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ABSTRACT

Susceptibility to mammary cancer in rats is genetically controlled by
both susceptibility and suppressor genes. The Copenhagen (COP) rat
strain is highly resistant to both spontaneous and induced mammary
carcinogenesis. The resistant trait is due to the inheritance of an autoso-
iiial dominant alÃeletermed mammary carcinoma suppressor (mes) gene.
To test whether the activity of mes gene can suppress the transforming
potential of an activated oncogene, we introduced v-H-nw oncogene into
COP mammary epithelial cells in situ using a replication-defective retro-
viral vector, \-l\-ras transfer caused the rapid development of mammary
carcinomas at high multiplicities. Hormonal promotion further increased
the penetrance of the activated ras gene. Compared with the mammary
carcinoma-susceptible VVistar Furth (WF) rat strain, tumor development
in the COP rat followed analogous kinetics. However, COP tumors were
more differentiated and less locally invasive than were \\ I tumors. The
possible role of the mes gene in mammary differentiation is discussed.

INTRODUCTION

Genetic predisposition plays a significant role in the etiology
of human cancer. Over 50 different hereditary cancers have
been identified and substantially increase cancer risk in the
affected individuals (1, 2). In breast cancer, for instance, at least
four patterns of inheritance exist (3). Although in most cases
the underlying molecular mechanisms for hereditary breast
cancer remain unclear, recent studies have identified the germ
line mutations of p53, a tumor suppressor gene, in one group
of patients (4). Inactivation of tumor suppressor genes may also
be implicated in sporadic breast cancer, as suggested by non-
random loss of heterozygosity at several chromosomal locations
(5-7).

Genetic control of susceptibility to mammary tumorigenesis
has also been documented in rodents (8,9). In rats, the incidence
of both spontaneous and induced mammary carcinomas varies
dramatically in different strains (9,10). For example, the female
COP rats are highly resistant to spontaneous, chemically, and
hormonally induced mammary tumors (10-13). The Mendelian
inheritance of a single autosomal dominant alÃelewas found
responsible for the resistant phenotype in COP rats (9, 10).
The function of the alÃele,however, is mammary specific, in
that COP rats are susceptible to tumor induction in other
organs, such as the liver (14). To reflect its unique biological
function in vivo, we have referred to this gene as the mammary
carcinoma suppressor (mes) gene (15).

While the mechanism of action of the mes gene is not fully
defined, it has been established that the gene product is ex
pressed and active within the mammary epithelium (15). Since
tumor suppressor genes are suggested to inhibit tumorigenesis
in a dominant fashion (16-18), here we ask whether the activity
of the mes gene can dominantly suppress the transforming
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potential of the activated ras, a known rat mammary oncogene
(19-21). The activated ras oncogene derived from Harvey mu
rine sarcoma virus was introduced into the COP rat mammary
epithelial cells in situ using our previously described procedures
of retrovirus vector-mediated gene transfer (21).

MATERIALS AND METHODS

Preparation of Recombinant Retroviruses. The details for pJR-ras
construction have been described previously (Fig. 1) (21). Briefly, the
LNL6 retrovirus vector, provided by A. D. Miller (22), was modified
to express the v-H-ras oncogene from Mo-MuLV1 LTR. The neomycin

resistance (necf) gene is driven off an internal SV40 early promoter to
provide a G418 selection marker.

pJR-ras was transfected into $2 cells by the calcium phosphate
precipitation method. The transiently expressed ecotropic viruses were
harvested and used to infect the amphotropic packaging cell line PA317.
G418-resistant colonies were expanded and characterized. One clone,
RIP24, was found to be helper free and capable of producing JR-ras
virus at high titers, ranging from 2 x IO6to 1 x IO7CPU /ml. The virus

stock was further concentrated by spinning at 34,000 x g for 6 h
through a 20% sucrose cushion and resuspending the pellets in '/ioo of
the original volume, leading to a 20- to 50-fold increase in virus titer.
The concentrated virus suspensions could be stored at â€”¿�80"Cfor over

2 mo without significant loss of titer.
Infection of Mammary Epithelial Cells in Situ. Fifty- to 60-day-old

female COP and WF rats (Harlan-Sprague-Dawley, Madison, Wl) were
used for all studies. Starting 2 days before virus infusion, rats received
three daily s.c. injections of an indirectly acting mammary mitogen,
perphenazine (3 mg/kg) (Sigma Chemical Co.) (23). Immediately before
infusion, freshly thawed virus stocks were mixed with 80 Mg/ml of
polybrene and 2 mg/ml of indigo carmine (a vital tracking dye). The
perphenazine-pretreated rats were anesthetized with ether, and the
central duct of each gland was cannulated with a 27 gauge blunt-ended
needle. About 15-^1 virus suspension was infused into the luminal
spaces. This volume was sufficient to fill the mammary gland without
disrupting the mammary ductal structure.

Hormonal Manipulation. Methods to raise the circulating levels of
prolactin and induce glucocorticoid deficiency have been previously
reported (24). In brief, the treatment involves the implantation of a
pituitary gland from a syngeneic donor rat into the spleen of the
recipient rat. An estrone silicone capsule is placed next to the grafted
pituitary to stimulate prolactin release, while the slowly released estrone
itself is destroyed in the liver. Glucocorticoid deficiency is established
by bilateral adrenalectomy. The treated rats were given weekly injec
tions of 2.5 mg/kg of deoxycorticosterone s.c. Saline water was provided
to the treated rats ad libitum.

Molecular Analysis. Primary mammary tumors were frozen in liquid
nitrogen immediately after resection and stored at â€”¿�80Â°C.DNA was

extracted from the tumor tissues following the standard sodium dodecyl
sulfate lysis, phenol-chloroform extraction method, while RNA was
isolated according to the procedures described by Chomczynski and
Sacchi (25). For Southern analysis, DNA samples digested with appro
priate restriction endonucleases (New England Biolab) were separated
on 0.8% agarose gel in Tris-borate buffer. For Northern blotting, about
15 ng of total cellular RNA were electrophoresed through a 1.0%

'The abbreviations used are: Mo-MuLV, Moloney murine leukemia virus;
LTR, long terminal repeat; NMU, /V-nitroso-jY-methylurea; SV40, simian virus
40; CPU, colony-forming unit(s): DMBA, dimethylbenz(a)anthracene.
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JR-ras
Fig. 1. Structure of the retrovirus vectors. <}â€¢+,packaging signals; A' and HI,

Kpnl and AamHI restriction sites; TAG. amber mutation in the initiation codon
of the pp60*"* protein; SD and SA. splicing donor and splicing acceptor; thick
lines, host genomic DNA sequences at the integration site; thin lines. Mo-MuLV
sequences.

formaldehyde-agarose gel. The DNA and RNA in the gels were trans
ferred to GeneScreenPlus nylon membrane (New England Nuclear).
Specific DNA probes were labeled with |a-':P]dCTP to 2 x 10' cpm/

Mgusing the random primer labeling method. Hybridization and strin
gency washing of the filters were carried out according to the supplier's

instructions. The autoradiograms from Northern analysis were ana
lyzed by scanning densitometry on a LKB UltraScan XL to determine
the relative abundances of the mRNA species.

Histopathological Analysis and Transplantation. Mammary carcino
mas were fixed in buffered 4ci formalin, dehydrated in graded alcohol

and xylene, and embedded in paraffin. Sections were cut and stained
with hematoxylin and eosin. Mammary tumors were classified accord
ing to the method of van Zwieten (26).

Primary mammary carcinomas were also assayed for their ability to
grow when transplanted into syngeneic rats. Randomly selected primary
tumors were removed and minced in tissue culture medium, and 1-mm1

pieces were implanted into the interscapular and mammary fat pads of
syngeneic rats. The recipient rats were followed for tumor growth at
the transplant sites.

RESULTS

\-H-ras Induction of COP Mammary Carcinomas. Replica
tion-defective retrovirus vectors were used to introduce the v-
H-ras oncogene into a small fraction of mammary epithelial
cells in situ of the COP rats which were pretreated with per-

phenazine. In the absence of any further treatment, the infected
rats developed palpable mammary tumors 5 wk after virus
infusion (Fig. 2). By Wk 7, on average one mammary tumor
was detected per 5 infected glands. Histopathologically, all the
neoplastic lesions were classified as mammary carcinomas (26).
Infection with a control vector, LNL6, which expresses the neo'

gene only, failed to cause any tumors with perphenazine pre
treatment (Fig. 2). Unlike WF rats which remained in relatively
good health for over 20 wk after infection (21), COP rats with
similar tumor burdens became systemically ill soon after the
appearance of overt mammary carcinomas. The experiment
was thus terminated 12 wk after virus infection when many of
the animals were moribund.

Responsiveness to Hormonal Promotion. Two wk after virus
infusion, a group of the infected rats were surgically manipu
lated to cause hyperprolactinemia and glucocorticoid defi
ciency. This combined treatment has been previously shown to
be an effective means to promoting chemical and radiation-
induced mammary carcinomas (24, 27). Figure 2 shows that
the hormonal promotion caused a significant increase in the
frequency (P = 0.0006) and a concomitant decrease in the
latency (P = 0.01) of tumor development. For instance, 6 wk
after ras transfer, the treated group developed 2.4-fold more
tumors than did the untreated rats. By 10 wk postinfusion, 40%
of the infected rats had died from their tumor burden. At this
time, the remaining rats in this group were necropsied (Fig. 2).

Comparison with WF Rats. Rats from both mammary carci
noma-resistant COP and susceptible WF strains were infused
with JR-ras virus at similar titers and sacrificed 7 wk postin-
fusion to allow precise tumor identification and size measure
ment. The tumor incidences at necropsy were similar in COP
and WF rats (Table 1). The penetrance of v-H-ras was enhanced

by hormonal promotion in both strains. At 7 wk postinfection,
hormonally manipulated COP rats developed 3.4-fold more
tumors than did the untreated animals. A similar trend was
observed in WF rats (Table 1). However, mammary carcinomas
from COP rats were significantly larger than those from WF
rats in both the absence and the presence of hormonal promo
tion (Table 1).

v-H-ras-induced tumors from both COP and WF rats exhib
ited a wide variety of histopathological characteristics. How
ever, a comparison of the tumors obtained at necropsy 7 wk
after infusion revealed that COP tumors were more differen
tiated than those from WF rats. COP tumors were more likely
than WF tumors to show mammary tubule formation and
relatively uniform nuclei (Fig. 3, a to c). In contrast, WF tumors
were generally more anaplastic, cribriform in histopathology,
and pleomorphic in nuclear sizes and shapes (Fig. 3</).

An important criterion for malignancy is the local invasion
of surrounding normal tissues. Clear invasion into the adjacent

0 2 4 6 8 10
WEEKS POST-INFECTION

Fig. 2. Mammary carcinoma induction following v-H-ra.v transfer into COP
mammary epithelial cells in situ. COP rats were pretreated with perphena/ine to
stimulate mammary cell proliferation. For infection, about 15 Â¡itof virus suspen
sion Â»ereinfused into each gland through central duct cannulation. The v-H-ras-
expressing vector JR-ras at 1.8 x 10s CPU/ml was infused into the left 6 glands
of each rat. As a control. LNL6 expressing the neo' gene only was infused into
the right 6 glands of the same rat at 2.0 x 10* CFU/ml. Two wk after infusion,
one group of rats (n = 15) was hormonally promoted with hyperprolactinemia
and glucocorticoid deficiency (see text for details), while another group was left
intact (n = 15). â€¢¿�,JR-ras. without promotion; A. JR-ras. with promotion; O,
LNL6, without promotion; A, LNL6, with promotion.

Table 1 Incidence of v-H-ras-induced mammary carcinomas 7 wk after infection

COP and WF rats were treated the same way as described in the legend to Fig.
2. Seven wk after infusion, rats were sacrificed, and tumor si/es and frequencies
were carefully measured. The size of each tumor is expressed as the product of
the two long axes.

Without hormone
promotionStrain

of
ratsCOP

WFNo.

of
tumors/gland0.40

Â±0.12Â°-*
0.36 + 0.13*Av.

size
(mm2)82.2

Â±I2.2f
33.4 Â±5.1'With

hormone
promotionNo.

of
tumors/gland1.36

Â±0.19''
1.81 Â±0.30rfAv.

size
(mm1)92.1

Â±13.1'
56.5 Â±6.0'

Â°Mean Â±SE.
* Not significantly different (P = 0.73).
' Significantly different (P < 0.001 ).
d Not significantly different (P = 0.30).
'' Significantly different (P = 0.008).
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Fig. 3. Histopathological comparison between COP and WF mammary tumors induced by v-H-ras. a, a COP mammary tumor. Note the mammary differentiation
as indicated by tubule formation, ft, view of a COP tumor showing the monolayer epithelial cells lining the secondary ducts and the uniform nuclei, c, a papillary COP
mammary tumor, d, a cribriform-comedo mammary carcinoma from a WF rat. Note the compact, dysplastic morphology and central necrosis, e, a dysplastic.
infiltrating \VF mammary tumor which has invaded the adjacent skeletal muscle./ lung metastasis of a WF mammary tumor. Bars, 100 ^m.
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skeletal muscle was thus evaluated and compared between the
two strains. Randomly cut histological sections (~3 for each
tumor) were examined for the presence of muscle invasion. A
total of 14 of 163 of the WF carcinomas studied had infiltrated
into the surrounding muscle (Fig. 3e). In contrast, none of the
119 COP mammary carcinomas evaluated exhibited muscle
invasion. In addition, while no mÃ©tastaseswere detected in
COP rats, two incidences of metastatic growth in the lung (Fig.
3/~)and liver were observed in WF rats.

Randomly selected primary mammary carcinomas from both
WF and COP rats were also assessed for their ability to grow
in syngeneic hosts. Table 2 shows that COP and WF tumors
were equally transplantable in terms of the percentage of tumors
taken as well as the frequency of sites with tumor growth over
the 3- to 7-mo observation time. These data confirm that the
v-H-ras-induced mammary outgrowth is indeed mammary tu
mors. It should be noted, however, that transplantability of rat
mammary tumors does not necessarily reflect their degrees of
malignancy, since benign rat mammary tumors are also readily
transplantable (26). Using similar methods, we assessed the
transplantability of WF mammary tumors induced by NMU.
As shown in Table 2, only 25% of these tumors were transplant-

able, representing a very small fraction of the transplantation
sites even after 18 mo of observation.

Molecular Analysis of v-H-ras-induced Mammary Carcino
mas. The JR-ras provirus has two Kpnl restriction sites in the
5' and 3' LTRs (Fig. \B). Digestion of primary tumor DNA
with Kpn\ and Southern analysis with the neo' gene probe

revealed that all the tumors examined have the diagnostic bands
of 4.7 kilobases indicative of the intact provirus sequences (Fig.
4, Lanes 2-7). As illustrated in Fig. \B, BamH\ cuts once at
the 5' end of the SV40 promoter and once outside the vector

in the host genome near the integration site. Therefore, diges
tion of tumor DNA with BamHl should give bands of different
sizes depending on the sites of random virus integration. The
majority of these frank carcinomas tested were apparently
monoclonal in origin, giving one band. Approximately 20% of
them exhibited 2 or more bands which may reflect the merging
of two or more tumors growing together, as suggested by the
serial palpation data (not shown).

Total cellular RNAs were isolated from the primary mam
mary carcinomas and analyzed on Northern gels. Hybridization
with the 12P-labeled v-H-ras coding sequence recognized a 4.7-

kilobase band representing the genomic RNA transcripts from
the viral LTR in all tumors (Fig. 4B). A dense 1.4-kilobase

band was also detected in each tumor tested, indicating the
active expression of the endogenous c-H-ras. The relative abun

dance of the two mRNA species varies between carcinomas. By

Table 2 Tumor growth after transplantation into the fat pads of syngeneic hosts
Freshly resected tumors were minced in cell culture medium, and pieces of

about 1 mm' in size were implanted into the interscapular and the mammary fat

pads. Tumor growth to >3 mm in diameter was scored.

8 9 10111213

Strain of
ratsCOP

(JR-ras infection)"
WF (JR-ras infection)0
WF(NMU induction)''No.

of transplantable
tumors/no, of
tumorstested5/10(50.0)*

4/9 (44.4)
4/16(25.0)No.

of sites with
tumor growth/

no. of
implantationsites18/78(23.1)'

21/81 (25.9)r

4/485 (0.8)
Â°Observation time, 3 to 7 mo; 9 sites/WF tumor: 6 or 9 sites/COP tumor.
ANumbers in parentheses, percentage.
r Not significantly different (P = 0.52).
'Observation time, 18 mo; 30 sites/tumor; tumors induced in 55-day-old

4.4

2.3

2.0

B

28S

18S

1 2345678

v-H-ras

female \VK rats by i.v. injection of 30 mg/kg of NMU.

c-H-ras

ÃŸ-Actin

Fig. 4. A, Southern blotting analysis of the COP tumor DNA. Randomlyselected DNA from 6 mammary carcinomas was digested with either A'pnl or
Bamttl. The blot was probed with the "P-labclcd neo' gene. Left lane, "P-labelcd
X////Â»/IIImolecular marker, fl, expression of v-H-ra.v mRNA in COP mammary
carcinomas. Northern blot was probed with "P-labeled v-H-ras (top) or rf-actin

(bottom).

densitometric analysis, the steady-state c-H-ras mRNA levels
in 40% of the carcinomas tested were either comparable to or
higher than the vector-related v-H-ras mRNA species (Fig. 4B,
Lanes 6 and 7).

DISCUSSION

Tumor suppressor genes inhibit tumorigenesis on the cellular
level in a genetically dominant manner (17,18). This possibility
was first suggested by the loss of tumorigenic phenotype when
malignant cells were fused with normal cells (17, 28). In the
hybrids between normal cells and cells transformed by domi
nant-acting oncogenes, such as ras. a normal phenotype is often
obtained. For example, the c-H-ras oncogene-containing hu
man bladder carcinoma cell line (EJ) lost its tumorigenicity in
vivo after fusion with normal fibroblasts despite the active
expression of mutant p21 (29). Similar results have been re
ported in the hybrids between c-H-ras-transformed Chinese
hamster embryonic fibroblasts and normal fibroblasts (30).
More recently, the dominant roles of tumor suppressor genes
in malignant progression were further demonstrated by the
losses of these genes in many hereditary and sporadic human
tumors (17, 18, 31). Contrary to these previous observations,
we have demonstrated here that the mammary carcinoma sup
pressor (mes) gene in the Copenhagen rat was effectively over
come by v-H-ras oncogene inserted into mammary epithelial
cells in situ. Why the mes gene activity, which is so efficient in
suppressing chemical- and hormone-induced carcinogenesis.
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failed to suppress the v-H-ras oncogene is unclear.
c-H-ras protooncogene is activated through point mutation

in a significant fraction of the mammary carcinomas induced
by DMBA or NMU in many mammary tumor-susceptible rat

strains (19, 32). COP rats, on the other hand, are resistant to
both chemicals (8, 10, 15). The simplest explanation for COP
mammary tumor induction with v-H-ras transferred in situ is
that mes gene activity blocks the activation of endogenous c-H-

ras following exposure to DMBA or NMU, but it is unable to
suppress the transforming activity of the already activated,
exogenous \-H-ras. This explanation, however, is unlikely to
be correct in that the COP rat is resistant to a wide spectrum
of carcinogens including the nongenotoxic agent diethylstilbes-
trol (8, 33). Furthermore, the profile of DMBA activation and
DNA adduct formation from COP rat mammary epithelium
was similar to that from the susceptible WF and Fischer rats
(13). These observations suggest that the mes gene is likely to
function beyond carcinogen activation and mutation of
protooncogenes.

Compared with the normal protooncogene c-H-ras, the chem
ically activated c-H-ras has only one point mutation in either
the 12th (for NMU) or 61st (for DMBA) codon (19). The v-H-
ras oncogene, on the other hand, has mutations in both the
12th and 59th codons. The double mutations in v-H-ras do not
likely account for its unique ability to overcome mes gene
activity, since the H-ras oncogene with mutations in both 12th
and 59th codons was shown to have less transforming activity
on NIH 3T3 cells than H-ras with a single mutation in the 12th
codon (34).

An alternative explanation is gene dosage. The v-H-ras on
cogene in this study was driven by Mo-MuLV LTR. In addition
to the possible overexpression after infection, it also escapes
the physiological regulations that the endogenous c-H-ras is
normally subject to in mammary glands (35). It is possible that,
following exposure to chemical carcinogens, the c-H-ras pro
tooncogene in the COP rat can be activated. However, its
expression or activity and, thus, its transforming potential are
negated in mammary cells expressing the product of mes gene.
In contrast, when an exogenous v-H-ras under the control of
Mo-MuLV LTR was introduced, the overexpression and/or
deregulation of the ras oncogene might bypass the activity of
the mes gene and result in tumorigenesis. In the current exper
iment, the levels of v-H-ras transcription in some of the frank
mammary carcinomas were similar to or even higher than the
endogenous c-H-ras, suggesting that ras overexpression may
not be the major factor here. However, it is not known whether
these expression levels of exogenous and endogenous ras gene
in carcinomas reflect their levels in premalignant cells.

It is surprising to note that the frequency of tumor develop
ment in the COP rat was not different from that in the WF rat
(Table 1), one of the rat strains most susceptible to mammary
carcinogenesis (8, 36). However, the developing WF and COP
tumors differed in several key biological characteristics. The
carcinomas arising in the COP rats grew more rapidly than did
those developing in the WF rats. However, COP carcinomas
were, by morphological criteria, more differentiated and less
locally invasive than were the WF carcinomas. These differ
ences are consistent with a hypothesis that the mes gene has a
mammary cell differentiation function. Thus, while the v-H-ras
vector can cause carcinomas in COP rats, it cannot completely
bypass all the differentiation-inducing potential of the mes gene
product. The linkage between the benign tumors developing in
COP rats and the mes gene will be tested by asking if this

difference is maintained in the mes gene-carrying congenie WF
rats.

In summary, we have shown that the activated ras oncogene
inserted into mammary epithelial cells in situ of COP rats using
retrovirus vectors overcame the activity of the mes gene and
resulted in the development of mammary carcinomas. The
frequency and latency of these carcinomas are similar to those
in the susceptible WF rats. However, the COP tumors generally
exhibit a less malignant phenotype. We are currently investi
gating the underlying mechanism for the partial bypass of the
mes gene by v-H-ras.
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