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ABSTRACT

Modulation of oncogene-induced carcinogenesis by secondary mutation

or genetic background may be an important factor in determining the
expression of the tumor phenotype. We have investigated the role of loss
of function mutations and strain-specific genetic elements in the modula
tion of oncogene-induced breast cancer using a murine model. FVB female
mice transgenic for the rat neu proto-oncogene [mouse mammary tumor
virus (MMTV)-neu] developed mammary tumors between 7 and 12
months of age, whereas FVB x C57B1/6 (Fl) MMTV-neu mice had tumor
latencies greater than 18 months. The expression level of the neu trans-

gene was equivalent in tumor tissue from both FVB and Fl mice. Fur
thermore, increased tumor latency did not appear to be associated with a
decrease in expression of the neu transgene in the normal mammary gland
of Fl mice because immunohistochemical staining for neu expression in
the mammary glands of 3-month-old virgin female mice revealed similar

levels of protein expression in FVB and Fl animals. When Fl animals
were backcrossed one generation onto the FVB strain ([FVB x B6]
Fl x FVB), a subset of the resulting offspring developed tumors with a
latency equivalent to that of the pure-strain FVB mice. Statistical analysis

of the genetic variability in mammary tumor latency indicated that ap
proximately three independent genes were involved in the latency effect.
Interestingly, when tumor growth rates were compared in these same
animals, Fl mice had significantly faster tumor growth rates compared
with FVB mice.

could similarly be affected by genetic background. An excellent
model system to investigate this question is the neu Tg mouse. The
neu proto-oncogene encodes a 185-kDa transmembrane tyrosine ki-

nase receptor that is a member of the epidermal growth factor receptor
family (5). neu has been demonstrated to be overexpressed in approx
imately 25% of human breast cancer patients, and overexpression is
associated with a poor prognosis (6). Several mouse models have been
generated that overexpress the activated neu oncogene (7, 8) or the
unactivated neu proto-oncogene (9) in the mammary gland under the
control of the MMTV 3' LTR promoter. These models demonstrate

that overexpression of either the activated or the unactivated neu
oncogene can result in the development of mammary tumors. Inter
estingly, it has recently been reported that B6 mice Tg for the
activated neu oncogene crossed onto the BALB/c background showed
a significant increase in tumor latency in the first five generations of
backcrosses (10). We have investigated the role of genetic background
on mammary tumors induced by the overexpression of the neu proto
oncogene in the mammary glands of Tg mice. Pure-strain MMTV-neu

Tg animals (fully inbred on the FVB background) develop mammary
tumors in a stochastic fashion beginning at approximately 7 months of
age. In this study, we demonstrated a significant effect of genetic
background on mammary tumor latency and growth rate in these neu
Tg mice.

INTRODUCTION

Advances in the field of molecular biology in the past 10 years have
combined to define cancer as a genetic disease. It is clear that
inherited and somatic mutations in proto-oncogenes and tumor sup

pressor genes predispose individuals to tumor formation. However, it
remains unclear why tumors with a common etiology exhibit consid
erable heterogeneity in their growth characteristics and clinical out
come. The heterogeneity is likely to be, at least in part, a reflection of
the underlying genetic variability in tumor modifier genes. The best
documented example of this phenomenon to date is the mouse model
of familial adenomatous polyposis, the min model. It was demon
strated that when inbred B63 min mice were bred with other inbred

strains of mice, there was a significant decrease in tumor multiplicity
(1). Genetic analysis demonstrated that the genetic variability could be
accounted for by allelic variation in two genes and localized one of the
genes to a locus on chromosome 4, termed MOM (2). A strong
candidate for the MOM! gene located on chromosome 4 is phospho-

lipase A2 (3, 4). B6 mice have been demonstrated to possess a defect
in their phospholipase A2 genes that cosegregates with the MOM1
phenotype.

It is possible that the phenotype of tumors induced by oncogenes
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MATERIALS AND METHODS

Animals. Pure-strain FVB mice containing the unactivated neu proto
oncogene under the control of the MMTV 3' LTR promoter were a generous

gift from Dr. W. Muller (McMaster University. London, Ontario, Canada). For
all experiments, female mice were weaned at 4 weeks of age, screened for the
presence of the neu transgene, housed in groups of 4 or 5 mice per microiso-

lator cage, and fed ad libitum. Male neu Tg mice were crossed with female B6
mice. Resulting female neu transgene-positive Fl mice were housed as above

and palpated on a biweekly basis tor the appearance of tumors. Once tumors
appeared, tumor growth was measured with calipers, and tumor weight was
calculated as follows.

tumor weight =
length x width2

neu transgene-positive males were backcrossed onto wild-type FVB or B6

females, and the resulting transgene-positive females were housed and pal

pated as above.
PCR Screening. PCR amplification of the MMTV 3' LTR promoter was

used to routinely identify neu transgene-positive mice in the colony. PCR was
carried out in a total volume of 50 /Â¿Iin 200-/J.1 PCR tubes with the following

reagents: 5 /il of 10X PCR buffer (Boehringer Mannheim, Indianapolis, IN),
0.02% formamide, 1 mM MgCl2, 0.2 mM dNTPs, 100 nM 5'-CAGGTGCAAG-
CACTATTGACC-3' (bp -773 to -793; Ref. 11), and 100 nM 5'-CTCA-
GAGCTCAGATCAGAACC-3' (bp -231 to -251; Ref. 11) primers, 10.25

units of Taq polymerase (Boehringer Mannheim), I /xl of tail DNA (approx
imately 500 ng), and reagent quality H20. The amplification program consisted
of one cycle of 10 min at 94Â°Cand 40 cycles of 30 s each at 94, 58, and 72Â°C.

The PCR product of each reaction was analyzed by size fractionation through
a 1% agarose gel. Amplification of neu-positive DNA resulted in a 559-bp

fragment.
Immunohistochemistry. Tumors and normal mammary glands were ob

tained from pure-strain FVB and FVB x B6 Fl neu Tg mice. Tissues were

fixed in methacarn (60% methanol, 30% chloroform, 10% glacial acetic acid),
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paraffin embedded, and sectioned for immunohistochemical analysis. Briefly,
endogenous peroxidase activity was decreased by incubating the tissue sec
tions with 0.6% H20, in PBS (pH 7.4) for 30 min at 25Â°C.After washing with

PBS, pH 7.4. sections were incubated in microwaving buffer (Bio-Tek Solu
tions, Santa Barbara. CA) at 95Â°Cfor 5 min. Sections were then incubated in

0.05% saponin (Sigma Chemical Co., St. Louis, MO) in distilled water for 30
min at 25Â°C.After washing with PBS (pH 7.4) 3 times, sections were blocked

with 50% PCS and stained with Ab-3 murine monoclonal antibody, which

recognizes the neu oncogene product (Oncogene Science, Uniondale, NY;
diluted 1:100) for l h at 25Â°C.Following three 5-min washes with PBS, pH

7.4. the sections were incubated with peroxidase-conjugated rabbit antimouse
antibody (Dako Corp., Carpinteria, CA, diluted 1:50) for l h at 25Â°C.Follow

ing three more 5-min washes, the substrate solution, consisting of 0.03%

hydrogen peroxide in PBS and 1 mg/ml diaminobenzoate (Sigma), was added,
and the color was allowed to develop for 5-8 min. The reaction was quenched

by washing the slide in distilled water. The tissue sections were counterstained
lightly with hematoxylin.

Western Blotting. Mammary tumor tissues were rapidly frozen in liquid
nitrogen and stored at â€”80Â°Cuntil use. Tissues were lysed and sonicated

(Branson Ultrasonics Corp.. Danbury, CT) in a solution containing 0.05 M
sodium chloride, 0.02 MTris, pH 7.4. 100 Â¿xg/mlleupeptin. 50 fig/ml aprotinin,
and 1% NP-40 (all reagents were from Sigma). Equivalent amounts of protein
were separated onto 5% SDS-polyacrylamide gels and transferred to nitrocel

lulose membranes (Hybond C+ + . Amersham Pharmacia Biotech. Arlington

Heights. IL). Membranes were stained with Ponceau S and photographed.
Nitrocellulose membranes were blocked in 5% nonfat dry milk in PBS +
0.05% Tween 20 and probed with anti-neu antibody (Ab-3. Oncogene Science,
diluted 1 in 1000) for l h at 25Â°C.Membranes were incubated with secondary

antibody (HRP conjugated rabbit antimouse antibody, Dako Corp., diluted
1:2000) for l h at 25Â°C.The membranes were visualized by ECL (Amersham
Pharmacia Biotech). Membranes were stripped for l h in PBS at 25Â°Cand

reprobed with antiactin antibody (CP-01, Oncogene Research. Cambridge,

MA; diluted 1:1000) as above.
Statistics. Latencies of tumor development were compared by Kaplan-

Meier survival plots. The number of unlinked genetic controlling tumor laten
cies of mammary tumors induced by the overexpression of the neu proto-

oncogene was estimated using the method of Wright (12) as reported by
Dietrich et al. (2). This method assumes that the average of the mean latency
for the Fl and the FVB mice equals the mean latency for the F1B1 mice and
that the distributions are normally distributed with equal variances. Our data

for tumor latency meet these criteria. To compare tumor growth rates of FVB
and Fl mice, the data were logarithmically transformed, and a best fit linear
regression was estimated for each tumor. The slopes of these lines were
compared by Student's / test.

RESULTS

Tumor Latency. To investigate the potential role of genetic mod
ulation in neu proto-oncogene-induced mammary tumorigenesis, rates
of tumor induction were compared between pure-strain FVB mice and

Fl mice. FVB mice developed mammary tumors in a stochastic
fashion, with a latency of 7-14 months of age. By 9 months, 50% of

virgin Tg female mice had developed mammary tumors. In contrast,
tumor latency was significantly increased in virgin female Fl mice
(Fig. 1A; P < 0.0001). FI mice did not develop tumors before 16
months of age and required 28 months to achieved 50% tumor
incidence. This suggests that B6 mice possess one or more alÃelesthat
delay tumorigenesis in a dominantly acting fashion.

To further investigate the role of B6 strain-specific genetic ele
ments in modulating new-induced mammary tumorigenesis, Fl mice

were backcrossed onto both the FVB and B6 strains. Overall, the mice
backcrossed onto the FVB strain (F1B1) developed tumors with a
latency that was intermediate between that of FVB and Fl mice, with
50% of animals developing tumors by 16 months of age (Fig. 1/4). In
contrast, mice backcrossed onto the B6 strain failed to develop any
tumors by 24 months of age (data not shown). Interestingly, approx
imately 25% of the FVB backcrossed female mice developed tumors
by 12 months of age. Thus, following a single backcross onto the FVB
genotype, approximately one-half of the mice developed tumors, with
a latency equivalent to that of pure-strain FVB mice. This suggests
that the Bo-induced delay in neu-induced tumorigenesis could be due

to a small number of dominantly acting genes.
Analysis of distribution of tumor latencies in the 3 groups of

animals (Fig. IB) allowed an estimate of the number of genetic loci
involved in modulating new-induced mammary tumorigenesis. Devel

opment of mammary tumors in FVB and Fl mice was affected only
by environmental (or stochastic) variance as the animals are geneti-

Fig. I. Effect of mouse strain on neu proto-
oncogene-induced mammary tumor latency. Virgin
iemale mice of different genetic backgrounds (pure-
strain FVB (n = 11), Fl (n = 43). and F1B1 x
FVB (n = 102) were screened for the presence of
the neu transgene, and positive females were
housed in groups of 4 or 5 mice in microisolator
cages. Beginning at 7 months of age, the animals
were palpated biweekly, and age of tumor onset
was recorded. The data arc displayed as a cumula
tive tumor incidence (A ) and us a scatter plot (ÃŸ)for
all three groups. Tumor latencies were significantly
increased in Fl and F1B1 mice relative to FVB
mice (FVB < F1B1 < Fl; P < 0.0001). with 50%
of mice developing tumors at 9 (FVB), 16 (F1B11.
and 28 (Fl ) months of age.
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Fig. 2. Effect of genetic background on Â«fw-inducedmammary tumor growth rate. To
compare growth rates of tumors from mice of different genetic backgrounds, individual
tumors were graphed on a semilogarithmic scale, and a linear regression line was plotted.
The slopes of the tumor growth curves for mice of the FVB and Ft conditions were
compared by Student's I test analysis. Rates of tumor growth were significantly different

between FVB and Fl mice. Tumors from Fl mice grew significantly faster than tumors
in FVB mice (P < 0.01 ). as measured by the slope of the growth curves. Columns, mean;
bars, SD.

cally identical, while tumor latencies in the FIB 1 mice were affected
by both genetic and environmental variance as allelic differences are
segregating in these mice. The data suggest that genetic variance
accounts for approximately 88% of the total variance in tumor latency
in the F1B1 mice. Analysis of the genetic variability in latency for

Â«fM-inducedmammary tumors suggests that 2.7 independent loci may
be involved in modulating neu-induced tumorigenesis.

Tumor Growth Rate. Although tumor development was signifi
cantly delayed in Fl mice, it was of interest to note that the B6
genotype also affected tumor growth rate. When tumor growth rates
were compared, after correcting for the effect of tumor latency,
tumors developing in Fl mice grew faster than tumors developing in
pure-strain FVB mice. To directly compare tumor growth rate in these

two groups, the data were logarithmically transformed, and a best fit
linear regression was estimated for each tumor. When the slopes of
these lines were compared, tumors in Fl mice grew significantly
faster than tumors growing in pure-strain FVB mice (P < 0.01;

Fig. 2).
neu Expression Levels. To investigate the possibility that the

altered tumor latencies observed in this study could result from gross
differences in the level or pattern of neu expression, immunohisto-

chemistry was used to compare neu expression in the preneoplastic
mammary glands of virgin female FVB and Fl neu Tg mice at 3
months of age. neu protein was expressed at comparable levels and
distribution in the epithelial elements of mammary glands in both
FVB and Fl mice (Fig. 3). The expression of the neu proto-oncogene

was variable, with some cells expressing strongly, whereas others
expressed the protein weakly or not at all. Interestingly, variations in
the levels of neu expression were greater in cells from a single mouse
than they were between mice of the FVB and Fl strains. Pathological
examination of H&E-stained sections from the preneoplastic mam
mary glands of FVB inbred versus Fl MMTV-/i<>/i mice revealed no

difference in the prevalence of cytologically abnormal cells. There
was mild variability in nuclear size, but nuclear chromatin was uni
form, and nuclear borders were regular. The architecture of the glands
was simple and did not exhibit any complex patterns of atypia (data
not shown).

To investigate the possibility that the increased tumor growth rates
observed in Fl mice were due to altered levels of expression of the
neu oncogene, tumors from both groups were stained for the presence

Fig. 3. neu expression in preneoplastic virgin
mammary glands from FVB and Fl Tg mice.
Mammary glands were isolated from 3-month-old
virgin female FVB and Fl Tg mice. Animals used
in this study were housed together for 4 weeks to
synchronize their estrous cycles. Staining of mam
mary epithelial elements was observed in both
FVB and Fl mice. Staining was variable within a
single gland for both strains of mice, and greater
variations in staining intensity were observed be
tween epithelial elements within a single gland
than were observed between the two strains of
mice. These data suggest that the differences in
tumor latency between FVB and Fl mice are not
solely due to altered activity of the MMTV pro
moter.
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Fig. 4. neu proto-oncogene expression in neu-induced mammary tumors. Tumors from FVB and Fl mice expressed similar levels of neu protein as demonstrated by
immunohislochcmistry (A) and Western blotting (ÃŸ).For Western blotting, membranes were first probed with anti-neu antibody and then stripped and reprobed with antiactin antibody.

of neu. Tumors derived from both FVB and Fl mice stained intensely
for the neu protein (Fig. 4A). To further quantitate the level of neu
expression in these tumors. Western blots were performed using
anti-neu antibodies. Once again the levels of neu expression appeared

to be similar between tumors derived from FVB and Fl mice (Fig.
4ÃŸ).Quantitative densitometry demonstrated that the ratio of neu
protein expression divided by actin expression in tumors from FVB
and FI mice differed by less than 5% (data not shown).

DISCUSSION

We have demonstrated that induction of mammary tumors by
overexpression of the neu proto-oncogene was significantly affected

by genetic elements of B6 mice in a dominantly acting fashion. This
suggests that B6 mice may contain tumor suppressor genes that affect
mammary tumorigenesis induced by the neu proto-oncogene. We
have recently reported that neu-induced mammary tumors developing

in FVB X B6 mice undergo loss of heterozygosity at chromosomes 3
and 4 with high frequency (13). Furthermore, there is preference for
the loss of the B6 alÃelein 78% of the LOH cases studied.4 Together,

these data suggest that the B6 mice contain one or several tumor
suppressor genes that regulate mammary tumor induction by overex
pression of the neu proto-oncogene.

An alternate explanation for the increased tumor latencies observed
in Fl mice is that these mice produce lower levels of neu transgene
compared with FVB mice. If the MMTV 3' LTR was less efficient at

inducing gene expression in B6 mice, then Fl mice should express
lower levels of the neu protein in their mammary glands and could be
at lower risk for developing mammary tumors. In support of this
hypothesis, it has recently been reported that ras expression in
MMTV-ras Tg mice correlates with MMTV 3' LTR promotor meth-

J Unpublished observation.

ylation status and that the long tumor latencies observed in these mice
are associated with an age-dependent demethylation of this promoter
(14). Additional studies have demonstrated that mice have strain-

specific modifiers of methylation and that B6 mice are more efficient
at methylating Tg DNA than are SJL or DBA/2 strains of mice (15).
However, studies in Tg mice using the MMTV 3' LTR have not

previously addressed the issue of level of transgene expression in
different strains of mice. The present study demonstrated that levels of
neu protein appeared to be similar in mammary glands of virgin
female FVB and Fl mice, suggesting that modulation of MMTV
promoter activity may not be responsible for the increased tumor
latencies observed in this study. This conclusion is further supported
by the finding that mammary tumors induced in Tg mice by the
MMTV-mvc and MMTV-ras transgenes are not affected by the pres

ence of the B6 genome (16). In that study, the authors reported that
tumor latency in these Tg mice did not significantly differ if the
transgene was expressed on a pure-strain FVB or an FVB X B6 X

BALB/c outbred background. Thus, although we cannot definitively
rule out a role for strain-specific differences in MMTV promotor
methylation, it would appear that the observed strain-dependent mod
ulation of mammary tumor latency in MMTV-neu mice is likely to be

influenced by discreet genetic susceptibility elements rather than
modulation of transgene expression alone.

The finding that mammary tumor growth rates are increased in Fl
mice compared with pure-strain FVB mice is of interest. Because

tumors from Fl and FVB mice express similar levels of the neu
protein, changes in the level of neu expression do not appear to
underlie this phenomenon. One possible explanation of this finding is
that Fl mice are considerably older that pure-strain FVB mice when
their mammary tumors arise, and age-related loss of suppressive

influences from the surrounding normal tissues could occur in Fl
mice. Alternately, it is possible that genetic changes required to
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induce mammary tumors in Fl mice result in the development of a
more aggressive tumor phenotype.

In support of this hypothesis, we have demonstrated that Fl mice
preferentially lose the B6 alÃeleof chromosomes 3 and 4 (13). Be
cause mouse chromosome 4 has been reported to contain a number of
putative tumor suppressor genes, it is possible that loss of these genes
results in a more aggressive tumor.

In summary, we have demonstrated B6 mice have genetic elements
that suppress the ability of neu proto-oncogene overexpression to

induce mammary tumors in neu Tg mice. It is likely that FVB mice
possess mutant or defective copies of these genes, thus allowing
neu-induced tumor development to occur at a more rapid rate. The

identification of these tumor suppressor genes could be of great
importance because the neu gene is overexpressed in approximately
25% of human breast cancers. We are currently localizing these
genetic elements through deletion mapping and linkage analysis.
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