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ABSTRACT Evidence is presented in support of the hy-
pothesis that cancer development depends on an imbalance
between highly frequent epigenetic initiation and suppression
ofpromotion ofthe initiated cells. When irradiated clonogenic
mammary epithelial cells are transplanted and hormonally
stimulated, they give rise to clonal glandular structures within
which carcinomas may arise. In the current study, the cancer
incidence in grafts of '13 7-Gy-irradiated clonogens per site
indicated that at least 1 of -95 clonogens was radiogenically
initiated. A similar initiation frequency had been seen in
grafts of -5 methylnitrosourea (MNU)-treated clonogens.
Such initiation is thus far more frequent than specific locus
mutations. In sites grafted with larger cell inocula, cancer
incidences per clonogen were suppressed inversely as the
numbers of irradiated or MNU-treated clonogens per graft
increased. Addition of unirradiated cells to small irradiated
graft inocula also suppressed progression. Radiation and
MNU thus produce quantitatively, and perhaps qualitatively,
similar carcinogenesis-related sequelae in mammary clono-
gens.

A key problem is whether initiation, the first step in carcino-
genesis, involves a mutation of a specific gene or is epigenetic.
Initiation is here defined as the first intracellular heritable
event, induced or "spontaneous," that increases the probabil-
ity that one or more of the affected cell's progeny will progress
to cancer. Hence, the initiated cell is revealed by its future
behavior (1).

If initiation is epigenetic, it could be common (2-4). If it is
generally mutational, one would expect it to be rare and most
carcinogens to be mutagens. Of 262 compounds for which
there were adequate data in the U.S. National Toxicological
Program screening, 162 (62%) were rodent carcinogens and
100 (38%) were not (5). Of the carcinogens, 90 (56%) were
Ames Salmonella assay mutagens and 72 (44%) were not. Of
the noncarcinogens, 25 (25%) were mutagens and 75 (75%)
were not. Mutagenicity is thus neither necessary nor sufficient
for carcinogenicity.
The most widely used experimental models for investigation

of early events in carcinogenesis involve morphologic trans-
formation of cultured cells. Transformation is here defined as
a phenotypic change involving loss of sensitivity to contact
inhibition, which enables cells to form randomly oriented
multilayered colonies. Transformation may increase the prob-
ability of further neoplastic change, may be accompanied by
anchorage-independent growth and tumorigenicity, and can
be reversible (3, 4, 6, 7). The less common model type involves
observations during cancer development in the sites of trans-
plantation of known numbers of carcinogen-treated cells in
vivo. Transformation models have commonly used embryonic
or immortalized, often aneuploid, rodent fibroblasts (2-4).
The transplantation models generally involve primary grafts
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and/or first subgrafts of epithelial cells and often epithelial cell
cultures (8-13).
The rat mammary and thyroid transplantation models were

developed for investigation of the early stages of carcinogen-
esis per cancer-susceptible cell in vivo. Normal growth, differ-
entiation, and promotion to malignancy in both tissues is
hormonally controlled (13) and surviving cancer precursor cell
concentrations can be determined by transplantation assay
(10). When transplanted and hormonally stimulated, epithelial
clonogens from these glands can give rise to multicellular
monoclonal structures within which cancers may arise (13).
Transplantation is coupled with hormonal manipulation of the
graft recipients designed to optimize promotion of initiated
clonogens. This allows quantitative estimation of the cancer
risk per clonogen in vivo and differentiates these two models
from others.
We have observed cancer frequencies in grafts of irradiated

cells as high as one cancer per 10-300 clonogens (14-18). High
frequencies of induced preneoplastic changes occurred in
tracheal pouch grafts and in cultured tracheal epithelia (8-11)
as well as in a similar mouse mammary epithelial system (9,
12). Cell number-dependent suppression of progression was
seen in the tracheal system (8, 11).
The relationship of transformation of cultured embryonic or

immortal fibroblasts to oncogenic initiation of normal epithe-
lial clonogens in vivo is not clear. Despite the uncertainties, in
vitro models have yielded valuable information on carcinogen-
induced early cellular events. Evidence that irradiation altered
virtually every cell was presented 3 decades ago (18), and
essentially all 3-methylcholanthrene-treated immortal fibro-
blasts were shown to give rise to transformed cells that were
tumorigenic (2). After replating at a variety of densities,
irradiated C3HOT/2 mouse fibroblasts formed the same
frequencies of transformed foci per unit dish surface irrespec-
tive of initial or total final cell numbers or dish sizes (19, 20).
Kennedy and associates (4, 20) postulated a generalized epi-
genetic effect followed by a rare confluent cell-dependent
transformation event. Transformation is 10-1000 times as
frequent as specific locus mutations in the general literature
(21) and in parallel determinations (22, 23). High mutation
frequencies in tumors may occur in a time-dependent but not
in a proliferation-dependent fashion (24), and minisatellite
DNA in irradiated transformed cells is less stable in growing
tumors than in cultures (25). NIH 3T3 fibroblast sublines have
been selected that did not yield transformants and either
supported or inhibited growth of transformed cells (7, 26). In
this light, Rubin (3, 7), Holliday (27), and Kennedy (4, 28) have
reassessed the data and concluded that epigenetic processes
play a major role in carcinogenesis.

In the current experiment, the neoplastic initiation fre-
quency per 7-Gy y-irradiated hormonally promoted mammary
clonogen was _10-2 and is very similar to the previously
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observed frequency of initiation by methylnitrosourea (MNU)
(29). Furthermore, the efficiency of promotion of initiated
mammary clonogens to overt cancer was reduced in inverse
relationship to the total mammary cell numbers transplanted
per site. We postulate that highly frequent oncogenic initiation
is epigenetic and that an epigenetic physiologic process(es)
within the mammary glands in situ normally suppresses pro-
motion of initiated cells. Carcinomas arise when initiated cells
or their progeny escape such inhibition by further epigenetic
and/or genetic change.

MATERIALS AND METHODS
Rats and Routine Maintenance. Virgin female F344 Fischer

rats (Harlan-Sprague-Dawley) 7-8 weeks old at the time of
mammary cell harvest and transplantation were used. They
were fed and housed under veterinary supervision as described
(17). Surgery was done under ether anesthesia. Rats were
killed by ether or carbon dioxide overdose followed by sever-
ance of the cervical spine and/or opening of the pleural cavity.
Experimental Chronology. On day - 15-i.e., 15 days before

transplantation-the cephalolateral mammary gland of each
recipient's inguinal fat pad was cannulated (30) and infused
with 0.3 ml of 70% ethanol to eradicate the mammary cells in
situ. On day -5, the recipients were adrenalectomized to
produce glucocorticoid deficiency, which blocks differentia-
tion for lactation. They were also implanted intrasplenically
with a pituitary gland adjacent to an estrone capsule to induce
Pr' (hyperprolactinemia) to stimulate mammary growth with-
out hyperestrinism (31). The rats were maintained thereafter
as described (31).
On day -5, mammary epithelial organoids were prepared

from glands of untreated donors by enzymatic digestion and
differential filtration and were placed in culture (32). On day
-1, the organoid cultures were sham exposed or irradiated
with 7-Gy 137Cs y-rays in a 4ir chamber at 8.1 Gy/min and
returned to the incubator for 24 hr for repair of radiation
damage (32).
On day 0, irradiated and sham-irradiated cultures were

enzymatically monodispersed, and the concentrations of mor-
phologically intact cells were determined. Clonogenic frac-
tions of cell suspensions were taken as 2.48 x 10-3 sham-
irradiated cells and 0.67 x 10-3 irradiated cells as determined

by transplantation assay (32). Serial dilutions containing the
desired numbers of surviving irradiated or sham-irradiated
cells, or mixtures of both, per 120-,ul graft volume were then
prepared for transplantation (10, 32). Recipient rats were
grafted at one site each in the interscapular white fat pad and
the cephalolateral ends of each inguinal pad. Groups 1-5
received 13.3-1080 surviving irradiated clonogens (1.99 x
104-1.61 x 106 total cells), groups 6-8 received 13.3-1080
sham-irradiated clonogens (5.36 x 103-4.35 x 105 total cells),
and groups I-III received 40-360 irradiated clonogens ad-
mixed with 4.35 x 105 sham-irradiated cells ("1080 unirradi-
ated clonogens) in two adjacent inoculations of 60 lil each per
site (Table 1). The experiment was set up in 13 runs during 7
weeks.
Data Collection and Analysis. Recipient rats were inspected

frequently until death; after the first tumors appeared, inspec-
tions were daily. Most cancers were found when recipients
were killed when moribund or found dead. If a tumor in a gland
in situ or a graft site grew to 1 cm diameter in a healthy rat, it
was surgically removed, and the animal was returned to the
experiment. Particular attention was paid at autopsy to the
graft sites, mammary glands, intrasplenic pituitary and estrone
capsule implants, and the endocrine organs. Only histopatho-
logically confirmed cancers .4 mm in diameter in cell grafts
were included in the data analyses. Grafts in rats with improp-
erly functioning estrone capsules were censored from day 0;
those lost to autolysis or cannibalism were censored from the
last day of observation. Cancer incidences per site were
calculated according to an adaptation (17) of the Kaplan-
Meier procedure (33). Group comparisons were by the Wil-
coxon and logarithm-rank methods (34, 35) and tests of
significance between final cancer incidences were performed
in accord with the hypotheses under test: between irradiated
clonogen groups 1-5 and sham-irradiated groups 6-8 and
between irradiated clonogen groups 2-4 and mixed cell graft
groups I-III that had received the same irradiated clonogen
numbers. Only comparisons that yielded P s 0.05 are noted in
Table 1.

RESULTS
Ninety-one mammary cancers, predominantly adeno- and/or
comedocarcinomas, were randomly distributed among 676

Table 1. Effect of numbers of irradiated mammary clonogens (groups 1-5), unirradiated clonogens (groups 6-8), or mixtures of both
(groups I-III) grafted on final mammary cancer incidences

Total Total Cancer incidence
Clonogens per sites cancers Final cancer per 104 Clonogens

Group y-rays, Gy graft site scored scored incidence* clonogenst per cancer

1 7 13.3 124 9 0.152 (0.049) 114 (37) 87
2 7 40 137 13 0.298 (0.081) 75 (20) 134
3 7 120 140 16 0.341 (0.102) 28 (9) 352
4 7 360 141 19 0.380 (0.125) 11 (3) 948
5 7 1080 134 34 0.837 (0.083) 8 (1) 1290
6 0 13.3 91 1 0.012 (0.012) 9 (9) 1109
7 0 120 95 7 0.187 (0.066) 16 (6) 641
8 0 1080 105 8 0.115 (0.039) 1 (0) 9434
I 7 + 0t 40 + Epit 99 2 0.022 (0.015) 6 (4) 1667
II 7 + 0t 120 + Epit 108 9 0.323 (0.590) 27 (11) 370
III 7 + 0t 360 + Epit 94 7 0.269 (0.113) 7 (3) 1429

*Final cancer incidences (fractions of sites with cancer) were corrected for intercurrent graft site loss (33) as described (17). Standard errors are
in parentheses. Significant differences in irradiated vs. unirradiated cell groups: group 1 vs. 6, P < 0.003; group 5 vs. 8, P < 0.000; groups 1, 3,
and 5 vs. 6, 7, and 8, P < 0.000. Significant differences in irradiated cell graft inocula with vs. without added unirradiated cells: group 2 vs. I, P
< 0.000.

tFinal cancer incidence per 104 clonogens grafted per site. Standard errors are in parentheses. Significant differences in irradiated vs. unirradiated
cell groups: group 1 vs. 6, P < 0.003; group 5 vs. 8, P < 0.000; groups 1, 3, and 5 vs. 6, 7, and 8, P < 0.000. Significant differences in irradiated
cell graft inocula with vs. without added unirradiated cells: group 2 vs. I, P < 0.000. Data for groups I-III are expressed in terms of irradiated
clonogen numbers only.
*+ 0 and + Epi indicate that 4.4 x 105 unirradiated mammary epithelial cells including 1080 clonogens were added to the indicated numbers of
7-Gy-irradiated clonogens per inoculum.
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sites grafted with -'219,409 total irradiated clonogens in
groups 1-5; 16 similar carcinomas were scored among 291 sites
grafted with '126,010 sham-irradiated clonogens in groups
6-8; and 18 carcinomas were scored among 301 sites grafted
with -50,760 irradiated clonogens mixed with -325,080 total
unirradiated clonogens in groups I-III (Table 1). The glan-
dular tissues in the grafts did not occupy all the contiguous fat
pad spaces at the times of autopsy.

Final carcinoma incidences progressively increased with the
numbers of irradiated clonogens grafted per site (groups 1-5
in Fig. 1A and Table 1). The data were well fit by the equation
y = - 1.1525 + 0.3323x, where y = log1o(cancer incidence per
site) andx = log1o(clonogens per site) (correlation coefficient,
= 0.8973; test of regression fit, P = 0.014; data plot not

shown). Lower final incidences of cancer per site developed in
control groups 6-8 that were grafted with unirradiated clono-
gens, and there was no clear grafted unirradiated clonogen
dose-carcinoma incidence response (Fig. 1B; Table 1).
The >80-fold difference in mean clonogens per site between

groups 1 and 5 resulted in but a 5- to 6-fold increase in final
cancer incidence per site (Table 1; Fig. 1A), reflecting a decline
in final cancer incidence per grafted clonogen as the number
of irradiated clonogens per site increased (Table 1). The
inverse relationship between the cancer incidence per clono-
gen and the number of irradiated clonogens grafted per site in
groups 1-5 is well fit by a log/log regression (Fig. 2).
Carcinoma incidences in group I that had received =40

irradiated clonogens to which unirradiated cells had been
added were significantly less per site and per irradiated
clonogen than those in group 2 grafted with 40 irradiated
clonogens without added unirradiated cells (Table 1). How-
ever, addition of the same unirradiated cell numbers of inocula
of 120 and 360 irradiated clonogens in groups II and III had
no effect on cancer incidences per site or per irradiated clon-
ogen when compared with groups 3 and 4 (Table 1).
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FIG. 1. Effect of irradiation and of grafted clonogen numbers on

cumulative cancer incidences as fractions of total sites corrected for
intercurrent loss (17, 33). (A) Groups 1-5, cancer incidences in sites
grafted with averages of 13.3-1080 7-Gy-irradiated mammary clono-
gens each. (B) Groups 6-8, cancer incidences in sites grafted with
averages of 13.3, 120, and 1080 unirradiated clonogens each. See also
Table 1.
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FIG. 2. Log/log plot of final cancer incidences per 7-Gy-irradiated
mammary clonogen against mean numbers of surviving mammary
clonogens grafted per site. EO, Observed data points. Line is a computer
fit of the equation y = -(1.1525 + 0.6677x), where y = logio(cancer
incidence per clonogen) and x = logio(number of clonogens per graft
site). r2 = 0.9724; probability of regression, P = 0.002.

DISCUSSION
These results support the hypothesis that initiation is a fre-
quent epigenetic process within the clonogenic mammary
target cell population in vivo. Furthermore, the observed cell
number-dependent inhibition of promotion may be an impor-
tant physiologic cancer control mechanism.
The greatest cancer frequency observed, uncorrected for

spontaneous malignancies, was one carcinoma per =87 clono-
gens in sites grafted with -13 irradiated clonogens each. Final
cancer incidences per irradiated clonogen decreased as the
numbers of clonogens per site were increased with the larger
grafted irradiated cell numbers as well as in sites transplanted
with 40 irradiated clonogens to which sham-irradiated cells
were added. Perhaps because promotion was suppressed by the
relatively large numbers of cells already present in the 120 and
360 irradiated clonogen inocula, addition of unirradiated
mammary cells to these larger inocula did not further suppress

cancer incidence.
The study of MNU-induced cancer in mammary clonogen

grafts was performed with WF strain rats (29), whose mam-
mary glands contain clonogen concentrations comparable to
those of F344 rats (36). About 27% of F344 rat mammary
clonogens survived 7-Gy y-rays in culture (32). Similarly,
-34% of WF rat mammary clonogens survived exposure in
situ to MNU (29). Comparable cumulative cancer incidences
occurred per site over time, and similar final cancer incidences
per clonogen occurred in grafts of MNU-exposed and of
irradiated clonogens (Fig. 3).
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FIG. 3. Comparison of final cancer incidences per mammary

clonogen against numbers of 7-Gy-irradiated clonogens (0) and
MNU-treated clonogens (s) grafted per site. MNU data are from ref.
29.
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Within treatment groups, all irradiated and all MNU-
exposed clonogens presumably had equal probabilities of
initiation, and the cancers arose within glandular structures
composed of their progeny. Were promotion completely ef-
fective, the cancer frequencies per grafted exposed clonogen,
corrected for control frequencies, would equal the frequencies
of radiogenic or chemically induced initiation per clonogen. In
practice, only one cancer can be diagnosed per graft site with
confidence although there were likely to have been sites with
more than one initiated clonogen. Furthermore, the hormonal
promotion may not have caused every initiated clonogen or its
progeny to progress to overt cancer. These sources of error
tend to reduce the observed carcinoma frequencies below the
"true" frequency of initiated cells. Hence, the highest ob-
served cancer incidence per irradiated clonogen (114 x 1O-4;
group 1) minus its respective sham-irradiated control inci-
dence (9 x 10-4; group 6) is a conservative estimate of the
radiogenic initiation frequency. Accordingly, 7-Gy 'y-rays ini-
tiated at least 1 of -95 clonogens exposed. About the same
fraction of MNU-treated clonogens gave rise to cancer in
grafts of five clonogens per site (Fig. 3).
Three points deserve further consideration: (i) if initiation

could occur in epithelial cells other than clonogens, the high
frequencies calculated above would be overestimates; (ii)
assuming initiation is as frequent as calculated, how can the
relatively low cancer frequencies in hormonally promoted
irradiated mammary glands in situ be explained; and (iii) what
are the possible mechanisms of epigenetic initiation and of
suppression of promotion of initiated cells by other epithelial
cells.
The hypothesis that cancer commonly arises from nonclo-

nogenic cells will be considered with data from two experi-
ments. In group 3 (Table 1), the cells were harvested for
grafting from 7-Gy-irradiated 5-day cultures; culturing favors
clonogen accumulation (32). The inocula was composed of
-120 irradiated clonogens among a total of -1.8 x 105
morphologically intact cells. One cancer developed per -350
clonogens or per -5.3 x 105 total cells. In a previous exper-
iment (17), the cells were irradiated with 5 Gy in situ in donor
rats 24 hr before harvest and their clonogenic fractions were
lower; inocula were composed of -4.0 x 106 morphologically
intact cells including -120 irradiated clonogens per site. One
cancer developed per 245 clonogens or per 8.2 x 106 total
inoculated cells. When expressed per total inoculated cells,
there was a 15-fold difference between cancer incidences. In
contrast, there was a 1.4-fold difference in incidences ex-
pressed per clonogen. Thus, the agreement between experi-
ments is much better if the data are expressed as cancers per
clonogen.

Cultures of carcinogen-treated tracheal cells (8) and mam-
mary cells (12) gave rise to altered foci, and the latter gave rise
to ductal dysplasias when grafted (9). With time, increasing
numbers of foci grew when subcultured and many grew in
agarose. After 4- to 6-Gy x-radiation, foci occurred at fre-
quencies of 1 per 37-45 putative mucosal stem cells (37-39).
In these systems, cancers developed when 105-106 cells were
transplanted only after many culture passages. Although focus-
forming capacity in culture is a common carcinogen-induced
effect, its relationship to initiation and cancer development in
vivo is unclear.

In the current studies, cancer incidences per clonogen
significantly decreased as the clonogen numbers per site
increased. For example, the incidence per site grafted with
1080 irradiated clonogens was 5- to 6-fold greater than in sites
grafted with 13 irradiated clonogens; when expressed per
clonogen, the cancer incidence in sites grafted with 13 irradi-
ated clonogens was 15-fold greater than in sites grafted with
1080 irradiated clonogens. This effect is unrelated to attain-
ment of limiting cell population densities as seen in cell
cultures (19, 20, 26), in that the grafted mammary tissues did

not fill the available fat pads. As irradiated clonogens had been
at equal risk of radiogenic initiation, differences among groups
in final cancer incidences per clonogen are related to postir-
radiation events. This bears on the second discussion point, the
high estimated initiation frequency and the low observed
cancer incidences in glands in situ-i.e., three to four cancers
per irradiated hormonally promoted rat (ref. 31; unpublished
data). About 16,000 clonogens can be recovered in suspension
from all the mammary glands of an untreated rat (ref. 40;
unpublished data). Assuming that 20% of the clonogens are
lost during preparation and that 27% survive 7 Gy, there would
be -5400 total surviving clonogens per irradiated rat. In the
current experiments, 1 of - 1290 surviving irradiated clono-
gens gave rise to cancer in sites grafted with - 1080 clonogens.
Hence, a bit more than four radiation-related cancers might be
expected per hormonally promoted 7-Gy-irradiated rat, in
reasonable agreement with observation.

Suppression of promotion of radiation-initiated thyroid cells
(14, 15) has been related in part to inhibition of secretion of
thyrotropin (16, 41), the primary thyroid cell promoter. Other
reports of cell interactions include higher cancer frequencies
among grafts of dispersed preneoplastic mouse mammary cells
than in grafts of such cells in small pieces of tissue (42) and
more "severe" ductal dysplasias among grafts of 104 than of 105
dispersed carcinogen-treated mouse mammary cells (9). A
mucosa-free tracheal surface was essential to establishment of
cancer cells injected into rat tracheal pouches; normal cells
admixed with the malignant or preneoplastic cells prevented
the latter from growing (43). Normal epithelial cell-
conditioned medium inhibited growth of carcinogen-altered
tracheal cells (44). The latter was mediated at least in part
through active transforming growth factor type ,B from the
differentiating normal cells (45).

Cell interactions may impinge on the malignant process at
one or more stages and in several ways: (i) by gap junctional
exchange of molecules (46), (ii) by paracrine growth factor
release and uptake (45, 47), (iii) by cell number-dependent
effects on secretion of specific hormones (16, 41), and (iv) by
cell number-dependent local competition for space and nutri-
tion. Gap junctional communication could not occur widely in
grafts until new glandular tissue developed. As the glandular
tissue in the graft sites did not fill the available fat pads at
autopsy, it is unlikely that competition for space and nutrition
played a role in the current results. Growth and differentiation
of mammary glands is mediated by the hypothalamic-
pituitary-ovarian axis and placenta; we are not aware of
hormonal feedback from the mammary epithelium to the
endocrine system. We conclude that the suppression of pro-
motion in this experiment was likely mediated by one or more
paracrine growth factor(s).
The specific nature of epigenetic initiation is unclear. Sev-

eral processes that alter gene function but not DNA base
sequences are induced by ionizing radiation (4, 28). These
include increased transcription of genes (48) including induc-
tion of "SOS"-like DNA repair (49), altered DNA methylation
patterns that influence transcription (27, 50, 51), and somatic
recombination (25, 52). Although none of these may be
involved in initiation, they illustrate that radiation and perhaps
other agents induce nonmutational processes in high fre-
quency that may persist for several cell generations. One or
more such processes may render the irradiated clonogen and
its progeny more susceptible to oncogenic promotion and
hence constitute initiation. Alternative hypotheses, either (i)
that mutation of any one of, say, 103 genes may serve as
initiation, or (ii) that there is a gene(s) that is orders of
magnitude more sensitive to oncogenic mutation than has yet
been described, seem far less probable. Finally, it is unclear
how large cell numbers suppressed promotion. In analogy to
the tracheal system (47), we speculate that such suppression is
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mediated through a paracrine factor(s) such as transforming
growth factor type .3.
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