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ABSTRACT

Fifty-day-old female rats of the inbred Osborne-Mendel (OM) and

Copenhagen (COP) strains were exposed to a single dose of either of 2
highly effective mammary chemical carcinogens, 7,12-dimethylbenz|a|
anthracene (DMBA) or 1-methyl-l-nitrosourea (MNU). Female OM

rats are highly susceptible to both of these carcinogens developing >5
mammary adenocarcinomas per rat following a single exposure to either
chemical. In contrast, female COP rats are completely resistant to both
DMBA and MNU mammary cancer induction. Genetic breeding analysis
of the F, and F2 hybrids produced by crossing COP to OM rats demon
strated that the resistance of the female COP rat to DMBA and MNU
is due to the presence of a single dominant autosomal alÃelein the germ
line of the COP rat.

Transplantation experiments demonstrated that the site of action of
this COP gene is within the mammary epithelial cells themselves, not
systemically or at the local mammary gland level within nonepithelial
mammary cells. The resistance to DMBA-induced mammary carcinogen-

esis affected by the COP gene does not involve prevention of the initial
interaction of DMBA with the mammary epithelial cells, but suppression
of the progression of these initiated mammary cells to full cancer. This
suppression does not involve paracrine release of diffusible factor(s). This
gene does not suppress the development of MNU-induced renal or

bladder cancers in the COP female rats. Thus, this newly identified
autosomal dominant gene is specifically a mammary cancer suppressor
gene. Analysis of the response of female feral rats to DMBA or MNU
exposure demonstrates that this mammary cancer suppressor gene is also
functional in feral rats. This suggests that this mammary cancer gene is
functionally inactivated either by mutation or deletion in the germ line of
highly susceptible strains of rats like the OM and inbred Sprague-

Dawley rats, but functionally retained in resistant strains like the COP.

INTRODUCTION

Previous studies from this laboratory have demonstrated that
the inbred female COP2 rat is inherently resistant to both
DMBA- and MNU-induced mammary adenocarcinogenesis (1,
2). This is in marked contrast to female rats of a large series of
other inbred strains (e.g., OM, NSD, WF, LEW, BUF) that are
highly susceptible developing more than 2 mammary cancers
following a single systemic exposure to either of these potent
mammary carcinogens (1-7). Genetic breeding experiments
using F, and F2 hybrid animals produced by cross-breeding the

resistant COP to the highly susceptible NSD rat demonstrated
that the inheritance of a single copy of an autosomal dominant
gene from the COP genome is able to prevent both DMBA-
and MNU-induced mammary cancer development in these
COP x NSD hybrid animals (1).

Using a mammary gland transplantation method, it was
further demonstrated that the site of action of this autosomal
dominant gene was within the COP mammary glands them-
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selves (2). The resistance of the COP mammary glands to
malignant transformation affected by this COP gene does not
prevent the initial step(s) in the malignant process, but instead,
blocks some event (or events) distal to that required for mor
phological transformation (2). These results suggest that the
expression of this COP gene does not function simply to prevent
the initial interaction of chemical carcinogens like DMBA or
MNU with the mammary epithelial cells but to suppress the
progression of these cells to full cancer.

Although these previous studies suggest that within the COP
genome there is an autosomal dominant mammary cancer
suppressor gene, there still remains a series of important unre
solved questions concerning this gene. For example, when the
COP rat is cross-bred to additional inbred strains of rats that
are also highly susceptible to DMBA- and MNU-induced mam
mary carcinogenesis other than the NSD (e.g., OM, WF, LEW,
BUF), the resulting FI hybrids are also suppressed in their
ability to undergo DMBA-induced mammary carcinogenesis
(2). These results are consistent with the inheritance from the
COP genome of a single copy of this autosomal dominant
mammary cancer suppressor gene being able to suppress
DMBA-induced mammary carcinogenesis in any type of F,
hybrid. Without data on the response to DMBA of the F2
generations for the various COP cross-breeds, however, this is
not in the strictest sense proven. To provide formal proof that
the COP genome does possess a gene that has a generalized
ability to suppress mammary cancer development, similar ge
netic breeding experiments were performed using F, and F2
hybrid animals produced by cross-breeding COP with the highly
susceptible OM strain of rat. The OM rat was chosen for these
studies because it has an independent origin of development
from the NSD rat (8) and because it has the highest suscepti
bility to DMBA-induced mammary carcinogenesis of any
inbred strain of female rat reported (2). In addition, mammary
epithelial cell transplantation experiments were performed to
resolve whether the COP suppressor gene's site of action is

directly within mammary epithelial cells themselves or is indi
rect, involving other nonepithelial mammary cells (i.e., fibro-
blasts and fat cells).

If the COP autosomal gene does have a generalized ability to
suppress mammary cancer development, this raises the issue of
whether the development of other types of epithelial cancers is
also suppressed or whether this is specific for mammary cancer
only. To resolve this issue, the incidence of renal and bladder
cancers was determined in OM, COP, and their FI hybrids
following MNU exposure. These studies also raise the issue of
whether the resistance of the COP rats to mammary carcino
genesis is the result of a mutational gain of this mammary
cancer suppressor alÃeleuniquely in this strain or whether the
high susceptibility of other inbred strains like the OM, NSD,
and WF is the result of a functional inactivation of this sup
pressor gene in the germ line of these latter strains. To resolve
this issue, female feral rats were tested for their resistance versus
susceptibility to DMBA- and MNU-induced mammary carci
nogenesis to determine the allelic wild type with regard to
mammary carcinogenesis.
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MAMMARY CANCER SUPPRESSOR GENE

MATERIALS AND METHODS

Animals. Inbred Osborne-Mendel (OM/NHsdBr) rats, inbred Copen
hagen (COP/NHsdBr) rats, and athymic nude (HSD athymic nu/nu)
mice were obtained from HarÃanSprague-Dawley, Inc. (Indianapolis,
IN). Feral brown rats (i.e., rattus Norwegicus) were captured in the
wild and outbred by Biocenotics, Inc. (Osseo, MI). Twenty 42-day-old
female outbred feral rat offspring were obtained from Biocenotics.
Animals were housed in a room lighted 12 h/day and maintained at a
temperature of 23Â°C.The rats in each grouping underwent a complete

autopsy at the time of spontaneous death or at 365 days after carcinogen
exposure. At the time of autopsy, all grossly detectable tumors were
removed, processed for histology, and classified histopathologically as
described previously (1).

Carcinogenic Exposure. For the systemic exposure to DMBA, groups
of 50-day-old female rats were given a single dose of sesame oil
containing 20 mg of DMBA by means of gastric intubation as described
previously (1). For the systemic exposure to MNU, groups of 50-day-
old female rats were given a single 50-mg/kg injection of MNU via the
femoral vein as described previously (1). Animals were scored for the
development of both mammary and renal cancers using appropriate
histolÃ³gica! criteria as described previously (I). For the induction of
bladder carcinomas, groups of 35-day-old rats were given 4 biweekly
doses of 1.5 mg of MNU directly into the bladder, and the number of
bladder cancers (i.e., transition cell carcinomas plus squamous cell
cancers) was determined as described by Steinberg et al. (9). DMBA
and MNU were obtained from Sigma Chemical Co. (St. Louis, MO).

Mammary Epithelial Cell Transplantation and Exposure to DMBA.
The right inguinal-abdominal mammary gland was separately removed
from OM and COP female rats when the donor animals were 25 days
of age. These donor glands were removed and pooled, and then the
pool of mammary tissue was enzymatically dissociated using the
method of Ethier (10). The enzymatic digest, consisting of fat cells,
fibroblasts. single epithelial cells, and epithelial cell aggregates, was
separated on a discontinuous Percoli gradient and the isolated small
mammary epithelial aggregates (i.e., <50 cells/aggregate) were used to
establish primary mammary epithelial cell cultures on type I collagen-
coated dishes by the method of Ethier (10). After 10 days in primary
culture. 1 x IO6 of these mammary epithelial cells from the OM and

COP female rats were separately transplanted via injection into the
interscapular white fat pad of either 10 30-day-old female OM x COP
F, hybrid rats or 10 30-day-old female inbred rats of the respective
parental strain, according to the method of Gould et al. (11). Twenty
days after transplantation (i.e., at 50 days of age for the host), an
incision was made in the skin over the transplanted mammary epithelial
cells in order to expose the tissue. One mg of DMBA was then "dusted"

on these mammary epithelial cells according to the direct application
method of Sinha and Dao ( 12). The incision was closed and the recipient
female F, animals were allowed to live until either: (a) a tumor devel
oped in the transplanted mammary epithelial cells and reached a size
of 1-2 ml; or (b) if no tumor became palpable, until 1 year had elapsed
following DMBA direct exposure. Each macroscopically detected tu
mor was processed for histological classification as to whether it was
an adenocarcinoma. sarcoma, or fibroadenoma using the appropriate
criteria described previously (1). When no macroscopically detectable
tumor was present at 1 year following exposure, the implanted donor
mammary gland was removed, fixed in buffered formaldehyde, and
embedded in paraffin. The embedded tissue was then step-sectioned at
50-Min intervals, and at least 4 sections at different levels within each
tissue were processed for histological examination as described previ
ously (2). In this way, the incidence of any microscopic foci of cancer
could be evaluated within donor glands that had no macroscopic
indication of tumor.

Test of Paracrine Nature of Suppressor. To test whether the suppres
sor gene of the COP rat functions via a paracrine mechanism, mammary
epithelial cells from 50-day-old inbred COP female rats were established
in primary culture as described previously. Viable COP mammary
epithelial cells (1 x IO7)from such primary cultures were suspended in
0.5 ml of isotonic saline and mixed with 1 x IO7RMC1 rat mammary

cancer cells in 0.5 ml of isotonic saline. The RMC1 is a tumorigenic

mammary cancer cell line established from aDMBA-induced mammary
cancer derived from an NSD rat (13, 14); 0.1 ml of the mixture (i.e., 1
x IO6 of the COP mammary epithelial cells plus 1 x IO6 RMC1

mammary cancer cells) was injected s.c. in the flank of 5 female nude
mice. As controls, 5 nude mice each were given injections of I x IO6of

either COP mammary cells or RMC1 mammary cancer cells alone.
Animals were followed for up to 3 months to score for the appearance
of tumors. Any palpable tumor that developed had its volume doubling
time determined as described previously (13).

Statistical Analysis. All data are presented as the mean Â±S.E.
Comparison of the mean Â±S.E. number of observed mammary cancers
developing per F2 hybrid following carcinogen exposure versus the
predicted number of mammary cancers based upon a 1-, 2-, or 3-
autosomal dominant gene model was analyzed by a one-sided t test.
Comparison of the distribution of the observed number of mammary
cancers per F; hybrid versus the predicted number for a 1-, 2-, or 3-
autosomal dominant gene model was by x2 analysis.

RESULTS

Genetic Analysis of Mammary Cancer Resistance. When 20
mg of DMBA were fed to 50-day-old female OM rats, all
animals developed 3 or more mammary adenocarcinomas per
rat (Table 1). In contrast, no 50-day-old COP female rats fed
20 mg of DMBA developed a single mammary cancer (Table
1). Both OM female x COP male F, and COP female x OM
male F, hybrids were bred and fed DMBA. Regardless of which
type of F, hybrid was used, both were equally suppressed in the
number of DMBA-induced mammary cancers that developed
per rat (Table 1). If resistance was due to either one or a series
of recessive autosomal alÃeles,then the F, hybrids should have
been just as susceptible as the OM strain rats (i.e., these models
predict that the F, hybrids should develop 5.0 mammary can
cers/rat). Statistical analysis demonstrated that there was a
highly significant difference (P < 0.05) between the 0.45 Â±
mammary cancer/F, hybrid observed and the 5.0 mammary
cancer/Fi hybrid predicted by a recessive autosomal allele(s)
model of inheritance. If resistance was due to multiple genetic
alÃeles,none of which was dominant (i.e., polygenic inherit
ance), or to a single X chromosome-linked alÃele,then the F,

hybrids should have been exactly half as susceptible as the OM
rats (i.e., these models predict that the F, hybrid should have

Table 1 Incidence of mammary adenocarcinomas induceu hy p.o. DMBA feeding
in parental ana hybrid crosses between O.\f and COP rats

No. of mammary adenocarcinomas/rats

Type of female rat
dosed Observed

Predicted if suppression is
due to the action of the
following no. of autoso
mal dominant genes in
herited from the COP

genome0

I gene 2 genes 3 genes
5.00 Â±0.45* (100/20)''

0.00 (0/30)
OM
COP
F, hybrids

OM female x COP 0.04 Â±0.15 (8/20)
males

COP females x OM 0.50 Â±0.17 (10/20)
males

Total 0.45 Â±0.16(18/40)
Fj hybrids' 1.56 Â±0.40 (39/25) 1.48 0.70' 0.51'

Â°Using the observed data for the COP. OM. and I-'ihybrid and calculating the

predicted mean for 1-. 2-, or 3-autosomal dominant model. For details as to how
these predicted values were calculated, see the appendix of Ref. l.

* Mean Â±SE.
' Numbers in parentheses, ratio of the total number of mammary cancers that

developed per the total number of female animals exposed to DMBA.
d Produced by breeding OM female x COP male F, hybrids with themselves.
' Significant differences (P < 0.05) between observed and predicted F2 data.
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Table 2 Distribution of the number of mammary adenocarcinomas per rat
induced by p.o. feeding of DMBA in parental and hybrid crosses between OM and

COP rat
"i of group with indi

cated no. of mammary
cancers/rat

Type of female rat dosed 0 1

COPOMF,

hybridsF2
hybrids (observed)100058480042280100024

F2 hybrids predicted for":

1 autosomal dominant gene
2 autosomal co-dominant genes*
3 autosomal co-dominant genes*

54
57
57

21
37
41

25
6
2

Â°Using the observed data for the COP, OM, and F, hybrid and calculating the

predicted data based upon the indicated number of autosomal dominant genes as
per Ref. l.

* Significant difference (P < 0.05) between observed and predicted F2 data.

2.5 mammary cancers/rat). Statistical analysis demonstrated
that there was a highly significant difference between the 0.45
Â±mammary cancer/F, hybrid observed and the 2.5 cancers/Fi
hybrid predicted by the polygenic/X-linked inheritance model.

Thus, the differential resistance of COP versus OM female
rats is genetically controlled by either one dominant or several
co-dominant autosomal alÃeles.To resolve this, female F2 hy

brids produced by crossing F, hybrids with themselves were
tested for the number of mammary cancers per F2 rat induced
by DMBA feeding (Table 1), as well as the distribution of the
number of mammary cancers per F2 rat (Table 2). Statistical
analysis demonstrated that there was a highly significant differ
ence (P < 0.05) between the observed versus the predicted
number of mammary cancers per F2 hybrid based upon a 2-,
3-, or more autosomal co-dominant model (Table 1). In con
trast, no statistically significant difference was demonstrated
between the observed versus predicted numbers for a single
autosomal dominant model. Similar statistical analysis of the
distribution of the number of mammary cancers per F2 hybrid
also demonstrated a highly significant difference (P < 0.05)
between the observed and predicted data for a 2-, 3-, or more
autosomal co-dominant model, with no difference for the single
autosomal dominant model (Table 2). These analyses demon
strate that the resistance to DMBA-induced mammary cancer
is due to the inheritance of a single copy of a dominant auto
somal alÃelepresent within the COP genome.

To determine the generality of this dominant autosomal type
of Mendelian inheritance, similar studies were performed using
MNU as the carcinogen. Unlike DMBA, which must be meta-
bolically activated to be carcinogenic (15), MNU is a direct-
acting mammary carcinogen not requiring metabolic activation
(16). At 50 days of age, groups of female OM, COP, F,, and F2
rats were given a single 50-mg/kg i.v. injection of MNU. Both
the mean number of mammary adenocarcinomas per rat (Table
3) and the distribution of the number of mammary cancers per
rat (Table 4) for these various groups again demonstrated no
statistically significant difference between the observed versus
predicted data for a single autosomal dominant alÃelemodel of
inheritance.

Site of Action of the Cop Gene within the Mammary Gland.
OM and COP donor mammary cells were transplanted into
either female F, hybrids or the respective parental inbred strain
of rats and allowed to establish a ductal network before being
directly exposed to DMBA "dusting." As controls to determine

the maximal frequency of mammary cancer induction possibly
using this transplantation method, mammary epithelial cells

Table 3 Incidence of mammary adenocarcinomas induced by i.v. MNU injection
in parental and hybrid crosses between OM and COP rats

No. of mammary adenocarcinomas/rat

Predicted if suppression
is due to the action of the
following no. of autoso
mal dominant genes in
herited from the COP

Type of female rat
dosedOM

COPF]
hybrids

OM female x COP
males

COP females x OM
males

Total
F2 hybrids*Observed5.68Â±0.15*(142/25)c

0.00(0/30)0.90

Â±0.10 (9/10)

0.70 Â±0.12(7/10)0.80

Â±0.17 (16/20)
1.75 Â±0.41 (42/24)1

gene 2 genes 3genes1.82

LOS' 0.86'

Â°Using the observed data for the COP, OM, and F, hybrid and calculating the
predicted mean for 1-, 2-, or 3-autosomal dominant model. For details as to how
these predicted values were calculated, see the appendix of Ref. l.

* Mean Â±SE.
' Numbers in parentheses, ratio of the total number of mammary cancers that

developed per the total number of female animals exposed to MNU.
d Produced by breeding OM female x COP male F, hybrids to themselves.
' Significant differences (P < 0.05) between observed and predicted F2 data.

from the OM and COP rats were transplanted into the appro
priate inbred female parental rats and these transplants were
similarly exposed to DMBA. If systemic factors are critical in
controlling suppression of DMBA-induced mammary adeno-
carcinogenesis, none, or very few, mammary adenocarcinomas
should develop from any donor mammary epithelial cell in the
F, hybrids since the female OM x COP F, hybrid recipient
hosts are of the resistant genotype (Table 1). In addition, if
nonepithelial mammary cells (i.e., fibroblasts or fat cells) are
required for suppression, then COP mammary epithelial cells
separately transplanted into F, hybrids and exposed to DMBA
should develop into continuously growing macroscopically de
tectable mammary cancers with the same frequency as trans
planted mammary epithelial cells from OM rats. In direct
contrast to both of these predictions, 60% of DMBA-treated
donor OM mammary epithelial cells and 0% of donor COP
mammary epithelial cells developed into continuously growing,
macroscopically detectable mammary adenocarcinomas in F,
inbred hosts. These percentages are identical to those produced
when mammary cells were transplanted and exposed in the
corresponding inbred parental strains (i.e., 70% of OM cells in
OM host and 0% of COP cells in COP hosts developed into

Table 4 Distribution of the number of mammary adenocarcinomas per rat
induced by i.v. MNU injection of parental and hybrid crosses between OM and

COP rats

% of group with indi
cated no. of mammary

cancers/rat

Type of female rat dosed 1-2

COP
OM
F, hybrids
F2 hybrids (observed)

F2 hybrids predicted for":

1 autosomal dominant gene
2 autosomal co-dominant genes*
3 autosomal co-dominant genes*

100
0

40
42

45
41
40

0
0

60
34

30
53
58

0
100

0
24

25
6
2

" Using the observed data for the COP, OM. and F, hybrid and calculating the

predicted data based upon the indicated number of autosomal dominant genes as
per Ref. l.

* Significant difference (P < 0.05) between observed and predicted F2 data.
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MAMMARY CANCER SUPPRESSOR GENE

mammary cancers following DMBA dusting). These results
demonstrate that the site of action of the COP mammary
suppressor gene is within the mammary epithelial cells them
selves, not at the host systemic level or at the local glandular
level within nonepithelial mammary cells.

The F, hybrids, which had no indication of any macroscopi-

cally detectable continuously growing tumors in the donor COP
epithelial cells, were followed for 1 year after DMBA exposure
before being killed. Of these donor COP mammary epithelial
cells, 60% were completely normal, whereas 40% of these
DMBA-exposed cells did contain microscopic foci of cancer.

Histologically, these foci of microscopic cancers are similar in
overall appearance to those of the continuously growing mac-

roscopically detectable mammary adenocarcinomas induced by
DMBA exposure. These results demonstrate that 40% of the
donor COP mammary epithelial cells and 60% of the donor
OM mammary epithelial cells underwent at least some of the
steps involved in DMBA-induced mammary adenocarcino-
genesis. This suggests that the resistance to DMBA-induced

malignant transformation affected by the COP suppressor gene
does not involve prevention of the initial step in the process,
but instead, suppresses some malignant event or events distal
to those required for morphological transformation.

Paracrine versus Autocrine Ability of COP Mammary Epithe
lial Cells to Suppress Mammary Cancer. The COP gene could
have its suppressive effect in either a paracrine fashion exter
nally through cell-cell contact or via a secreted factor(s) or in
an autocrine fashion internally within the cell. To test the
paracrine possibility, 1 x IO6 viable mammary epithelial cells
from 50-day-old COP female rats were mixed with 1 x IO6

viable RMC1 rat mammary cancer cells, and the mixture was
injected s.c. in the flank of nude mice (i.e., 5 mice given
injections of 2 x IO6 total cell mixture/mice). As controls, 5
nude mice each were given injections of 1 x 1O*1COP mammary
epithelial cell/mouse or 1 x IO6 RMC1 cells/mouse. The
RMC1 is a tumorigenic cell line established from a DMBA-
induced mammary cancer derived from an inbred Sprague-
Dawley rat (13, 14). Following injections of 1 x IO6 viable

RMC1 cells into nude mice, a tumor is papable within 3 weeks
in 100% of injected mice (i.e., 5 of 5). Such RMC1 tumors
reach 2-4 cm' within 6 weeks. The tumor volume doubling

time was 10.7 Â±0.7 days for these RMC1 tumors. None of the
mice given injections of COP mammary epithelial cells alone
developed palpable tumors even if followed for over 3 months.
In contrast, all of the mice (5 of 5) given injections of the
mixture of COP mammary epithelial cells and RMC1 mam
mary cancer cells developed palpable tumors within 3 weeks
and all of these tumors continued to grow, reaching 2-4 cm' in

size within 6 weeks. The volume doubling time was 11.9 Â±1.2
days for these tumors. These results demonstrate that the COP
suppressor gene does not function via paracrine means.

Specificity of the Effect of the COP Suppressor Gene. The
autosomal dominant gene present within the COP genome
could either have a general ability to suppress other types of
epithelial cancers or it could be mammary cancer specific. To
resolve this issue, the incidence of renal and bladder cancers
was determined in OM. COP, and their F, hybrids following
MNU exposure (Table 5). These results demonstrate that COP
rats and their F, hybrids are just as sensitive to MNU-induced

renal and bladder cancer development as the OM rat (i.e., no
renal or bladder cancer suppression by the COP gene).

Table 5 Incidence of renal and bladder cancer induction by A/A't ' in parental

and hybrid crosses between Om and COP rats

Type of female
ratusedOM

COPF,
hybrids%

of groupwithRenal

Bladder
cancer"cancer*40(25)c

90(10)

30(30) 78(18)
40(20) 80(10)

! Induced via a single i.v. injection of 50 mg/kg of MNU at 50 days of age.
* Induced via 4 biweekly intravesical doses of 1.5 mg of MNU starting at 35

days of age.
' Values in parentheses are number of animals exposed per group.

Susceptibility versus Resistance of Female Feral Rats to
DMBA and MNU. The previous studies demonstrate that the
COP genome contains a mammary cancer-specific suppressor
gene. The issue is thus raised as to whether the high suscepti
bility to DMBA- and MNU-induced mammary carcinogenesis
of female rats of certain inbred strains, like the OM, NSD, WF,
LEW. and BUF, is due to the germ-like inactivation to this
mammary cancer suppressor gene, or whether the resistance of
the COP strain is due to the germ-line gain of this suppressor
alÃele(i.e., mutation of a normal gene turning it into a dominant
tumor suppressor gene). To resolve this, female feral rats were
tested for their mammary gland response (i.e., susceptibility
versus resistance) to DMBA and MNU treatment. To do this,
10 female feral rats were exposed at 50 days of age to either 20
mg of DMBA p.o., or 50 mg/kg of MNU i.v. None of the 10
female feral rats exposed to DMBA developed mammary can
cers within 1 year of exposure, however 10% (i.e., 1 rat) did
develop renal cancer. Three (i.e., 30%) of the MNU-exposed
feral rats developed a single mammary tumor per rat, however
only 1 (i.e., 10%) was a mammary adenocarcinoma; the other
2 tumors were benign mammary fibroadenomas. Thus, the
number of mammary cancers induced per feral rat for DMBA
is 0, and for MNU it is 0.10. These results demonstrated that
feral rats, like the COP, are resistant to DMBA- and MNU-
induced mammary cancer development. It is statistically very
unlikely that 10 of 10 DMBA- and 9 of 10 MNU-exposed rats
would simultaneously undergo a mutation in the same normal
gene, turning it into a dominant tumor suppressor gene. Thus,
these results suggest that feral rats carry a functional mammary
cancer suppressor alÃelein their genome.

DISCUSSION

Dose-response studies have demonstrated that at least 2
malignant events are required for both DMBA- and MNU-
induced mammary carcinogenesis in the Sprague-Dawley fe
male rat (17). The number of events required for female rats of
other strains to undergo DMBA- or MNU-induced mammary
carcinogenesis is even higher. This conclusion is based upon
the demonstration that, unlike the Sprague-Dawley rat, not all
other inbred strains of female rats are equally susceptible to
mammary cancer development occurring either spontaneously
or induced by exogenous chemical carcinogens (1, 2). The COP
strain of rat is totally resistant to any attempts to induce
mammary cancer development even with a variety of experi
mental treatments with either of the 2 potent mammary carcin
ogens, DMBA or MNU (1). Not all tissues in the COP rat are
inherently resistant to DMBA or MNU. As demonstrated pre
viously, these agents can induce sarcomas and leukemias in
COP animals (1). In addition, as demonstrated in the present
study, COP female rats are not resistant to MNU-induced renal
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and bladder cancer development.
Genetic breeding experiments, initially using COP x NSD

hybrids (1) and then again in the present study using COP x
OM hybrids, demonstrate that the inability to induce mammary
cancers in the COP female rat is due to a single dominant
autosomal gene. Transplantation studies reported in the present
study have demonstrated that the site of action of the gene is
within the mammary epithelial cells themselves and is not due
either to host systemic effects or effects of nonepithelial cells
present within the mammary glands. The expression of this
COP gene does not prevent the earliest morphological steps in
malignant transformation, but instead suppresses the progres
sion of these histological lesions into continuously growing,
macroscopically detectable, mammary cancers. The COP gene
is thus termed a mammary cancer suppressor gene.

Due to its inbred nature, the COP rat contains two homozy-
gous mammary cancer suppressor alÃeles,both of which are
functional. In contrast, highly susceptible inbred strains like
the inbred OM and NSD rats contain either no mammary
cancer suppressor alÃeles(i.e., homozygous deletion) or 2 homo-

zygous mammary cancer suppressor alÃelesthat are mutated
and functionless. Thus, the F, hybrids, produced by cross
breeding high-susceptibility OM or NSD strains with the COP
rat, possess only a single functional mammary cancer suppres
sor gene derived from COP parents (i.e., F, hybrids are heter
ozygous for the functional suppressor alÃele).This may explain
why these heterozygous F, hybrids are not as totally resistant
to DMBA or MNU induction of mammary cancers as the
homozygous COP parental rats (i.e.. in the heterozygous state,
the mammary cancer suppressor gene confers partial resistance,
whereas in the homozygous state, it confers total resistance).

Due to the very low incidence of DMBA- and MNU-induced
mammary cancers in outbred female feral rats (i.e., >0.1 mam
mary cancer/rat), it appears that wild (i.e., feral) female rats
are at least heterozygous, if not homozygous, for the function
ally active mammary cancer suppressor gene. This suggests that
in feral rats a functionally active mammary cancer suppressor
alÃeleis the allelic wild type. In contrast to feral rats, the highly
susceptible inbred OM and NSD strains of rat appear to be
homozygous with regard to an inactivated or lost mammary
cancer suppressor alÃele.These 2 inbred strains were independ
ently derived from the feral rat pool and were never cross-bred
to each other as part of their genetic background (1). This
suggests that the mammary cancer suppressor gene undergoes
a reasonable rate of inactivation in the germ line of rats and
that loss or functional inactivation of this alÃelecan be passed
along through the germ line even in a homozygous state.

Transplantation studies involving mixtures of COP mam
mary epithelial cells and mammary cancer cells have demon
strated that COP mammary epithelial cells are not able to
suppress the in vivo growth of mammary cancer cells via a
paracrine mechanism(s). This suggests that a direct autocrine
type of mechanism is responsible for the suppressive ability of
the mammary cancer suppressor gene. To test this autocrine

mechanism, somatic cell hybrids formed by fusing highly tu-
morigenic DMBA- and MNU-induced mammary adenocarci-
noma cells derived from NSD rats with mammary epithelial
cells from 50-day-old COP female rats are presently being tested
for these tumorigenic abilities in vivo. These results should
allow the question of whether the introduction of a functional
mammary cancer suppressor gene can actively suppress the in
vivo tumorigenicity of established mammary cancers.
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