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ABSTRACT

Varying results have been reported on the role of neu oncogene in
mammary carcinogenesis. In order to further address this issue, the
activated neu oncogene was introduced into mammary epithelial cells in
situ of both mammary carcinoma-susceptible Wistar Furth and resistant
Copenhagen rats by infusing replication-defective recombinant retrovi-

ruses carrying the neu oncogene into the mammary gland lumen. At the
highest virus titer tested, very high numbers of mammary carcinomas
developed within 2 weeks in all exposed glands in both rat strains. When
the virus titer was reduced, however, individual tumors occurred with
varying latencies. In addition, not all of the neu-infected mammary cells
progressed to form mammary carcinomas. These results suggest that
while neu is a potent mammary transforming gene, either other events in
addition to neu expression may be required for full malignant transfor
mation or not all mammary ductal epithelial cells are able to be neoplast-
ically transformed.

INTRODUCTION

The activated neu oncogene was first identified in neuro-

glioblastomas induced by perinatal exposure of BD IX rats to
an alkylating agent, ethylnitrosourea (1). It encodes a M,
185,000 protein similar to, but distinct from, epidermal growth
factor receptor (2). The human homologue of neu, variously
termed HER2 or c-erbB-2 (3-5), is frequently found to be
amplified in a significant fraction of primary human breast
cancers. More importantly, this amplification has been associ
ated with lymph node metastasis and a poor prognosis (6-10).

The extent of involvement of this gene in mammary carcino
genesis is, however, unclear.

The role of the neu oncogene is mammary carcinogenesis has
been evaluated using transgenic mice, with inconsistent results.
Muller et al. (11) directed the expression of the activated rat
neu oncogene into the mammary gland by linking it to mouse
mammary tumor virus LTR.3 One of their four transgenic lines

developed mammary carcinomas in a synchronous manner,
affecting the entire mammary epithelium of all mice at an early
age. They concluded that the expression of neu oncogenes was
sufficient to induce mammary carcinomas by a single step
mechanism (11). Using a similar MMTV/neu construct, Bou
chard et al. (12) established four different lines of transgenic
mice. In contrast to the results of Muller et al., only a limited
number of mammary carcinomas developed following long
latencies, despite the expression of the activated neu oncogene
in the morphologically normal mammary tissues. They con
cluded that the neu oncogene was not sufficient for mammary
carcinogenesis and that additional genetic events were required
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for neoplastic transformation (12). The positional effects of
transgene integration and different mouse strains used in the
two studies are among the suggested explanations for these
conflicting reports (12).

We have previously established a gene transfer system to
specifically introduce genes into somatic rat mammary epithe
lial cells in vivo using replication-defective retrovirus vectors
(13). Since retrovirus integration events are largely random,
each infected cell has a unique integration site, allowing the
assessment of numerous integration sites when many cells are
infected in situ. This contrasts with the transgenic model where
an identical and limited number of integration sites exist in all
the mice in each line.

Here, we introduced the activated rat neu oncogene under
the control of Moloney murine leukemia virus LTR into sex
ually mature rats to further address the question of the potential
role of neu in mammary carcinogenesis. Both mammary carci
noma-susceptible WF rats and resistant Cop rats were included
in the study, to evaluate whether differential susceptibility to
mammary carcinogenesis plays a role in determining the out
come of the transforming activity of neu oncogene.

MATERIALS AND METHODS

Recombinant Retrovirus Construction. The details for the construc
tion of the parental vector pJR, a derivative of pLNL6 (14), have been
described previously (13). pJR-neu was constructed by inserting a
HindMl to Still fragment containing the entire neu complementary
DNA from pSV2neuNT (15) into the Â«Â«/Â«HIsite of pJR (Fig. 1).

The plasmiti DNA was transfected onto ^CRE, an ecotropic pack
aging cell line (16). The transiently expressed virus particles were
harvested and used to infect viORIP, an amphotropic packaging cell
line (16). ( 141K-resistan t colonies were cloned and expanded. Each
clone was routinely tested for vector integrity, virus titer (13), and
helper virus production (17). Medium containing high titer helper-free
viruses was spun through a 20% sucrose cushion. The pellets were
resuspended in 1/100 of the original volume, resulting in a 20-50-fold
enrichment of virus titer.

Virus Infusion into Rat Mammary Glands. Female WF and Cop rats,
55 to 60 days old on the day of virus infusion, were obtained from
Harlan-Sprague-Dawley, Madison, WI. In order to stimulate the mam
mary cell proliferation to maximize stable retrovirus infection, rats
were pretreated with daily doses of perphenazine, an indirect acting
mammary mitogen (18). Immediately before infusion, 80 n%/m\ Poly-
brene and 2 mg/ml indigo carmine (a vital tracking dye) were added to
the freshly thawed virus stock. Rats were anesthetized with ether and
the central duct of each gland was cannulated with a 27-gauge blunt-
ended needle. About 15 n\ of virus suspension were infused into the
luminal spaces of each gland.

HistolÃ³gica!Evaluation and Transplantation. Whole mammary glands
(up to 3 weeks postinfection) or individual tumors (3 weeks or later
postinfection) were surgically resected from rats and fixed in buffered
4% formalin. After being embedded in paraffin, sections were cut and
stained with hematoxylin and eosin. Histopathological analysis of the
tumors was carried out according to the method of classification of van
Zwieten(19).

Primary mammary carcinomas were also tested for growth upon
transplantation. Freshly resected tumors were minced in cell culture
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Fig. 1. Schematic representation of JR-neu recombinant retrovirus. Thin line,
the Moloney murine leukemia virus-derived sequences; thick line, the host ge-
nomic DNA sequences; ATand HI, Kpn\ and Â«Â«Â»/IIIrestriction sites. ^+, packaging

signal of the Moloney murine leukemia virus; SD, splice donor; SA. splice
acceptor.

medium to 1 mm ' pieces and implanted into the fat pads of syngeneic

rats. The recipients were followed for tumor growth at the transplant
sites.

Nucleic Acid Analysis. Mammary carcinomas were rapidly frozen in
liquid nitrogen after being resected. They were stored at -80Â°C and

then ground into fine powder which was divided into two tubes con
taining either sodium dodecyl sulfate-proteinase K for DNA extraction
or guanidinium thiocyanate for RNA isolation. DNAs were digested
with specified restriction enzymes and run on 0.8% agarose gels in Tris-
borate buffer and transferred to GeneScreenPlus nylon membrane (Du
Pont-New England Nuclear). The aminoglycoside phosphotransferase
gene, neo', isolated from pBAG was labeled with [Â«-32P]dCTPto 2 x
10' cpm/|ig. Prehybridization, hybridization, and stringent washing
were performed following the manufacturer's specifications. For North

ern blotting analysis, 15 Mg total cellular RNA were loaded on 1%
agarose-formaldehyde gel, transferred to the nylon membrane, and
probed with the 32P-labeled neu oncogene.

RESULTS

Induction of Mammary Carcinomas with neu. Helper-free,
replication-defective recombinant retroviruses carrying the neu
oncogene (Fig. 1) with amphotropic host range were infused
into the luminal spaces of rat mammary glands. Distinct mor
phological changes were observed shortly after the neu onco
gene transfer in both mammary carcinoma-susceptible WF and
-resistant Cop rats (Fig. 2). Infection with 1 x IO7 CFU/ml

resulted in the development of early neoplastic changes within
6 days (Fig. 2A). By 14 days, up to 60 microcarcinomas were
found on a single cross-section (about 2-4 cm2) of a mammary

gland (Fig. 2, B and C). By three weeks, there was a further
increase in the size and number of the tumors, resulting in the
merging of adjacent carcinomas (Fig. 2, E and F). In some of
the cross-sections, the extensive development of mammary
carcinomas filled the entire gland, obscuring the morphologi
cally normal mammary tissue. The predominant morphology
of the early tumors resected 2 to 7 weeks postinfection were
cribriform-comedocarcinomas (Fig. 2) (19), resembling the co
medo-type ductal carcinomas in situ frequently found in early

stage human breast cancer (20).
Palpation of the rat mammary glands revealed tumor growth

approximately 3 weeks after infusion when a general thickening
of the mammary glands was detected. By 4.5 weeks, all the rats
in both WF and Cop strains contained palpable tumors (Fig.
3). Tumor latencies measured by T50 were 2.7 weeks for Cop
and 3.2 weeks for WF rats.

Titer-Tumor Response Relationship. A series of 1:10 dilutions
was made from a concentrated virus stock (2 x IO6 CFU/ml).

Due to the inability to reproducibly quantify two or more
individual carcinomas arising in the same gland, we report the
average number of glands per rat developing at least one tumor.
Fig. 4 illustrates that in WF rats, the almost synchronous

manner of tumor induction at high titers was replaced by the
more asynchronous appearance of tumors when the virus titers
were 2 x 10s CFU/ml or lower (Fig. 4). For example, at 2 X
IO5 CFU/ml, the earliest palpable tumors arose 4 weeks after

infection. However, new tumors were still detected by the 12th
week. The average tumor latency as indicated by T50 increased
from 3.2 weeks at 1 x IO7 CFU/ml to about 6.3 weeks at 2 x
IO5 CFU/ml. Further reduction in virus titer led to a further

decrease in the tumor incidence. A similar relationship between
virus titers and transforming frequencies was also seen in the
Cop rats (Table 1).

Molecular Characterization of the /Â»Â¿//-inducedMammary Car
cinomas. Southern analyses of primary tumor DNA digested
with Kpnl, which cuts once each in the 5' and 3' LTRs, detected
a 8.2-kilobase band in all tumors tested, indicating the existence
of the unrearranged provirus sequences (Fig. 5). For the deter
mination of tumor clonality, tumor DNA was digested with
BamHl. As is illustrated in Fig. 1, due to the random nature of
retrovirus integration, a unique band is detected with the neo'

gene probe if a resected tumor is monoclonal in origin. Con
sistent with the palpation record and histolÃ³gica! observations,
tumors induced with high titer JR-neu viruses exhibited multi
ple and diffuse banding patterns (Fig. 5A). In contrast, when
low titer viruses were used (2 x 10s CFU/ml or lower), the

arising tumors were all monoclonal in origin (Fig. 5B). Similar
results were also found in carcinomas developing in Cop rats
(data not shown).

In order to determine the expression of neu oncogene and its
correlation with the tumor phenotype, total cellular RNA was
isolated from primary mammary carcinomas and analyzed by
Northern blotting analysis. Hybridization with the activated
neu oncogene revealed the active expression of the vector-
related neu mRNA species in all the tumors examined from
both rat strains (Fig. 6). Northern blotting analysis of a chem
ically induced mammary tumor with this probe did not show
this vector-related neu band (data not shown).

Transplantability and in Vivo Progression. Freshly resected
rat mammary carcinomas induced by neu oncogene were trans
planted into the fat pads of syngeneic rats and tumor growth
was monitored by palpation. The majority of the tumors from
both strains were readily Iran spiani alile both in terms of number
of tumors taken and fraction of growing sites (Table 2).

Histopathological examination showed evidence of tumor
progression in vivo. While the majority of the early mammary
carcinomas were cribriform-comedo-type carcinomas in situ
(19), tumors resected after 16 weeks were more aggressive,
frequently exhibiting morphological characteristics resembling
infiltrating ductal carcinomas in humans (Fig. 2D, G, and //).
There were no obvious morphological differences at this latter
observation time between tumors developing in WF and Cop
rats.

DISCUSSION

In this report, the activated neu oncogene was transfected
into rat mammary epithelial cells in situ using replication-
defective retrovirus vectors. Infection at the highest titer used
(1 x IO7 CFU/ml, 15 ^I/gland) resulted in the development of

up to 60 individual mammary carcinomas in a single 5 /Â¿m-
thick histological cross-section (2-4 cm2) of a mammary gland

within 2 weeks of infection. By 3 weeks postinfection, whole
mammary gland fat pads were completely filled by carcinomas.
All the tumors tested actively expressed the vector-related neu
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Fig. 2. Histopathological examination of the neu-induced mammary carcinomas. (.â€¢<)Microcarcinoma in a WF rat 6 days after infection. Note the normal mammary
ducts below the microcarcinoma. The clear space is the fat tissue. (B) Mammary carcinomas with cribriform-comedo-type morphology resected from a WF mammary
gland 14 days after infection. Note the central necrosis in the tumor on the right. (C) A similar cluster of mammary carcinomas from a Cop rat mammary gland 14
days after infection. Central necrosis is also apparent in these tumors. (D) Muscle invasion by a WF carcinomas 16 weeks after infection. (Â£)WF mammary
carcinomas 3 weeks after infection. Note the extensive necrosis on the right and left, characteristic of cribriform-comedo morphology. Similar carcinomas were
frequently found in Cop rats (F). (G) Portions of a WF mammary carcinoma 16 weeks after infection. Note the strands of mammary ducts penetrating into the
stromal tissue, resembling the aggressive, infiltrating ductal carcinoma in human breast cancer. Similar morphology also exists in Cop mammary carcinomas (//).
Bars, 50 tim.

mRNA species. Infection with a control vector, LNL6 (14),
which expressed neo'-gene only, at 1.5 x IO8 CFU/ml did not
cause any mammary carcinomas in a 6-month study ( 13). Thus,
our observations in rats infected with high titers are consistent
with those of Muller et al. (11) in transgenic mice, which led
them to suggest that neu can induce mammary carcinomas by
a single step mechanism.

At this high titer, it was impossible to quantify the frequency
of individual tumors in that the entire gland was full of tumors
in a short period of time. Lowering the titer reduced the tumor
yield and allowed the tumor frequency to be quantified. The
use of low titer infection should allow us to reexamine the
hypothesis that neu transformed mammary cells via a single
step mechanism. This hypothesis predicts that every infected

"target" mammary cell should progress to form a tumor.
Infection with JR-neu recombinant retroviruses at 2 x 10s

CFU/ml or lower resulted in the development of tumors at the
frequencies that permitted quantitation. Unfortunately, the low
infection efficiency at these titers does not allow direct quanti
tation of the number of new-expressing cells. This frequency
can, however, be approximated. We have previously estimated
that infection with JR-gal retrovirus vector carrying /3-galacto-
sidase reporter gene (ÃŸ-gal)at 5 x l O7CFU/ml led to the stable

infection of 0.3% of the exposed mammary epithelial cells (13).
Thus, if we assume that a rat has approximately 1 x IO8
mammary epithelial cells, about 3 x 10s are estimated to be
actively expressing the 0-galactosidase reporter gene product.
Since the JR-neu and JR-gal were identical except for the
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Fig. 3. Kinetics of tumor induction following neu oncogene transfer. WF (A)
and Cop (D) rats were pretreated with perphenazine, and 15 pi of 1 x IO7CFU/
ml JT-neu retrovirus suspension were infused into each gland (see text for details).
Tumor development was monitored by palpation.
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Fig. 4. Titer-response relationship in WF rats. A series of 1:10 dilutions from
a virus stock (2 x 10' (limi) was made and infused into luminal spaces of

mammary glands as described in the text. Tumor incidence, measured as the
number of glands per rat developing at least one tumor, is plotted against time
postinfection. Â».2 x 10' CFU/ml: O, 2 x IO4CFU/ml; D, 2 x IO3CFU/ml; A,
2x IO2CFU/ml.

Table I Indices and latencies of tumor induction following retrovirus vector-
mediated transfer of neu oncogene into Cop and WF rat mammary

epithelial cells in situ

Virus titers
(CFU/ml)a1

x IO7
2x IO6
2x 10*
2x IO4
2x IO3
2x IO2%

of glands with carcino
mas at Week 7 postinfec-

tionWF100

(10)c

60.0 (5)
15.8(10)
2.2 (20)
0.7 (20)
0.0 (3)Cop100

(6)
25.0 (5)

3.1 (8)
1.0(8)
0.0(15)Latency

[T25*

<wk)]WF2.9

3.1
3.8
8.3NA

NACop2.3

4.1
6.0
8.0NA

" Volume of infusion, 15 Â«il/gland.
* T25, time to when 25% of the infected rats developed mammary carcinomas;

NA, not applicable; i.e., less than 25% of the rats developed mammary carcinomas
during the experiment.

c Numbers in parentheses, number of rats/group.
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inserted genes, we extrapolated these estimates to JR-neu in
fection. For example, at 2 x IO5 CFU/ml, we estimated that

about 1000 mammary cells were infected and expressed the neu
oncogene in each rat. Since 3.5 tumors were induced at this
titer, approximately 1 in 280 neu-infected luminal mammary
epithelial cells eventually progressed to form a carcinoma,
arguing against the one step transformation of mammary cells
by neu oncogene. It is, however, possible that only a fraction of
the infected cells are potential targets for neoplastic transfor
mation. Hence, these results do not rule out the possibility that
each infected "target" cell will be transformed. Experiments are

planned which may help address this possibility by using a
quantitative stem cell transplantation assay (21) to better esti
mate the ratio of infected mammary stem-like cells to the yield
of carcinomas.

The kinetics of tumor development at lower titers is also
inconsistent with the one step mechanism. Infection with neu
virus at 2 x IO5 CFU/ml or lower caused tumor development
in an asynchronous fashion over a several-month period (Fig.
4). Such kinetics is often characteristic of a multistage process
of carcinogenesis.

The induction of mammary carcinomas in Cop rats by the
activated neu gene is only the second example of tumor induc
tion in this rat strain. In an earlier study, we demonstrated that
retroviral inserted v-Ha-ras also induced carcinomas in Cop
mammary glands (22). In contrast, the Cop rat is resistant to
spontaneous, chemical, or hormonally induced mammary car
cinomas (23, 24). This resistance is due to the inheritance of
the dominant mammary carcinoma suppressor (MCS) gene
which is expressed and active within the mammary parenchyma
(25).

In contrast to the eight MMTV/neu transgenic lines estab
lished in which seven lines either did not develop mammary
carcinomas at all or did so at very low frequencies. Rats with
neu virus-infected mammary glands uniformly developed high
incidences of mammary carcinomas when the virus titers in
fused were 2 x 10s CFU/ml or above. The simplest explanation

is species difference; i.e., rats may be inherently more suscep
tible to neu transformation than mice. This possibility is sup
ported by the fact that rats in general are more susceptible to
chemically induced mammary carcinomas (23). However, the
data from the resistant Cop rats argue against this possible
explanation.

In our previous report (13), we described mammary tumor
induction with a \-Ha-ras oncogene-expressing vector, JR-ras,
which is identical to JR-neu except for the inserted gene. The
ras and neu virus-infected rats, however, exhibited quite differ
ent kinetics of tumor development. For example, infection of
WF rats with JR-neu virus at 1 x IO7 CFU/ml resulted in the

development of up to 60 mammary carcinomas per infected
gland within 2 weeks. Tumor latency, T50, by palpation record
was 3.2 weeks. In contrast, infection of WF mammary epithelial
cells in situ with 1 x IO7CFU/ml JR-ras led to a longer tumor

latency of 9.5 weeks. Only 0.12 mammary carcinoma was
detected per ras-infected gland 10 weeks after infection, sug
gesting that the neu oncogene is more than 2 orders of magni
tude more potent than the ras oncogene in terms of the multi
plicity of tumors induced. These observations also provide an
indirect and strong support for the hypothesis that transfor
mation of mammary cells by ras oncogene requires additional
genetic events.

Unlike ras-induced rat mammary carcinomas which exhibited
a wide spectrum of histopathological characteristics, reminis-
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Fig. 5. Southern blots analyses of JR-neu-
induced WF tumors showing provirus integrity
and tumor clonality. Tumor masses which ap
peared to be individual carcinomas were re
sected from rats 3 weeks after infection. DNA
isolated from these carcinomas was digested
with either Kpnl or BamHl restriction en
zymes. Southern blot filter was hybridized with
the 32P-labeled netf gene. (A) Infection with
high titer JR-neu (1 x 10' CFU/ml). Lanes 1-

6, DNA from six mammary carcinomas di
gested with Kpn\\ Lanes 7-12, same DNA
digested with Ham\\\. (B) Infection with low
titer JR-neu (I x 10' CFU/ml). Lanes 1-5,
DNA from five mammary carcinomas digested
with Kpnl; Lanes 6-10, same DNA digested
with ltum\\\.
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123456 7 8 9 1011
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Beta-actin â€¢¿�â€¢¿�â€”

Fig. 6. Northern blot analyses showing the
expression of neu oncogene in the primary
mammary carcinomas induced by JR-neu re-
combinant retroviruses at 2 x 10' CFU/ml.

Fifteen jig total cellular RNA were loaded into
each lane. The probes used were 3IP-labeled
neu gene and 3IP-labeled actin gene. Lanes 1-
6, WF mammary carcinomas; Â¿ones7-11, Cop
mammary carcinomas.

Table 2 Tumor growth after transplantation into the fat pads ofsyngeneic hosts
Pieces (<1 mm3) of freshly resected tumors were implanted into the fat pads

of syngeneic rats. Each tumor was implanted into 6 to 15 sites, 3 sites/recipient
rat.

Strain of
ratWF

CopNo.

of trans-
plantable tu
mors/no, of

tumorstested8/10
(80.0)Â°

2/3 (66.7)No.

of sites
with tumor

growth/no, of
transplantation

sites31/84(36.9)

19/39(48.7)
Â°Numbers in parentheses, percent.

cent of those induced by chemical carcinogens (13), the majority
of the new-induced mammary carcinomas were uniform in
morphology and classified as cribriform-comedocarcinomas ac

cording to the method of van Zwieten (19). This observation
has clinical significance. Recently, several groups have reported
that overexpression of gpl85"eu preferentially occurred in early

human ductal carcinoma in situ with comedo-type morphology,
analogous to the cribriform-comedocarcinomas observed in our
study (20, 26-28). Furthermore, the comedo-type ductal carci

nomas in situ have a significantly increased rate of local recur
rence and more microinvasion as compared with other histo-
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logical types (29, 30). In our model, the progression from
carcinomas /'// situ to infiltrating carcinomas was also clearly

observed. It is important to point out that our model overex-
pressed the activated form of neu in contrast to the overexpres-
sion of wild-type neu in human tumors. We are currently
extending our studies to the nonactivated gene.

In summary, we have demonstrated that neu oncogene trans
fer into luminal mammary epithelial cells of adult rats induced
mammary' carcinomas at high frequencies and with short laten

cies. The activity of the MCS gene, capable of suppressing
different carcinogenic insults in Cop rats, was effectively over
come by the neu oncogene.
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