for transformation (59). In other
words, too steep a combined shutdown in
cellular metabolism and growth is inhibi-
tory to progressive selection, whereas the
slight decrease in growth rate in LDP en-
courages selection. The choice between
suppression and selection is conditionally
dependent. However, epithelial cells in the
organism are in continuous contact with
one another, and no cells in the adult or-
ganism are in continuous exponential pro-
liferation as they are in LDP cell culture.
Therefore, cell–cell contact interaction is
a crucial aspect of both suppression and
selection in tumor development.

It was proposed by the pioneer molecu-
lar geneticist Rollin Hotchkiss that a fun-
damental feature of the living state is or-
dered heterogeneity (74). The similar
basic concept of macrodeterminism over
microdeterminism grew out of studies of
embryological development (75). It was
exemplified as ‘‘order invariant at the cel-
lular level relative to irregularity at the
molecular level,’’ and it generalized for all
levels of biological organization as the
first principle of a theory of organisms
(76). In keeping with the principle of or-
dered heterogeneity, there appears to be a
breakdown in the ordering capacity of
tissues with age, and with exposure to car-
cinogenic conditions (73).

Table 1. Progressive increase in saturation densities in successive serial assays of NIH
3T3 cells, beginning with a 1° assay in 2% and 10% CS, followed by 2°, 3°, and 4°
assays, all in 2% CS

Saturation density of cells
� 10�5 cells

2-wk 1°
assay

3-wk 1°
assay

Low CS (2%), 1°
1° 4.3 � 0.1 4.7 � 0.1

2° 4.6 � 0.2 5.3 � 0.1
3° 7.3 � 0.3 8.8 � 0.3
4° 8.7 � 1.3 13.0 � 0.8

High CS (10%) 1°
1° 21.4 � 0.5 21.9 � 1.3

2° 7.0 � 0.3 15.3 � 9.9
3° 11.2 � 5.4 64.8 � 8.5
4° 40.5 � 17.9 ND

Multiple 1° assays were prepared in 2% and 10% CS. At either 2 or 3 wk, groups of cultures were
trypsinized and counted for saturation densities, and all were subcultured as separate lineages in 2% CS
only and for 2 wk only in serial 2°, 3°, and 4° assays. They show that progressive increases in saturation
density vary with the serum concentration, saturation density, and incubation period of the 1° assay. (The
complete data on saturation densities of each lineage are in ref. 94.) Density refers to number of cells per
20-cm2 culture dish. Results are mean � SD. ND, not determined.
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Prospectus
Most of the insights about the role of
cell–cell contact in suppression of neo-
plastic development have come from
operational experiments with fibroblasts
(31, 33), epidermal cells (10, 11), and
liver cells (15, 77). However, much re-
mains to be done in this approach.
Whereas neoplastic epithelial cells were
suppressed by contact with homotypic
epithelial cells but not with fibroblasts
(10), it is not known whether hetero-
typic epithelial cells are suppressive.
While epidermal cells in early stages of
initiation have lost their capacity to sup-
press the growth of papilloma cells, it is
not known whether direct treatment of
normal epidermal cells by PAHs reduces
their suppressive capacity. The suppres-
sive capacity of normal cells for homo-
typic neoplastic cells needs to be
determined in a larger variety of tissues.
However, the well established capacity
of fibroblasts to modulate neoplastic
expression of transformed fibroblasts
(Fig. 2) can be applied to determine
whether it is correlated with the intrin-
sic susceptibility of mouse strains and of
humans to cancer. It is noteworthy that
fibroblasts of humans with inherited sus-
ceptibility to cancer exhibit increased
sensitivity to transformation by various
means in cell culture (78–82, †). Skin

fibroblasts from patients with breast
cancer and other neoplasms often dis-
play properties associated with neoplas-
tic cells (83, 84), suggesting those
patients may be a susceptible minority
of the population (85). It would be of
great interest to determine whether fi-
broblasts from cancer-resistant families
have an increased capacity to suppress
the neoplastic phenotype of spontane-
ously transformed NIH 3T3 fibroblasts,
or have a decreased capacity for sponta-
neous transformation themselves.

Given that both suppression and se-
lection are mediated by contact inter-
actions at the plasma membrane, the
molecular basis of those interactions
needs further study. Promising results
have recently been obtained in Dro-
sophila on mutations in plasma mem-
brane proteins that lead to malignancy
of imaginal discs during larval develop-
ment (86). Those mutations disrupt
polarity of epithelial tissue. Chronic
activation of cellular protooncogene
c-Myc during development of three-
dimensional organotypic mammary
acinar structure in culture results in
cellular hyperproliferation and trans-
formed acinar morphology (87). How-
ever, the same oncogene activation in
preformed, mature, quiescent acini
fails to initiate the cell cycle or trans-
form the structures. The capacity of
c-Myc to reinitiate the cell cycle in

those acinar structures is restored by
the loss of a cell polarity protein. The
suppressive effects of stable acinar
structures resemble those of the NIH
3T3 cells that become effective only
after strong contact inhibition has been
established (Fig. 2 A). It would be of
great interest to determine which
plasma membrane proteins are func-
tional in the suppression and selection
of neoplastic development of the NIH
3T3 cells that have proved so amenable
to analysis in culture. It should also
help to account for the well established
decrease in adhesiveness of neoplastic
cells (88, 89).

Spontaneous transformation of NIH
3T3 cells is highly dependent on the
concentration of glutamine in the
medium (90). Glutamine not only is im-
portant in the synthesis of protein, nu-
cleotides, and other molecules involved
in nitrogen metabolism, but also is a
major oxidative energy source for cells
in culture (91, 92). Caloric restriction is
the most consistently observed tumor
suppressive dietary modification and
operates only on the promotion not the
initiating stage of tumorigenesis (93).
Since spontaneous transformation is
equivalent to promotion, it suggests that
the former methodology may be useful
in formulating a diet that is effective in
the prevention of cancer.
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