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Summary 

In mouse mammary tumor virus (MMTV) infected mice, three identifiable stages of mammary tumori- 
genesis can be biologically defined: preneoplastic hyperplastic nodules, malignant tumor, and distant 
metastatic lesions (primarily in the lung). MMTV is a biological carcinogen which induces somatic 
mutations as consequence of its integration into the host cellular genome. Each stage of mammary 
tumorigenesis appears to result from the clonal outgrowth of cells containing additional integrated proviral 
MMTV genomes. This phenomenon has provided the basis for an approach to identify genes which, when 
affected, may contribute to progression through the different stages of mammary tumorigenesis. Eight 
different genes (Wntl, Wnt3, WntlOb, Fgf3, Fgf4, Fgf8, Int3, and lnt6) have been shown to be genetically 
altered in multiple mammary tumors as a consequence of MMTV integration. Although the significance 
of the human homologs of these genes as targets for somatic mutation during human breast carcinogenesis 
is only now being explored, it is clear that this work has led to a new appreciation of the complexity of 
the genetic circuitry that is involved in the control of normal mammary gland growth and development. 
It seems likely that some of the mutations induced by MMTV, and the signaling pathways in which these 
target genes take part, will be relevant to the progression from preneoplastic lesions to distant metastasis 
in human breast cancer. 

Introduction 

The etiology of breast cancer is influenced by a 
variety of factors such as menstrual and reproduc- 
tive history, family history, long term treatment 
with estrogens, diet, and previous atypical benign 
breast disease [1-3]. It seems probable that these 
factors could provide a selective environment for 
the clonal outgrowth of mammary epithelial cells 

which contain somatic mutations. One could 
imagine that some of these mutations could un- 
couple normal mammary gland development or 
contribute to the development of neoplasia. 
Alternatively, they could provide atypical non- 
malignant as well as malignant cells with a 
selective growth advantage, the means to meta- 
stasize to distant organ sites, or evasion of host 
immunosurveillance. Because of the hetero- 
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Table 1. Common insertion sites (lnt genes) for MMTV 

Chromosome b 
Int gene Normal expression in adult tissues a Mouse Human 

Intl/Wntl Testis 15 12q 13 

Int2/Fg[3 None 7 1 lq13 

lnt3 All 17 6p21.3 

Hst/Fgf4 None 7 11 q 13 

Wnt3 Thalamus, brain, hair root, skin 11 17q21-22 

Int6 All 15 8q22 

WntlOb Virgin but not pregnant mammary gland 15 12q13 

Fgf8 Ovary and testis 19 10q* 

a. [33,36,43,50,68,70,71] 
b. [50,80-82], and for human Int6 (Miyazaki et al, manuscript in preparation) 
* Predicted location 

geneity and multiplicity of factors necessary for 
the development of most epithelial tumors, the 
current view is that multiple somatic mutations 
act in concert to produce an invasive carcinoma 
with the ability to metastasize to distant organ 
sites. 

A preview of the complexity of somatic alter- 
ations which occur during human breast tumor 
progression was provided by earlier cytogenetic 
analysis of primary human breast tumor cells in 
culture [4]. The alterations include aneuploidy 
(either gain or loss of entire chromosomes) and 
rearrangements affecting chromosomes lq (trans- 
locations), 6q (deletions and translocations), 7p 
(translocations, pericentric inversions, and iso- 
chromosomes), and l lq (translocations). More 
recently, in a study using comparative genome 
hybridization methodology to map regions of the 
genome with increased DNA sequence copy num- 
ber (amplification), 26 chromosomal subregions 
were found to be affected in primary human 
breast tumors and breast tumor cell lines [5]. 
Although genetic analysis of primary breast tumor 
DNAs has demonstrated amplification of known 
proto-oncogenes such as FLG (8p12), MYC 
(8q24), BEK (10q24), l lq13 (Fgf3/PRAD1/ 
Cyclin D), 15q24-q25 (IGFR-1/FES), and ERBB2 
(17q12), it seems probable that amplification of 
other, as yet unknown, genes contributes to malig- 
nant progression in breast cancer (reviewed in 

[6]). 
Loss of heterozygosity (LOH) represents 

another common genetic alteration in primary 
human breast tumors and occurs as a consequence 
of either interstitial deletions, chromosome loss, 
or aberrant mitotic recombinational events. It is 
thought that LOH reveals within the affected 
region of the genome the presence of a recessive 
mutation in the remaining allele of a "tumor 
suppressor" gene (reviewed by [7,8]). Tumor 
suppressor genes are believed to be involved in 
the normal suppression of cellular proliferation 
during development [8]. Commonly one normal 
allele is lost as a result of LOH, while the other 
allele contains either a small deletion or a point 
mutation which inactivates the gene product. At 
the present time, 11 chromosome arms have 
been found to be frequently affected by LOH in 
breast tumors, including chromosomes lp [9], lq 
[101, 3p [111, 6q [12,13], 7q [14], l l p  [15,16], 
8q (our unpublished data), 13q [17], 16q [18], 
17p [19], 17q, and 18q [20]. Moreover, it is 
not uncommon for multiple regions within these 
chromosome arms to be independently affected by 
LOH. 

A major thrust of research in this area is the 
identification of the target genes affected by LOH 
or DNA amplification. However, the apparent 
complexity of genetic alterations which are found 
in primary human breast tumors and the possibil- 



ity that some them are a consequence of tumor 
progression rather than a cause make this a daunt- 
ing challenge. Therefore several different types 
of approaches are being applied to this problem, 
including surveys of directional cDNA libraries 
[21,22] and positional cloning [23]. Another 
approach is based on the mouse model system in 
which the mouse mammary tumor virus (MMTV) 
is the biological carcinogen that induces tumor 
development as a consequence of insertional 
mutagenesis. In this article I will summarize the 
current status of this latter approach and its 
implications for human breast cancer research. 

Background: The model system 

Many of the classical inbred strains of Mus 
musculus were intentionally derived from stocks 
of mice that had a high incidence of mammary 
tumors (C3H, GR, BR6, and RIII mouse strains) 
and have been inbred for the past 50 to 60 years 
for a high incidence of mammary tumors (re- 
viewed in [24,25]). Mice of each strain con- 
genitally transmit highly infectious MMTV 
through the milk to their offspring. C3H and 
GR mice also contain genetically transmitted 
proviral genomes (Mtvl and Mtv2, respectively) 
which encode infectious viruses that are also 
expressed in the milk. Parous C3H females de- 
velop pregnancy-independent mammary tumors. 
In addition, MMTV(C3H)-infected females fre- 
quently develop mammary preneoplastic hyper- 
plastic alveolar nodules (HAN), whereas un- 
infected females infrequently develop HANs [26- 
28]. When HANs are passaged in syngeneic 
mice, mammary tumors frequently develop within 
them in a stochastic manner. The GR, BR, and 
RIII females have a high incidence of pregnancy- 
dependent mammary tumors, or plaques, which 
after one or more parities develop pregnancy- 
independent mammary tumors. In addition, it is 
not uncommon to find metastatic lesions in the 
lungs of MMTV-infected mammary tumor bear- 
ing mice. This has provided an experimental 
approach to dissect, at the genetic level, the 
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mutational events that contribute to each stage of 
tumor development. 

The target genes in high incidence inbred 
mouse strains 

MMTV is a nonacute transforming retrovirus. An 
obligate step in the replication of the MMTV 
virus is the integration of a DNA copy of its 
proviral genome into the host cellular genome, an 
event which is potentially mutagenic for the host 
cell. In this regard MMTV has been shown to act 
as a insertional mutagen that causes the deregula- 
tion of expression of adjacent cellular genes 
(designated Int loci) in mammary tumors (Figure 
1) [29]. To identify affected cellular genes the 
viral genome has been used as a molecular tag. 
Using this approach six Int loci (IntI/Wntl, Int2/ 
Fgf3, Wnt3, Hst/k-Fgf/Fgf4, WntlOb, and Fgf8) 
have been identified in mammary tumors of high 
incidence inbred mouse strains or MMTV infected 
transgenic mouse strains (Table 1) [30-34]. The 
mechanism by which MMTV activates the expres- 
sion of the Int genes mentioned above, is pri- 
marily a consequence of the effect of enhancer 
sequences within the long terminal repeat (LTR) 
of the integrated MMTV proviral genome on the 
transcriptional promoter of the adjacent affected 
gene (Figure 1). 

The Wnt genes are members of a family of 12 
or more genes related to the Drosophila segmen- 
ted polarity gene wingless (wg) (reviewed in 
[35,36]). The Wntl and Wnt3 genes are not 
normally expressed in the mammary gland, but 
are expressed at specific sites and times during 
embryonic development or in other adult tissues. 
However, several of the other Wnt gene family 
members are expressed at defined times during 
mammary gland differentiation and development. 
Wntl encodes cysteine-rich secreted glycoproteins 
of 41-44 kDa which are associated with extra- 
cellular matrix and cell surfaces. Based on 
studies of the Drosophila mutant wg, (the 
homolog of Wntl), there is evidence that one 
function of Wntl is to increase Ca2-dependent cell 
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A. MMTV LTR ENHANCER ACTIVATION OF Int GENES 
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Figure 1. Modes of activation of expression of host genes by MMTV. The stippled and the diagonally hatched boxes represent 
the U3 and U5 portions of the MMTV LTR. The open boxes correspond to exons of the target gene. The box with horizontal 
hatches corresponds to the promoter of the target gene. The transcriptional orientation of the MMTV proviral genome and the 
target gene is indicated. 

adhesion through a cellular signal transduction 
pathway that regulates the ~-catenin intracyto- 
plasmic (or intracellular) pool size and stabilizes 
its binding to cadherin (reviewed in [35,37]). 

The Fgf3, Fgf4, and Fgf8 genes are members 
of the fibroblast growth factor (Fgf) gene family 
[38-40]. Like Wntl and Wnt3 genes, they too are 
only expressed during early embryonic develop- 
ment or adult tissues other the mammary gland 
[41,42]. Members of the Fgf  family vary in 
length, but are homologous to one another within 
a core of 120 amino acid residues. Fgfs exhibit 
an overlapping, but not identical, range of bio- 

logical activities that can act as mitogens, chemo- 
attractants, and mediators of cellular differentia- 
tion. Fgfs are also potent angiogenic factors in 
vivo (reviewed in [43,44]). 

The biological consequences of Wntl and Fgf3 
expression on mammary gland development and 
tumorigenesis have been evaluated in transgenic 
mouse strains containing either MMTV LTR 
activated Wntl or Fgf3 transgenes [45-47]. 
Mammary glands of Wntl transgenic virgin fe- 
males resemble the hormonally stimulated glands 
normally observed in pregnant animals except that 
there are increased numbers of terminal branches 



Table 2. Frequency of MMTV insertion into Int loci a 
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Mouse strain Number of tumors Intl/Wntl 

Frequency of insertions (%) 

Int2/Fgl'3 Wntl +Fgf3 hst/FGF4 Int3 

C3H/OuJ 28 57 
BALB/cfC3H 30 23 
Rill 29 14 
BALB/cfRIII 40 15 
CZECHII 45 24 
CZECHIIfC3H 30 30 

3.5 18 0 0 
23 7 3 0 
31 27.5 0 0 
7.5 17.5 0 0 
2 2 0 18 
13 0 0 3 

a. [25] and our unpublished data. 

and alveoli producing a diffuse lobular-alveolar 
hyperplasia. Focal mammary tumors arise from 
within these hyperplasias that are indistinguish- 
able from the MMTV-induced disease. This is 
consistent with the pregnancy-independent nature 
mammary tumorigenesis in C3H mice. 

In contrast, mammary glands of virgin Fgf3 
transgenic females appeared normal with only 
microscopic areas of ductal hyperplasia composed 
of focal aggregates of cells. Mammary hyper- 
plasia was most evident during pregnancy. Three 
patterns of proliferation were observed: ductal 
hyperplasias, papillocystic forms, and nodular 
solid aggregates of cells. After parturition the 
hyperplastic areas either regressed or remained 
static, becoming more pronounced in subsequent 
pregnancies. In this regard the lesions resemble 
the pregnancy-dependent lesions of the BR6 mice. 
Focal mammary tumors arose in a fraction of the 
mice at a late age. The most common tumors 
were mixtures of ductal hyperplasias composed of 
irregular, anastomosing, bilayered tubules that 
exhibited no signs of lactational activity. The 
hormone dependence of these tumors has been not 
established. 

Since mammary tumors arise in the Wntl and 
Fgf3 transgenic mice in a stochastic manner, it 
seems that additional mutations or epigenetic 
events must be required for progression to mal- 
ignancy. Some MMTV-infected mice develop 
tumors in which both Wntl and Fgf3 are activated 
by the viral genome, raising the possibility that 
these two activated genes collaborate in mammary 
tumorigenesis (Table 2). Two different lines of 

evidence provide support for this conclusion. 
First, the Wntl/Fgf3 bitransgenic mouse strain 
develops pregnancy-independent mammary tumors 
earlier and at a higher frequency than in either 
parental line [48]. Second, 45% of the mammary 
tumors (36 out of 80) arising in MMTV(C3H)- 
infected Wntl transgenic mice contained a viral 
insertion at either Fgf3 or Fgf4 [49]. Moreover, 
another 10% of the tumors (8 out of 80) con- 
tained a virus integration at Fgf8 [33]. Similarly, 
8 of 35 (23%) mammary tumors from MMTV- 
(C3H)-infected Fgf3 transgenic mice contained a 
viral insertion at Wntl [50]. Another 2 tumors 
from this cohort contained a viral insertion at a 
new related gene, WntlOb, although in these latter 
two cases, activation of WntlOb expression as a 
consequence of viral integration was not demon- 
strated. Taken together, however, these results 
strongly imply that certain members of the Wnt 
and Fgf gene families collaborate in the de- 
regulation of normal control of growth and dif- 
ferentiation toward malignant mammary tumori- 
genesis when activated by MMTV. The common 
theme in these studies is that the target genes for 
MMTV activation are normally not expressed or 
are expressed only at low levels in mammary epi- 
thelium. 

Evidence that members of these two gene 
families do interact in the normal regulation of 
development in other tissues is beginning to 
emerge. For instance, in Wnt7a -/- null mice Parr 
and McMahon [51] found that the forelimbs 
lacked normal dorsal structures and that Fgf4 
expression was also reduced. In other studies 
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[52], loss of Sonic hedgehog (Shh) expression 
could only be rescued when both the Fgf4 and 
Wnt7a proteins were present. In studies of 
Xenopus mesoderm induction, XWnt8 has been 
shown to be a "competence modifier" that alters 
the response of blastula animal caps to Fgf2 [53]. 
This suggests that activation of Fgf3, Fgf4, Fgf8, 
Wntl, Wnt3, and possibly WntlOb interferes with 
or Overrides normal controls of mammary gland 
growth and development imposed by other mem- 
bers of these gene families which are normally 
expressed in the mammary gland. A second con- 
clusion that can be reached is that activation of 
members of the Wnt/Fgf gene families alone is 
not sufficient to induce malignancy in the mam- 
mary gland and points to the necessity for addi- 
tional mutations or epigenetic events. 

The frequency with which Wnt and Fgf  genes 
are activated by MMTV in mammary tumors 
seems to be dependent on the host inbred mouse 
strain and the strain of virus (Table 2) [25,54]. 
For instance, in the low incidence BALB/c mouse 
strain MMTV(C3H) induces pregnancy-indepen- 
dent tumors as in the donor strain. Similarly, the 
MMTV(RIII) virus induces pregnancy-dependent 
tumors in BALB/c mice. However, the frequency 
of mammary tumors in which Wntl, Fgf3, and 
Fgf4 are activated by MMTV integration in these 
strains is significantly different from the fre- 
quency found in tumors of the parental strains 
(Table 2). This suggests that during inbreeding 
of the high incidence mouse strains, mutations 
were fixed in the germline that either provide a 
selective growth advantage to mammary epithelial 
cells having activated Wnt/Fgf genes or broaden 
the host range within the mammary epithelium for 
MMTV infection and replication. In this regard, 
it seems relevant that the Wntl transgenic mouse 
strain develops hyperplasias of mammary epithel- 
ium prior to tumorigenesis. However, surveys of 
C3H HANs have shown that Wntl is only infre- 
quently rearranged by MMTV [55]. This sug- 
gests that in the context of the C3H genetic 
background, activation of Wntl plus possibly an 
Fgf  gene is sufficient to induce a malignancy in 
the mammary gland. In this scenario the addi- 

tional mutation(s) required for malignancy are 
probably already present in the germline. 

Mammary tumorigenesis in feral mice 

MMTV has been detected in feral strains of mice 
(reviewed in [56]). Although mammary tumori- 
genesis does not play an important role in the 
zoological history of feral mice in their natural 
habitat, when brought into a laboratory setting 
they do develop mammary tumors [56-58]. Anal- 
ysis of these mice which have not been bred for 
a high incidence of mammary tumors has led to 
four significant observations which are relevant to 
the mouse as a model system to detect mutations 
that contribute to breast cancer. (1) Feral mice 
are generally hemizygous for genetically trans- 
mitted (endogenous) MMTV genomes. This 
means that due to random assortment at each 
generation some fraction of the offspring lack 
endogenous MMTV genomes. From a practical 
point of view mice devoid of endogenous MMTV 
genomes make it possible to unambiguously 
detect acquired MMTV genomes in mammary 
tumors. (2) Even in this setting, Wntl and Fgf3 
are activated by MMTV insertion at a frequency 
comparable to MMTV-infected low incidence 
mouse strains (Table 2). (3) Like the high 
incidence inbred mouse strains, stages in 
mammary tumorigenesis can be biologically 
separated - -  premalignant mammary hyperplastic 
nodules can be transplanted serially in related 
mice to produce hyperplastic mammary gland 
within which malignant tumors and distant meta- 
stases develop [25]. (4) New target genes for 
MMTV have been identified which appear to con- 
tribute to different stages of progression in 
mammary tumorigenesis and which are unrelated 
to members of the Wnt or Fgf  gene families 
[25,56]. 



A feral mouse model system for MMTV 
induced mammary tumorigenesis 

A colony, designated CZECH II, was derived 
from a single breeding pair of M. musculus 
musculus trapped in Czechoslovakia [57]. The 
CZECH II mice lack endogenous MMTV gen- 
omes but do contain an infectious strain of 
MMTV that is transmitted congenitally through 
the milk [57,59]. This colony has a 20% 
incidence of pregnancy-independent mammary 
adenocarcinomas that are histopathologically 
similar to those induced by MMTV (C3H). The 
frequency with which Wntl was activated by 
MMTV was similar (24%) to that observed in 
BALB/cfC3H (30%) or CZECHIIfC3H (30%) 
mammary tumors, whereas MMTV-induced acti- 
vation of Fg(3 and Fgf4 was significantly less 
frequent (Table 2). Like high incidence inbred 
mouse strains, CZECHII mice also develop mam- 
mary preneoplastic HANs which we have devel- 
oped into mammary hyperplastic outgrowth lines 
(HOGs). A survey of DNA from 31 CZECHII 
HOGs revealed that 22.6 % (7 out of 31) had 
MMTV-induced rearrangements of Wntl, while 
none had rearrangements of either Fgf3 or Fgf4 
(E. Kordon and G.H. Smith, personal communi- 
cation). Since the frequency of MMTV-induced 
rearrangements of Wntl is similar in both 
CZECHII HOGs and mammary tumors, it seems 
likely that in the setting of this mouse strain, 
activation of Wntl is primarily an early event in 
tumorigenesis which disrupts regulatory controls 
of normal mammary gland development leading 
to lobular hyperplasia. Mammary tumors arising 
from within these HOGs frequently contain addi- 
tional MMTV proviral genomes. Based on the 
results obtained with the MMTV-infected Wntl 
transgenic mice, it seems probable that members 
of the Fgf  gene family will be found to be 
activated by MMTV in tumors derived from Wntl 
positive HOGs. Moreover, relative to the results 
of similar studies of C3H HOGs where rearrange- 
ments of Wntl rarely occur [55], the observations 
made in CZECHII HOGs serve to highlight the 
impact of the host genetic background on the 
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frequency and consequences of MMTV activation 
of a particular Int gene in the context of malig- 
nant progression. 

New Int genes in CZECHII HOGs and 
mammary tumors 

Activation of the lnt3 locus was first detected in 
the CZECHII mouse mammary tumors [59]. The 
locus was defined by the integration of an MMTV 
proviral genome within a 500bp region of the 
cellular genome of five independent mammary 
tumors corresponding to an exon of the target 
gene (Figure 1). The Int3 locus is located in the 
class II region of the major histocompatibility 
(MHC) locus on chromosome 17 [60,61]. In each 
case the transcriptional orientation of the 
integrated viral genome was in the same direction, 
which was the same as that of the target gene. A 
2.3kb species of RNA was detected in tumors 
containing a virus-induced rearrangement of Int3. 
This RNA species was not detected in tumors 
where the locus was intact or in the normal mam- 
mary gland. Nucleotide sequence analysis of the 
Int3 gene revealed that it is related to the 
Drosophila Notch gene [62]. However, Int3 is 
not the murine homolog of Notch; rather, it is one 
of a four member gene family [63-65]. The 
Drosophila Notch encodes a receptor protein that 
is involved in cell fate determinations during 
development [66]. Expression of lnt3 as well as 
Notch1 and Notch2 RNA can be detected in mam- 
mary glands of virgin, pregnant, and lactating 
mouse mammary glands (unpublished data). So 
far Notchl and Notch2 have not been found to be 
rearranged by MMTV (unpublished data). All of 
the viral integration events within Int3 occurred 
within an exon encoding the transmembrane 
domain of the encoded protein. This results in 
the overexpression of the portion of the gene 
encoding the intracellular domain of the protein. 
Experiments in which the same region of the 
Drosophila Notch gene are overexpressed demon- 
strated that this represents a gain-of-function 
mutation, mimicking the consequences of the 
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interaction between the Notch protein and its 
ligand [67]. 

Transgenic mice which express MMTV-acti- 
vated Int3 as a transgene develop a profoundly 
altered mammary gland, and within 4 to 6 months 
100% have focal mammary tumors [68,69]. In 
virgin females the mammary ductal epithelium 
minimally penetrates the mammary fat pad. 
During the first pregnancy the mammary fat pad 
fills with ductal epithelium, but there is little 
lobular-alveolar development. The tumors appear 
as focal outgrowths derived from intraductal 
hyperplasias which are common within virgin and 
parous females. Since Int3 is expressed during 
normal mammary gland development, activation 
of this gene by MMTV appears either to deregu- 
late normal development controls, leading to 
hyperplasia from which tumors develop, or to 
provide a force towards malignancy. Interestingly 
we have not found lnt3 to be rearranged in our 
panel of HOGs (E. Kordon and G.H. Smith, per- 
sonal communication). It has only been found to 
be rearranged by MMTV in feral mouse [59,70] 
and 2 BR6 inbred mouse mammary tumors [54]. 
We conclude that the effect of expression of the 
truncated Int3 protein on mammary gland devel- 
opment and tumorigenesis is exquisitely depen- 
dent on the timing of its expression relative to 
mammary gland development. 

A second common insertion site, designated 
lnt6, for MMTV has been detected in a CZECHII 
HOG and two independent CZECHII mammary 
tumors [71]. The Int6 gene is expressed in all 
adult tissues which have been tested, including 
the mammary gland, and as early as day 8 of em- 
bryonic development. It encodes a 55 kDa cyto- 
plasmic protein which is unrelated to any of the 
gene products in the GenBank. The lnt6 gene has 
been highly conserved through evolution. The 
amino acid sequence of the mouse and human 
Int6 gene products are identical (unpublished 
data), and related sequences can be detected in 
Drosophila and C. elegans 

Like Int3, the MMTV proviral genome inte- 
grates within Int6. However, in each case the 
virus integrates within an intron of the lnt6 gene 

in the opposite transcriptional orientation (Figure 
1). This results in the expression of a truncated- 
chimeric Int6 transcript from the rearranged allele. 
The chimeric transcript is composed of Int6 exon, 
intron, and MMTV LTR sequences, lnt6 trans- 
cription terminates at a cryptic termination signal 
within the MMTV LTR in the minus strand orien- 
tation. In the Int6 positive HOG and tumors the 
unaffected allele was determined by nucleotide 
sequence analysis to be normal. This suggests 
that either the truncated gene product of the 
rearranged allele is biologically activated or that 
MMTV induces a dominant-negative mutation of 
lnt6. The fact that MMTV rearrangement of Int6 
was initially detected in a CZECHII HOG is 
consistent with its being an early event in mam- 
mary tumorigenesis and suggests that examination 
of tumors derived from this HOG will lead to the 
identification of an MMTV-induced mutation 
which complements Int6 in mammary tumor pro- 
gression. 

Implications for human breast cancer research 

One of the major problems in identifying and 
addressing the impact of somatic mutations on the 
evolution of breast carcinogenesis is a funda- 
mental lack of information on the identity of the 
signaling pathways which regulate the growth and 
development of the mammary gland. It seems 
likely that the target cells which are susceptible to 
carcinogenic mutations are those which have been 
incompletely committed to a particular fate of 
differentiation, i.e. stem cells [72-75]. However, 
again the number of molecular tags which identify 
these cells are limited. The MMTV/mouse model 
system has provided a productive and experi- 
mentally amenable approach, relative to other 
strategies, to identify genes and signaling 
pathways which when altered by mutation contri- 
bute to the deregulation of normal mammary 
gland development leading subsequently to 
mammary tumorigenesis. It seems likely that 
further analysis of MMTV induced HOGs, HOG- 
derived tumors, and subsequent distant metastases 



will lead to the identification of  additional 

MMTV-induced genetic alterations which taken 
together define pathways of  mutations that drive 
malignant progression to its endpoint, metastasis. 

The mouse model system does, however, have 
some potentially important limitations, relative to 
human breast cancer, which should be recognized. 
For instance there are endocrinological, hormonal, 
and obvious life style differences between the two 
biological systems. In addition, within the 
scientific community there has also been another 
perceived limitation, namely that the histopatho- 
logical descriptions of  mouse mammary tumors 
do not correspond to the most frequent forms of 
human breast tumors, i.e. invasive ductal carcin- 
omas. However,  in this regard it seems relevant 
that Wellings [76] found that many of  the human 
mammary lesions observed are localized to the 
terminal ductal lobular unit. One of  these, 
atypical lobular type A lesions (ALA), are 
morphologically similar to the mouse mammary 
HAN lesions. At the present time the question of 
whether the genetics of mouse mammary tumori- 
genesis is directly relevant to human breast cancer 
remains largely unanswered. Wntl and Wnt3 
appear not be frequently rearranged or amplified 
in invasive ductal carcinomas (IDC) of the breast, 
but other forms of  breast cancer have not been 
extensively studied [77,78]. Similarly, Fgf3/Fgf4 
are frequently co-amplified in IDC of the breast, 
but whether they are expressed as a consequence 
is controversial (reviewed in [79]). The human 
homologs of the other Int genes have not, as yet, 
been tested for genetic alterations in human breast 
tumors. 

In the short term, the MMTV/mouse  model 
system provides an opportunity to identify the 
genes (or gene families) encoding signaling 
pathways which are involved in normal mammary 
gland development. It seems likely that some of 
these mutations induced by MMTV or the genes 
involved in the particular signaling pathways will 
be relevant to human breast cancer. Since the 
Int6 type of  viral insertion (Figure 1) can be 
functionally similar to LOH, it seems reasonable 
that the identification of  genes affected by this 
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type of virus-induced mutation could be prime 

candidates for mutation in human breast tumors. 
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