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ABSTRACT

Mammary tumorigenesis was surveyed in retired breeding females in
four sublines of the OH strain: in standard milk-transmitted early
oncogenicmouse mammarytumor virus (MM1'V)-infectedC3H/He and
C3H/Ki mice and in standard milk-transmitted early oncogenicMMTV
free C3Hf/He and C3Hf/Ki mice. All of 58 C3HIKi miceand 98% (306
of 309) of the C3H/He mice developed palpable mammary tumors at
average ages of 276 and 284 days, respectively. Thirty-one % (47 of 152)
of the C3Hf/Ki mice and 77% (168 of 218) of the C3Hf/He mice
developed palpable mammary tumors at average ages of 798 and 757
days, respectively.

The mammary tumors removedfrom C3H/He and C3H/Ki mice were
all adenocarcinomasof epithelial origin, and all contained MMTV. The
mammarytumors removedfrom C3HffHe and C3HfIKimicewereeither
adenocarcinomasor sarcomas. The carcinomas were of epithelial origin
and all expressed the late oncogenicendogenousMMTV. The sarcomas
wereof histiocyteor fibrocyteoriginand containedneither virus particles
nor MMTV antigemc markers. It is concludedthat exogenousstandard
milk-transmitted oncogenic MMTV oncogenesis in C3H mice is not
modifiedby host genetic factors. In contrast, late oncogenicendogenous
MMTV oncogenesis is influenced both by host genetic control of the
expression of the late oncogenic MM1'V provirus and by the location of
the proviral genes in the germline DNA.

INTRODUCTION

The development of mammary tumors in inbred mice has
been shown to be influenced by many factors, some of which
may be points of relevance to human breast cancer etiology.
Genetic factors, nutritonal factors, hormonal factors, chemical
carcinogenic factors, and immunological status are known or
strongly indicated influential factors in both human and murine
mammary tumor development. Most mammary carcinomas in
C3H mice probably develop from hyperplastic alveolar nodules,
preneoplastic lesions with a possible parallel in human breast
cancer (1, 2). The viral factor, important in mammary carci
nogenesis in infected mice, is currently not thought to be of
etiological significance in human breast cancer. Thus, in spite
of a recent study which identified sequences in human DNA
with partial homology with mouse mammary tumor virus genes
(3), when mouse mammary tumors are considered as models
for the study of human tumor biology and clinical management,
the frequent viral etiology of mouse mammary tumors is a
dissimilarity which is a matter of concern.

In the C3H strain, 2 biologically and genetically distinct
mammary tumor viruses have been recognized: the exogenous,
milk-transmitted MMTV-S3 (S for standard virus) causing a
high and early incidence of mammary tumors; and the endog
enous, provirus gene-transmitted MMTV-L (L for late tumors)
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causing a moderately high incidence of tumors that appear late
in the life of the mice (4, 5). The late oncogenic activity of
MMTV-L was discovered in C3Hf/He mice, established as a
syngeneic subline of C3H/He by foster-nursing to remove the
milk-transmitted MMTV-S. The moderately high but late in
cidence of mammary tumors then became apparent in mice
with a very long normal life span in the disease-free conditions
of a pathogen-free barrier mouse colony (4).

The present investigation had three purposes: (a) to compare
the incidences and the mean times of appearance of the first
spontaneous mammary tumors in Heston and Kirschbaum lines
of C3H mice (which have different complements of MMTV
proviral gene units in their DNA); (b) to determine whether the
MMTV is expressed in all mammary tumors, regardless of age
at tumor development; and (c) to relate the preceding 2 objec
tives to morphological tumor classification and to determine
tumor origin by keratin (epithelial) or vimentin (histiocyte or
fibrocyte) content.

The C3H/He and C3H/Ki sublines differ in the number and
in the location of their germline MMTV proviral genes. C3H/
He germline DNA has 3 copies of MTV-DNA, whereas C3H/
Bi (6) and CeH/Ki (7) germline DNA have 4 copies. Both
sublines have proviral gene units I and II. C3H/He has also, in
a separate gene region, unit V; C3H/Ki has units III and IV.
Unit V has been identified by Michalides et a!. as being syn
onymous with the Mtv-1 gene which has been mapped to mouse
chromosome 7. Mtv-1 is a dominant proviral gene which is
responsible for the relatively high incidence of late-developing,
MMTV-positive mammary tumors in C3Hf/He (8) and DBAf
(9, 10) mice.

MATERIALS AND METhODS

Mice. The tumor donors were pedigreed, breeding female mice of 4
sublines of the C3H strain: C3H/He (Heston); C3Hf/He; C3H/Ki
(Kirschbaum); and C3Hf/Ki. The C3H/He and C3H/He mice had
come from R. S. Sedlacek (Massachusetts General Hospital, Boston,
MA) in 1974 (originally from C3Hf/CRGL to Pilgrim in 1964, to
Sedlacek in 1967). The C3Hf/Ki had come from Dr. J. J. Trentin
(Baylor College of Medicine, Houston, TX) in 1975 (originally from
Bittner to Liebelt/Kirschbaum in 1956, from Liebelt to Trentin in
1961). By the process of subline divergence(11) C3H/He and C3H/Ki
had during long separation from the common origin (Fig. 1)developed
significant genetic differences. To ensure genetic similarity between
C3H/He and C3Hf/He sublines and between the C3H/Ki and C3Hf/
Ki sublines, the C3H/He and C3H/Ki sublines were rederived from
C3Hf/He and from C3Hf/Ki mice, respectively, by foster-nursing on
C3H/He mice. This was done in 1975, and again in 1979. C3H/Smith
mice were derived from C3H/Strong Wilson mice in 1965.

Tumors. All tumor donors had been force-bred from the age of 8
weeks and were removed from breeding no later than 7 months of age.
The primary mammary tumors were excised shortly after they became
palpable (usually removed at 6â€”8mm). Only the first tumor to appear
in each animal was recorded and studied for the purpose of this
investigation.

Radioimmunoassay. Mammary tumors were finely minced and ho
mogenized for 2 mm on ice in 0.1 MTris-HC1,pH 7.2, containing 0.2
mM CaC12. A volume of buffer equal to at least 20 times the tissue
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Table 1 Virus expression and age atfirstmammarytumorSublineVirusMMTV

provirusMean
age

(days)Cumulative
incidence

(%)C3H/He

C3Hf/He
C3H/Ki
C3Hf/KiMMTV-S,

MMTV-L
MMTV-L
MMTV-S,MMTV-L
MMTV-LI,

II, V
I, II, V
I, II, III, IV
I, II, III, IV284

757
276
79898

77
100
31

Table 2Tumorigenesis and MMTVexpression in 4 C3HsublinesKeratin

andSublineTumor
mor

phologyâ€•Mean
age (days)

at 1st tumorMMTVexpressionbvimentinccontentC3H/HeACa'28410/10C3Hf/HeACa74514/14@@@9/9C3Hf/HeMSa7810/12C3H/KiACa2768/8@,@3/3C3Hf/KiACa7816/66/6C3Hf/KiMSa8230/1
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Fig. I. Derivation of major C3H sublines.

weight resulted in optimal homogenization. The homogenate was fur
ther disrupted by nitrogen cavitation using a cell disruption bomb (Parr
Instruments) at 1000 psi for 5 to 15 mm. The homogenate was centri
fuged at 1000 x g for 5 mm and the protein in the supernatant was
quantitified by the method of Lowry et a!. (12). The techniques of
iodination and competition radioimmunoassay for purified MMTV
gp52 and p28 have been described previously (13, 14). Competitors
were added to limiting dilutions of the appropriate antisera and incu
bated at 31T for 1 h. Radioactive control antigen was then added and
the incubation was continued for 1 h longer at 37C. Following the
addition of appropriately diluted antiimmunoglobulin, the incubation
was continued for I h at 31T and 4C overnight. Following centrif
ugation at 10,000 x g for 1.5 mm, the pellets were assayed for radio
activity.

Tissue Studies and Electron Microscopy. For histology and for im
munoperoxidase staining, tissues were fixed either in 5.0% phosphate
buffered paraformaldehyde and 0.2% glutaraldehyde or in Tellyesni
czky's fluid and embedded in paraffin or in Araldite 502. Sections were
stained with hematoxylin or methylene blue-azure II and examined
histologically. For electron microscopy, formaldehyde-glutaraldehyde
fixed tissues were postfixed in osmium tetroxide, dehydrated through
a graded series of ethanol solutions, infiltrated, and embedded in
Araldite 502. Prior to ultramicrotomy, 1-sm sections from all blocks
were cut and stained so that only typical nonnecrotic tumor areas were
selected for ultrastructural evaluation. Ultrathin sections (600â€”800A)
were cut, stained with uranyl acetate and lead citrate, and examined in
a Siemens 102 electron microscope.

Immunoperoxidase. Histological sections from mammary tumors
were assayed for the presence of MMTV antigens using a modification
(15, 16) of an indirect immunoperoxidase staining technique (17).
Control sections for each reaction were included on the same slide. The
specificityof the anti-MMTV serum has been reported previously (18,
19) and it was reconfirmed for these tests by absorption with the
appropriate antigens. Nonspecific absorption and background peroxi
dase activity were controlled by examining sections after the stepwise
omission of each individual reagent used in the technique. The slides
were coded and independently evaluated by 2 persons.

Immunofluorescence.Intracellular keratins are characteristic of both
normal and neoplastic epithelial cells. Cells of mesenchymal origin
usually have vimentin filaments (reviewed in Refs. 20 and 21). Indirect
immunofluorescence using anti-keratin and anti-vimentin antisera was
done on 4-@zmfrozen tumor sections. The preparation offrozen sections
and the staining procedure have been described (22). Two anti-keratin
sera were used. A rabbit anti-human epidermal keratin serum was a gift
from Dr. Tung-Tien Sun, New York University School of Medicine.
This antiserum has previously been shown to stain all epithelial cells
in normal and neoplastic mouse mammary tissues (23). The preparation
and specificity testing of this antiserum has been reported (24, 25). The
second serum was rabbit anti-bovine muzzle keratin (DAKO, Santa
Barbara, CA).4

The goat anti-vimentin serum was prepared against vimentin isolated

4 The specificity of this antiserum was essentially identical to the antiserum

from Dr. Sun as determined by immunoblot and immunofluorescence studies on
keratins from normal and neoplastic mouse mammary epithelium (B. B. Asch
and H. L. Asch, unpublished observations).
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Fig. 2. Cumulative curves (top) and frequency distribution curves (bottom) for
the first primary mammary tumors in 4 C3H sublines. Numbers in parentheses,
numbers of mice observed.

a Hematoxylin-eosin-stained paraffin-embedded tissue.

b Electron microscopy for MMTV panicles radioimmunoassay for MMTV
gp52 and p28; immunoperoxidase staining oftissue sections for MMTV antigens.

CImmunofluorescence staining of frozen sections.
d ACa, mammary adenocarcinoma MSa, mammary sarcoma Ker, keratin;

Vim, vimentin.

from a cultured line of mouse mammary fibroblasts. Vimentin in the
fibroblast cytoskeletal fraction was purified by the process of two
dimensional gel electrophoresis as described in Ref. 25. The vimentin
containing section of the gel was used to immunize a goat by the
method described in Ref. 26. The antiserum was shown to be vimentin
specific by immunoblot and immunofluorescence assays.5 The control
serum was preimmune serum from the same goat.

Statistical Analyses. The Student t test was used to evaluate the
differences in mean ages at the first tumor. The x2 test was used to
evaluate the differences in MMTV expression in tumor classes and in
sublines of mice.

RESULTS

Tumor Incidence. Fig. 2 shows the accumulated record of the
first mammary tumors to appear in pedigreed breeding mice of
4 C3H sublines during the period January 1, 1979, to June 30,
1984. The cumulative incidence curves (upper curves) and the
frequency distribution curves (lower curves) show that in C3H
mice of both Kirschbaum and Heston sublines the mammary
tumor development was nearly identical when the mice were
infected with the MMTV-S. In the foster-nursed, MMTV-S

S B. B. Asch and H. L. Asch, unpublished observations.
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free mice, however, there was a significant difference in the
mean age at first mammary tumor development between the
C3Hf/Ki and the C3Hf/He sublines, both of which have been
shown in this investigation to express the endogenous MMTV
L. â€¢The mean values for the time of first mammary tumor
development and the cumulative incidences in the 4 sublines
were as shown in Table I.

Morphology and Virus Expression. Table 2 shows the results
of the examination of randomly selected spontaneous primary
mammary tumors to determine morphological type (27), virus
expression, and the presence of keratin or vimentin filaments.
All of the tumors from C3H/He and C3H/Ki mice that were
examined expressed MMTV (by immunochemical staining, by
radioimmune competition assay, and by electron microscopy).
Only adenocarcinomas were found in these two sublines.

The late-developing mammary tumors in C3Hf/He and
C3Hf/Ki mice were of two morphological types: type 1, ade
nocarcinomas of epithelial origin in which nests of tumor cells
reacted with anti-keratin serum while only interspersed and
peripheral stromal cells reacted with anti-vimentin serum (Fig.
3); and type 2, sarcomas of histiocyte or fibroblast origin which
reacted only with the anti-vimentin serum (Fig. 4). The relative
frequencies of the 2 morphological types (by standard histolog
ical study) were: adenocarcinomas, 79% in C3Hf/He and 74%
in C3Hf/Ki; mammary sarcomas, 21% in C3Hf/He and 26%
in C3Hf/Ki. A few individual long-lived C3Hf/He and C3Hf/
Ki mice developed both a mammary carcinoma and a mammary
sarcoma. Two of the C3Hf/He adenocarcinomas in Table 2
contained keratinized areas (acanthomatous) covering 10â€”30%
of the histological sections. These 2 tumors were keratin posi
tive, were vimentin negative, and appeared at a mean age of
823 days. All adenocarcinomas examined expressed MMTV
regardless of age at tumor development. None of the mammary
sarcomas examined expressed MMTV.

The immunoperoxidase-stained tissue sections in Figs. 5â€”7
show the frequency of occurrence of MMTV in the cells of two
C3Hf/He mammary carcinomas and one C3Hf/He mammary
sarcoma. The number of neoplastic cells positive for MMTV
by immunocytochemical examination was in close agreement
with values obtained in parallel electron microscopic examina
tion for virus particles and competition radioimmunoassays for
purified MMTV gp52 and p28.

DISCUSSION

The results presented in Fig. 2 show the clear distinction in
the development of mammary tumors in mice with and without
MMTV-S infection. The high incidence of mammary carcino

mas in less than I-year-old MMTV-S-infected mice has made
this the dominant model system. The late development of
mammary tumors in 2-year-old and older MMTV-S-free mice,
and the consequent need for pathogen-free facilities to keep
geriatric mice, has restricted the experimental use of these
tumors, but it is this model which in the authors' opinion is
more relevant to human breast cancer.

If mouse mammary tumors are to be accepted as useful
models to study the biology and treatment of breast cancer, it
is important to know the points of similarity and the points of
dissimilarity between human and mouse mammary tumors.
Similarity at specific points of comparison, such as morphol
ogy, growth characteristics, and hormone dependence, must be
a matter of degree. However, the infectious viral etiology of
most mouse mammary tumors, with early development and
high frequency, is a valid objection to the acceptance of mouse
mammary tumors as relevant models for human breast cancer.
Whether the presence of the endogenous MMTV-L, expressed
from the provirus gene MMTV-1 (8, 10) in C3Hf/He and from
a different and apparently less efficient proviral gene in C3Hf/
Ki mammary carcinomas, represents a critical difference from
human breast cancer etiology remains an active question after
the discovery of MMTV sequences in human DNA (3).

Retired breeders of the MMTV-L-free C3H/Smith subline
have a very low incidence of spontaneous mammary tumors.
Of 441 mice observed for 2 years, only 7 (1.6%) developed a
mammary carcinoma (28). None of these tumors contained
MMTV detectable by radioimmunoassay and immunoperoxi
dase assay (15, 16, 28). This is of interest in the present
discussion, because C3H/Smith and C3Hf/Ki mice have been
found to have the same proviral gene units in the same relative
locations (7). The lack of detectable virus in C3H/Smith mam
mary carcinomas in spite of proviral genetic similarity with
C3H/Ki mice suggests that the complete expression of MMTV
L is not required for mammary carcinogenesis and that MMTV
S and MMTV-L may function, respectively, as highly effective
and moderately effective promoters of neoplastic transforma
tion. The lower tumor incidence in C3H/Smith mice is thought
to be due to 2 dominant genes which suppress the expression
of MMTV-L and, consequently, mammary tumor development
(29). This conclusion is supported by recent studies by Traina
Dorge et a!. (30). Because the C3H/He, C3H/Ki, and C3H/
Smith sublines were developed separately from the original
C3H/Strong line (Fig. 1), it appears that predisposition to virus
induced mammary tumors may be related to changes in genetic
content other than the known proviral genes.

The results presented in Table 2 show that in the MMTV-S
infected C3H/He and C3H/Ki mice, all of the mammary tu

Fig. 3. C3Hf/He mammary carcinoma stained by indirect immunofluorescence with rabbit anti-keratin serum (a) and goat anti-vimentin serum (b). Bar, 25 pm.
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Fig. 4. C3Hf/He mammary sarcoma stained by indirect immunofluorescence with rabbit anti-keratin serum (a) and goat anti-vimentin serum (b). Bar, 25 pm.
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REFERENCES

1. Wellings, S. R., Jensen, H. M., and Marcum, R. G. An atlas of subgross
pathologyofthe humanbreastwithspecialreferenceto possibleprecancerous
lesions. J. NatI. Cancer Inst., 55: 231â€”273,1975.

2. Jensen, H. M.. Rice, J. R., and Wellings, S. R. Preneoplastic lesions in the
human breast. Science (Wash. DC), 191: 295â€”297,1976.

3. May, F. E. B., Wesley, B. R., Rochefort, H., Buerti, E., and Diggelman, H.
Mouse mammary tumor virus related sequences are present in human DNA.
NucI. Acids Res., 11: 4127â€”4139.1983.

4. Medina. D.. Vaage. J., and Sedlacek, R. Mammary noduligenesis and tu
morigenesis in pathogen-free C3Hfmice. J. NatI. Cancer Inst., 51: 961â€”965,
1973.

5. Vaage. J., and Medina. D. Virus oncogenesis and tumor immunogenicity in
the mouse mammary tumor system. Cancer Res., 34: 1319â€”1324,1974.

6. Cohen, J. C., and Varmus, H. E. Endogenous mammary tumour virus DNA
varies among wild mice and segregates during inbreeding. Nature (Lond.),
278:418â€”423, 1979.

7. Popko, B. J., and Pauley, R. J. Mammary tumorigenesis in C3Hf/Ki mice:
examination of germinal mouse mammary tumor viruses and the mt-i and
int-2 putative proto-oncogenes. Virus Res., in press, 1986.

8. Van Nie, R., and Verstraeten, A. A. Studies of genetic transmission of
mammarytumour virusby C3Hfmice. Int. J. Cancer, 16:922â€”931,1975.

9. Verstraeten, A. A., and Van Nie, R. Genetic transmission ofmammary tumor

@ ,1-
. ( c

, I@@ /â€ s̃., -

/

@ V
1@

. -1 .,

@4@@ I@ @â€˜

@; @,.

- S@@ â€¢@@@@ @.â€˜@ â€˜-
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mors examined were adenocarcinomas of epithelial origin (ker
atm positive) and contained MMTV. Presumably, the early
induction of adenocarcinomas by MMTV-S precludes other
neoplasms like the late-appearing mammary sarcomas from
being observed. The late induction of adenocarcinomas by the
expression of endogenous MMTV-L, shown here to be present
in both C3Hf/He and C3Hf/Ki mice, give mammary sarcomas
ofhistiocyte or fibrocyte origin (vimentin positive) the necessary
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time to develop. Mammary sarcomas did not express MMTV
and presumably may not have a viral etiology in the Heston
and Kirschbaum sublines of C3H mice. The observation that

@ . I-.@@ individual C3Hf/He and C3Hf/Ki mice could develop both a

S@ virus-positive mammary carcinoma and a virus-free mammary

,. . sarcoma shows that viral and nonviral mammary tumorigeneses

. â€¢ in these mice were the results of different processes and were

not expressions of genetic instability or variability among in
dividual inbred mice.
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