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Preface

This volume is the fifth since 1988 in a series designed to broadly examine
current ‘Advances in the Cellular and Molecular Biology of Breast Cancer.’
As in previous volumes, we have asked recognized experts in cutting-edge
topics to each provide a monograph focused on their areas of research. Again,
we have turned to researchers to study rodent models of the disease and to
those who study the cellular and molecular basis of human breast cancer. This
is a time of unprecedented research advances in breast cancer, particularly
in understanding the roles of receptors, signal transduction, the cell cycle,
aberrent tumor host interactions in metastasis, and the development of more
representative rodent models of the disease.

The first section of the book is devoted to new mouse models of mammary
development and tumorigenesis. For breast cancer research to move forward,
it is essential to use the mouse for better understanding of the roles of indi-
vidual genes in development and neoplasia, and to establish better model
systems for in vivo testing of new therapies for the disease. The first chapter,
by R. Strange and his co-workers, introduces the fascinating topic of the
regulation of cell death. This is an area of significant current progress that
holds much promise for the development of new therapeutic approaches. In
Chapter 2, by P.A.W. Edwards, a very promising technique is described for the
rapid creation of a transgenic mammary gland. This technique is rapidly gain-
ing utility for testing individual genes for their effects on mammary develop-
ment and tumorigenesis. In Chapter 3, by D. Medina, a comprehensive view of
preneoplastic changes in the mammary glands is presented. The ability to
better understand early lesions leading to the disease is essential in our efforts
to more accurately detect and prevent breast cancer. In Chapter 4, the final
chapter of the section, D.L. Dankart and W.J. Muller describe their recent
progress in establishing new transgenic mouse models of metastatic breast
cancer. These studies are important both to better understand the metastic
process and to provide the framework for testing new therapies with
antimetastatic sites of action.

The second section of the book focuses on studies of human breast cancer
and receptors, signaling, and the cell cycle. The first chapter of the section, by
N.E. Davidson and M.J. Kennedy, discusses the signal transduction enzyme



protein kinase C. Defective expression of this enzyme family occurs in breast
cancer and provides a target for a new class of therapeutic agents directed
against the disease. The second chapter, by C.W. Welsch and colleagues, deals
with protein tyrosine phosphatases. These enzymes serve compensatory func-
tions to attenuate the action of tryosine kinase—activating receptors. These
enzymes potentially serve tumor suppressive roles in breast cancer. In the
third chapter, T.S. Replogle and K.J. Pienta discuss the role of the nuclear
matrix in organizing gene expression in the normal and malignant mammary
epithelial cell. The fourth chapter, by R.L. Sutherland and his colleagues,
describes regulation of the mammary epithelial cell cycle. Steroid and growth
factor pathways converge to regulate positive and negative subunits of the
cyclin-dependent protein kinases in the cell cycle. Mutations in the genes
encoding these proteins are now understood to contribute to breast
cancer progression. The fifth chapter, by R.P.C. Shiu and his colleagues,
discusses nuclear oncogenes. Both steroid and growth factor pathways of
cellular regulation regulate these genes; in addition, certain of these genes are
commonly amplified or mutated in breast cancer. The sixth chapter, by H.
Michna and colleagues, describes the role of progestins and antiprogestins in
breast cancer. Antiprogestins appear to function by triggering cell death. The
final chapter of the section, by M.G. Parker, discusses antiestrogen—estrogen
receptor interactions. This is a very important topic for understanding the
mechanisms whereby the disease becomes refractory to treatment with
tamoxifen.

The final section of the book deals with defective tissue interactions in
human breast cancer. Understanding this topic is essential in attacking or
preventing metastasis of the disease. The first chapter of the section, by B.
Gusterson and coworkers, provides a framework for understanding normal
tissue architecture and the organization of diverse cell types. New data on
differentiation antigens of the stromal and epithelial cells of normal and
malignant gland are presented. The second chapter, by F.R. Miller, describes
a new human model of preneoplasia. In addition, other mouse models of
metastatic progression are presented. The third chapter, by N. Weidner, de-
scribes the process of tumor angiogenesis. Angiogenesis is a critical process in
tumor growth and metastatic dissemination. The fourth chapter, by J.D.
Kantor and B.R. Zetter, focuses on tumor cell mobility, another process
critical to tumor metastasis. The fifth chapter, by W.P. Ren and B.F. Sloane,
discusses the roles of cathepsins D and B in breast cancer. These enzymes, of
the aspartyl and cysteine protease classes, respectively, have also been pro-
posed to participate in metastasis. The sixth chapter, by P. Basset and cowork-
ers, describes the metalloprotease subfamily of stromelysins. These enzymes
may play roles both in stromal-epithelial interactions and tumor invasion. The
seventh chapter, by K.V. Patel and M.P. Schrey, discusses the vasoactive
peptide endothelin, a newly described growth factor in breast cancer. The final
chapter of the section, by W.Z. Wei and G.H. Heppner, presents an introduc-
tion to breast cancer immunology. Perhaps this area, more than any other,

Xiv



holds significant promise for understanding the onset and suggesting modes
for the prevention of the disease.

We are now in an extremely rapid period of acccumulating data on the
molecular and cellular biology of breast cancer. These findings are highlighted
by the chapters in this book. However, the real challenge is to translate these
findings to new strategies of cancer prevention, control, and treatment. The
readers of this volume share this responsibility with the authors and editors.

XV
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Mouse models of mammary development
and tumorigenesis



1. Programmed cell death and mammary neoplasia

Pepper J. Schedin, Larissa B. Thackray, Patricia Malone, Susan C. Fontaine,
Robert R. Friis, and Robert Strange

Introduction

Normal development and maintenance of tissue size is dependent on a balance
between cell proliferation and cell death. Apoptosis, or programmed cell
death, plays important roles in mammary gland development, from the embry-
onic development of sexual dimorphism to senescent involution of the mam-
mary gland. The involution of secretory epithelium following pregnancy and
lactation is the most dramatic example of the role of apoptosis in mammary
gland development. This phase of mammary gland development provides an
important physiological and pathological context in which to study the pro-
grammed death of epithelium, because a failure in cell death appears to
contribute to neoplastic development [1-3]. Although considerable effort has
been directed toward understanding the role of cell proliferation in neoplastic
development, much less is known about the process of apoptotic cell death in
either the control of normal tissue homeostasis or its potential influence on
neoplastic development.

A perturbation in the balance between mitosis and apoptosis can contribute
to the development of neoplasia [1-5]. For example, in rodent models of
mammary tumorigenesis, conditions that permit or promote excessive cell
proliferation permit the accumulation of mutations that contribute to subse-
quent development of mammary tumors [6-8]. In agreement with these ex-
perimental results, proliferative breast disease is also a significant risk factor
for the development of breast cancer in humans [9-12]. However, prolonged
cell survival can also permit the accumulation of mutations necessary for
neoplastic transformation. It has been demonstrated that inhibition of
apoptosis, which prolongs the cell life span, can contribute to neoplastic devel-
opment [14-16]. In contrast, conditions that induce apoptosis, such as the
involution of mammary epithelium following full-term pregnancy and lacta-
tion, are correlated with a reduced risk for developing breast cancer [17-23].
This suggests that apoptotic cell death of mammary epithelium during mam-
mary gland involution may help explain the reduced risk for the development
of breast cancer associated with pregnancy and lactation. In this chapter, we
review some of the specific changes that occur during mammary gland involu-

R. Dickson and M. Lippman (eds.) MAMMARY TUMOR CELL CYCLE, DIFFERENTIATION AND
METASTASIS. 1996. Kluwer Academic Publishers. ISBN 0-7923-3905-3. All rights reserved.



tion that identify the process of secretory epithelial cell deletion as a pro-
grammed cell death or apoptosis, examine some of the changes in gene expres-
sion that occur during the period of apoptosis, and present data from a
chemoprevention study that suggest induction of apoptosis can inhibit mam-
mary carcinogenesis.

Mammary gland involution

Following pregnancy and lactation, the mammary gland undergoes involution,
a process involving dramatic tissue remodeling and massive epithelial cell
death. The lactating breast, composed largely of epithelium committed to the
secretion of milk proteins, regresses to a quiescent organ composed predomi-
nantly of fat cells surrounding a denuded mammary epithelial tree. In contrast
to the inflammation and tissue disorder found in necrosis, mammary gland
involution is an orderly, gene-mediated, physiological cell death process. The
result is elimination of unwanted or potentially deleterious cells while main-
taining overall tissue structure in the absence of an inflammatory response
[24,25]. As reviewed later, morphological changes (including cytoplasmic and
nuclear condensation and the appearance of apoptotic bodies), molecular
changes (the nonrandom degradation of DNA into oligonucleosomal-length
fragments), and gene expression seen during apoptosis in other developmental
contexts provide evidence that secretory mammary epithelium undergoes
apoptotic cell death during postlactational mammary gland involution. These
changes are closely associated with a dramatic tissue remodeling that culmi-
nates in a reorganized mammary gland, ready for a new cycle of lactation.

Morphological changes observed during mammary gland involution

The virgin mouse mammary gland is a mostly ductal structure formed of one
to two layers of epithelial cells (Figures 1 and 2A). At age 4-5 weeks, under
the influence of ovarian hormones, the immature ducts branch and form
lobular structures (Figure 1). During pregnancy (Figures 1 and 2B), these
lobular units proliferate and differentiate into lobuloalveolar units composed
of milk synthesizing cells. The lactating mammary gland (Figures 1 and 2C)
has well-defined lobuloalveolar structures containing secretory material. The
alveolar structures consist of a single layer of secretory epithelium with under-
lying myoepithelial cells and a well-defined basement membrane (Figure 2C).
Very few adipocytes are detected in the lactating mammary gland. By 1 day
after weaning, apoptotic cells can be found in the milk-filled lumen. Two days
postweaning (Figure 2E), increased numbers of apoptotic cells are present in
alveolar structures. Foci of collapsed alveoli are found interspersed among
adipocytes. At 4 days after weaning (Figure 2F), lobuloalveolar structures are
collapsed and cells showing the nuclear changes characteristic of apoptosis and
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HAN &
Regressed Lactating Pregnant

Figure 1. Whole mount preparations of mouse mammary glands illustrate mammary gland devel-
opment from early development through pregnancy, lactation, and regression. Mammary glands
on glass slides were fixed in 10% buffered formaldehyde, defatted in acetone, stained with iron
hematoxylin, cleared in methyl salicylate, mounted, and photographed.

apoptotic bodies are seen throughout sections of mammary glands. Six days
after weaning (Figure 2G), the process of involution is well advanced, with
little remaining evidence of apoptotic cells. Instead, a significant incursion of
cellular stromal elements is seen surrounding areas of densely packed epithe-
lial cells. The fully involuted and remodeled mammary gland (Figures 1 and
2H) consists mostly of adipocytes surrounding well-defined, but dramatically
reduced, lobular structures reorganized for another cycle of lactation. As
shown in Figures 1 and 2, most of the secretory mammary epithelium under-
goes cell death. Although increased numbers of phagocytic cells are observed
during involution, there is no massive infiltration of macrophages or granulo-
cytes, as seen in inflammatory or necrotic processes [26-29,31-34]. Also shown
in Figure 1 is a premalignant mammary lesion, or hyperplastic alveolar nodule
(HAN), which, as will be discussed later, does not respond to signals for
apoptosis during mammary gland involution.

Ultrastructural changes associated with mammary gland invelution

Ultrastructural studies suggest that the process of involution begins shortly
after weaning. The initial changes described include: incursion of the apical
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Figure 2. H&E stained sections of mouse mammary glands show changes at the ceflular level from
virgin through lactation and regression, including apoptotic cell death.
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Figure 2 (continued)



Figure 3. Electrophoretic analysis of nucleic acid integrity in DNA extracted from mouse mam-
mary glands during pregnancy (P), lactation (L), 1, 2, 3, 4, 6 and 8 days after weaning and
completion of repression (R). Oligonucleosomal fragments are detected faintly as early as 1 day
after weaning of young. Ten microgram samples of DNA extracted from involuting mouse
mammary glands were electrophoresed in 1% agarose gels containing 0.25ug/ml ethidium bro-
mide.

plasma membrane at various points along the cell surface of epithelial cells,
depletion of organelles from this apical region, and the presence of numerous
single membrane-bounded vacuoles that do not appear associated with secre-
tory activity [26,28,31,32]. These effects are thought to be due to the increased
intramammary pressure that occurs after weaning. Changes associated with
induction of cell death are detectable by electron microscopy as early as 12
hours postweaning [26,28,31,32]. These changes include irregular branching
and focal dilation of the endoplasmic reticulum and, within a few hours to 1
day after weaning, an increase in autophagic vacuoles [26,28,31,32] containing
recognizable cellular organelles (mitochondria, endoplasmic reticulum, and
cytoplasmic ground substance with free ribosomes). The number and size of
these autophagic vacuoles increase by 2-3 days after weaning. Thereafter, the
number decreases, but there is an increase in the number of membrane-bound
cytoplasmic structures containing dense, irregular membrane-bounded bodies.
These would appear to be the source of apoptotic bodies seen later in the
process of apoptosis [24,26,28,29,31,32]. Consistent with the evidence of cellu-
lar changes observed as early as 12 hours after weaning by electron micros-
copy, we have detected molecular evidence of apoptosis. Fragmentation of
DNA into oligonucleosomal-length fragments is detected within 24 hours after
weaning is initiated (Figure 3). In addition, as discussed later, there are signifi-
cant changes in gene expression within 24 hours after weaning [29,35,36].

Evidence of altered secretory epithelial cell-stromal interactions

Utilizing immunofluorescence analysis, we detected changes in basement
membrane protein distribution between days 3-4 after weaning. There is
marked thickening of the region in which basement membrane proteins are
detected, suggesting that remodeling of the basement membrane occurs at this
time. In Figure 4, immunofluorescence analysis of laminin expression during

8



Figure 4. Immunohistochemical analysis of laminin expression during mammary gland involution.
Tissue sections are from mouse mammary glands during lactation (a) and 2 (b), 6 (c) and 12 (d)
days after weaning. Laminin was detected with a rabbit anti-laminin peptide sera. The secondary
is FITC conjugated goat anti-rabbit IgG.



Figure 5. Immunoblot showing expression of laminin in protein samples from involuting mouse
mammary glands with increased expression of laminin at days 4-6 after weaning. Protein samples
are from virgin (V), pregnant (P), lactating (L), 1, 2, 4, 6 and 8 days after weaning and regressed
(R). Rabbit antilaminin peptide is detected with ’I-protein A.

Figure 6. Western analysis of fibronectin expression and integrity during mammary involution.
Protein was extracted from mouse mammary glands. Virgin (V), pregnant (P), lactating (L), and
1,2, 4, 6, and 8 days after weaning and regressed (R). FN is purified fibronectin.

mammary gland involution shows that laminin is detected as a very defined
band in the lactating mammary gland. Two days after initiation of weaning,
this band remains limited to a narrow band of basement membrane. At 6 days,
however, the thickness of laminin is much increased. It also appears that
laminin is present in increased amounts.

The role of this increased laminin expression is not clear. Immunoblot
analysis also shows this increased expression of laminin (Figure 5). As involu-
tion proceeds, there is an increase in the deposition of connective tissue
throughout collapsing lobuloalveolar units, and adipose cells reappear in
interlobular areas [28,29,32,33,36]. Five to 6 days after weaning, alveolar
structures have collapsed into knots of cells with little recognizable order.
Immunofluorescence analysis of laminin expression shows a redundant and
convoluted basement membrane surrounding collapsed remnants of alveolar
epithelium at 6 days after weaning [33] (Figure 4). Although laminin appears
to undergo modulation during remodeling of the mammary gland, it does not
appear to be degraded. In contrast, between days 4 and 6 days after weaning,
fibronectin appears to be induced and is partly degraded into smaller frag-
ments (Figure 6). Of potential significance is the observation that fibronectin
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fragments, but not intact fibronectin, can induce the expression of
metalloproteinases [39,40]. The expression of metalloproteinases is integral to
remodeling during mammary involution and is perhaps important for the
concomitant apoptotic cell death of mammary epithelium [30,41,42]. Involu-
tion in the mouse mammary gland is complete by about 14 days after weaning,
at which time laminin and collagen IV expression is confined to tight bands
surrounding the mammary epithelium (Figure 4) [26,31,33,35]. The fully invo-
luted mammary gland resembles the mature virgin mammary gland. It is well
organized with some lobular structure. In contrast to the mammary gland of
a mature virgin, it also contains numerous riboncleoprotein particles. Thus,
the bulk of tissue remodeling appears to accompany the peak of epithelial
cell death, but apoptosis begins prior to detectable changes in stromal
components.

Gene expression during mammary gland involution

Specific regulated changes in gene expression, reflecting the apoptotic cell
death and tissue remodeling observed, are detected by Northern analysis of
RNA extracted from involuting mammary glands [29,30,35,36]. In order to
isolate and identify genes involved in mammary gland involution (particularly
those involved in the apoptotic cell death, which plays an integral role in this
process), we prepared cDNA libraries from lactating and involuting mouse
mammary glands and employed them in a differential screening protocol. This
screening and characterization was designed to detect genes that are strongly
expressed at 1-2 days involution relative to lactation. Thus far, a large group
of genes has been isolated or identified [36]. A number of these genes are
associated specifically with (1) apoptosis: sulfated glycoprotein-2 (SGP-2) [43],
tissue transglutaminase (tTG) [44], pS3, c-myc, and TGFp-1 [45-47], and (2)
tissue remodeling: stromelysin 1 [48] and tissue inhibitor of metalloproteinase
(TIMP) [49]. In addition, a number of death-related cDNAs were isolated [36].
Figure 7 shows the expression of some of these genes compared with the
expression of whey acidic protein (WAP): WDNMI, a putative proteinase
inhibitor associated with inhibition of mammary tumor metastasis [50]; 24p3/
NGAL, a potential regulator of metalloproteinase activity [51,52]; clone 4, a
cDNA related to y-fibrinogen and scabrous [53,54], a Drosophila gene impli-
cated in growth inhibition; GlyCAM-1, the ligand for L-selectin that is ex-
pressed in mouse and human milk [55]; clone 121, a cDNA related to
osteopontin [56]; and adipocyte differentiation related protein (ADRP), a gene
cloned from cells induced to undergo adipocyte differentiation [57]. Northern
blot analysis confirms specific regulation of expression of these genes during
mammary gland involution (Figure 7). These patterns of expression, which
have been confirmed in both the rat and mouse, give an indication of both the
tight regulation and the complexity of gene expression associated with mam-
mary gland involution. Thus, the execution and control of apoptotic cell death
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Figure 7. Northern analysis of expression of genes corresponding to cDNAs isolated from invo-
luting mammary epithelium. RNA samples are from virgin (V), pregnant (P), lactating (L), 1, 2,
3,4, 6, 8 and 10 days after weaning. Ten microgram samples of total RNA were used.

in involuting mammary epithelium appears to be linked to de novo gene
expression. The number of genes associated with both apoptosis and tissue
remodeling also suggests a close link between these processes.

Initiation and control of apoptosis during mammary gland invelution

A number of studies have shown that the hormonal status of an animal has
significant outcomes on the initiation and progression of mammary gland
involution. Oxytocin, hydrocortisone, and prolactin have been found to inhibit
the onset or to delay the progression of involution [27,32,58; Strange and
Friis, unpublished observations]. These various studies suggest that the
initiating event for involution is a cessation or decline of the hormonal
stimulus necessary to maintain lactation. As previously discussed, both histo-
logical and ultrastructural indications of apoptotic cell death of mammary
epithelium are detected as early as day 1 of mammary gland involution.
This can be seen in Figure 2D and 2E showing apoptotic epithelial cells 1 and
2 days after the weaning of young is initiated. Electrophoretic analysis of
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nucleic acid integrity also reveals oligonucleosomal length fragments of
DNA by 24 hours after weaning (Figure 3). Thus, some of the secretory
epithelium responds rapidly to cessation of weaning. One interpretation
of these observations is that these cells have undergone terminal differen-
tiation, after which their survival is dependent upon lactogenic hormone
stimulation.

After initiation of mammary gland involution, it becomes difficult to distin-
guish between the two major processes that occur during involution: epithelial
cell death and tissue remodeling. These processes are so well coordinated
during mammary gland involution that either process might induce or regulate
the other. Immunohistochemical evidence of tissue remodeling is observed 2—
3 days after initiation of weaning, as evidenced by changes in the expression
and distribution of basement membrane proteins, as illustrated in Figures 4
and 5 [33-35,37,38]. Consistent with our studies, others have found that the
basement membrane is significantly remodelled but that it remains within a
defined region, suggesting some maintenance of order. In contrast to the
disorder seen in secretory epithelium, immunohistochemical analysis reveals
that the myoepithelium remains well organized and much less susceptible to
apoptosis [28,29,34,37,38]. Perhaps the overall organization of the mammary
gland is orchestrated by myoepithelial cells that are a major source of the
proteolytic enzymes responsible for alteration of the basement membrane
[29,33,38]. Other studies have suggested that the basement membrane be-
comes degraded and perhaps discontinuous [33,37]. Still others have found
myoepithelial cells and basement membrane proteins exposed to luminal con-
tents and have postulated that this results as dying epithelial cells are released
into the lumen [26,31-33]. These observations are consistent with complemen-
tary roles for epithelial cell death and remodeling of the extracellular matrix
(ECM) encompassing the mammary epithelium in the process of mammary
gland involution.

Alterations of the expression and activity of proteinases

Evidence for the role of ECM in regulation of mammary epithelial cell func-
tion in vivo comes from studies that alter the balance between ECM degrading
enzymes and their inhibitors [30,41,42]. Tissue remodeling during mammary
involution has been transiently inhibited by implantation of pellets that
release the matrix metalloproteinase inhibitor tissue inhibitor of metallo-
proteinases (TIMP) [30]. Premature involution in the mouse mammary gland
has been induced by expression of an activated matrix degrading proteinase,
stromelysin 1 [41]. During pregnancy, induction of a WAP-stromelysin I
transgene in mouse mammary epithelium resulted in loss of basement mem-
brane and a reduction both in gland complexity and biochemical differentia-
tion of mammary glands in the mice bearing this transgene [41]. These data are
consistent with the hypotheses that epithelial cell-matrix interactions are im-
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portant for stabilizing the functional status of the mammary gland and that
disruption of this interaction is an important component of the program
that regulates apoptosis of epithelial cells during involution of the mammary
gland.

The role of protease-mediated tissue remodeling is particularly interesting
in the context of recent research focused on anoikis, apoptosis that is induced
by the disruption of cell-matrix interactions. Results from in vitro studies
of epithelial cells indicate that disruption of interactions between epithelial
cells and extracellular matrix can induce apoptotic cell death of the epithelial
cells [42,59-63]. These results present an interesting problem for determining
the role of tissue remodeling during mammary gland involution. Modulation
of cell-matrix interactions certainly has an important role in mammary
gland development [64-66]. Mammary gland involution would not be com-
pleted without tissue remodeling. In addition, a failure in remodeling may
contribute to initiation of neoplasia. The uncoupling of cell death from tissue
remodeling could provide an environment that permits neoplastic develop-
ment [35,41].

The exact role of tissue remodeling remains unclear. Does tissue remodel-
ing induce apoptosis or is it a result of apoptosis? An increase in apoptotic cell
death is seen early in involution when it is still reversible. At this point, there
are no reported changes of basement membrane or cell-matrix interactions
[26,28-34,37]. There is also little alteration in expression of genes that modu-
late or control tissue remodeling [29,30,35]. Thus, initial epithelial cell death
following weaning appears to be a function of hormone ablation and the
differentiated state of the cells [27]. However, in our studies of normal mam-
mary gland involution in the mouse, the peak of apoptotic epithelial cell death
comes 4 days after weaning, when alteration of the basement membrane
appears greatest (Figures 4-6) [29]. This is consistent with in vitro studies
suggesting that disruption of cell-matrix interactions induces apoptosis. The
connection between these different forms of cell death will be important to
define more clearly, particularly as they may be utilized to inhibit mammary
tumorigenesis.

Model for complementary and interdependent roles for epithelial cell death
and tissue remodeling during involution

Studies of mammary involution in vivo suggest that the apoptotic cell death of
mammary epithelium initiated by weaning precedes and may generate the
signals for initiation of tissue remodeling [26-29,31-32]. Epithelial cells under-
going apoptotic cell death and oligonucleosomal fragmentation of DNA are
detected within 24 hours after weaning, but no changes in basement mem-
brane integrity are seen until about 2 days postweaning [29,31-34]. Up to this
time, mammary involution is also reversible. In addition, inhibition of protein-
ase activity involved in tissue remodeling is able to delay involution [30]. These
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observations and experiments are consistent with the model that mammary
involution and epithelial cell death are initiated by lactogenic hormone abla-
tion due to weaning. This physiological hormone ablation directly causes
apoptotic cell death of secretory epithelial cells. As these cells die, they retract
from the surrounding matrix and are phagocytized. As long as this death
remains at a low level, there is little induction of tissue remodeling enzymes.
However, at some threshold level of cell death, sufficient fragmentation of
basement membrane is caused to initiate a positive feedback loop, after which
commitment to involution is irreversible. This could be caused by either the
death and retraction of enough epithelial cells to release matrix fragments,
or the local release of proteolytic enzymes by epithelial cells undergoing
apoptosis to generate matrix fragments that would induce further proteinase
expression [39,40]. Disruption of cell-matrix interactions accelerates the death
process as secretory cells susceptible to cell death are released from their
normal stromal and intercellular interactions. Some subset of cells, presum-
ably those that have not undergone hormone-induced terminal differentiation,
are not responsive to the cell death signals and remain protected from the
remodeling process. These cells are the source of the mammary epithelium, in
the regressed and reorganized mammary gland, that are ready for another
cycle of lactation.

Why is pregnancy protective against breast cancer?

Mammary tumorigenesis is influenced by the developmental history of the
mammary gland. In humans, pregnancy and lactation have been associated
with protection against developing breast cancer, but the mechanism of this
protection is not well understood [17-23]. This protection appears due, in part,
to terminal differentiation and apoptotic cell death of secretory mammary
epithelium [5,16,22,27,29]. Under the hormonal influence of pregnancy,
resting mammary epithelium proliferates and differentiates into secretory
epithelium committed to the synthesis of milk proteins. Weaning of young
causes a physiological ablation of the lactogenic hormone stimulus, and
secretory mammary epithelium undergoes apoptosis. This suggests that the
apoptotic cell death that follows pregnancy and lactation is protective, in part,
by removing a portion of the mammary epithelial cell that are at risk for
neoplastic development. The secretory epithelium that is re-established during
the next cycle of pregnancy and lactation is effectively depleted of cells carry-
ing or susceptible to the accumulation of tumorigenic mutations. Consistent
with this hypothesis, mammary epithelium that does not undergo involution,
such as found in the breasts of nulliparous women, has a greater risk for
developing breast cancer [17-23]. Induction of the normal program for
cell death in premalignant or malignant mammary tissue presents a power-
ful potential means for prevention of the progression of mammary
carcinogenesis.
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Inhibition of apoptosis can contribute to mammary tumorigenesis

An important question to be answered is the contribution of a defect in or
failure of apoptosis to initiation of mammary neoplasia. Prolonged cell sur-
vival is a characteristic of cells that fail to undergo apoptosis and of cells that
comprise a premalignant mouse mammary lesion associated with increased
tumor risk, the hyperplastic alveolar nodule (HAN) [7,8,67,68]. The HAN
provides an experimental model for human breast hyperplasia. Hyperplastic
alveolar nodules resemble mid-pregnant mammary epithelium but fail to fully
regress following pregnancy and lactation. Figure 1 shows sections of normal
mammary gland and a premalignant mammary hyperplasia from the same
mouse 3 days after weaning. The failure of high risk mammary hyperplasias to
regress suggests that a failure in the normal program for apoptosis contributes
to initiation of neoplasia [7,8,16,22,29]. Support for this hypothesis is found in
transgenic mouse studies of factors contributing to mammary tumorigenesis
[16]. A transgenic mouse line, which constitutively expressed a growth hor-
mone transgene in its mammary epithelium but did not develop mammary
tumors, was crossed with a WAP-Ha-ras transgenic line that had a low
mammary tumor incidence (2%) and normal postlactational involution.
Expression of growth hormone in the mammary gland effectively blocked
postlactational involution and, presumably, apoptotic cell death of mammary
epithelium (this was not examined directly). The double transgenic mice had
a dramatically increased incidence of mammary tumors, presumably due to
the accumulation of mutations necessary to complement the weakly trans-
forming oncogene [16]. Thus, mutation of a gene instrumental in the apoptotic
death of mammary epithelium would be a likely contributor to mammary
tumorigenesis.

Focal epithelial hyperplasias, morphologically similar to hormonally stimu-
lated mammary epithelium that fail to regress fully during involution, are also
observed in the human mammary gland and are recognized as significant risk
factors for the development of breast cancer [4,9-13]. The persistence of
differentiated epithelial hyperplasias in a hormonal environment that does not
normally support such differentiation suggests that the epithelial cells fail to
respond to normal signals to undergo apoptotic cell death or have a defect in
the cascade of gene expression required for execution of apoptotic cell death.
In a recent study of mammary hyperplasias in premenopausal women, a de-
crease in apoptosis relative to mitosis was found to accompany fibrocystic
changes (including atypical ductal and lobular hyperplasia, lesions with in-
creased risk for tumorigenesis) and carcinoma of the breast [4]. Similar obser-
vations have been made in studies of the factors contributing to B-cell and
liver neoplasias [1-3,13-15]. The increased occurrence of neoplasia in breast
epithelium of nulliparous women that does not undergo postlactational regres-
sion is also consistent with the hypothesis that a defect in apoptosis contributes
to breast cancer in humans.
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Can induction of apoptosis by altering cell-matrix interactions be utilized as
a means of chemoprevention?

Treatment of rates and mice with difluoromethylornithine (DFMO) and
retinyl acetate (RA), two important chemopreventive agents, is able to inhibit

Figure 8. H&E stain of tissue sections from mammary glands of untreated (A,C) and treated
(B,D) animals showing an increased presence of extracellular matrix and decreased complexity (a
reduced epithelial cell compartment/component) in the mammary glands of animals treated with
DFMO and RA (B,D). These animals were also protected from chemically induced mammary
carcinogenesis.
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Figure 9. Northern analysis of -casein expression in mammary glands of treated versus control
animals. Ten microgram samples of polyA* RNA were used from untreated control (CTL-),
hormone stimulated (E&P) control (CTL+), hormone stimulated with DFMO (DF+), hormone
stimulated with RA (RA+), and hormone stimulated DFMO plus RA (DF/RA+).

the progression of mammary tumors [69-71]. Morphological studies of mam-
mary glands of treated rats reveal pyknotic nuclei and a reduced epithelial cell
compartment, a thickened ECM (Figure 8), and loss of functional differentia-
tion (Figure 9). These features are consistent with apoptosis of mammary
epithelium in the treated animals. Expression of genes associated with
apoptosis of mammary epithelium is also detected. Northern blot analysis
shows that tissue transglutaminase is increased to a level of induction
comparable to that observed in involuting mouse and rat mammary glands
(Figure 10) [29,72]. Northern analysis shows that tenascin expression is also
increased. The decrease in gland complexity and induction of tenascin by
DFMO and RA is consistent with published data that demonstrated tenascin
can specifically inhibit functional differentiation of mammary epithelial cells in
vitro [72].

Substrate gel analysis shows that various proteinases have increased expres-
sion in treated mammary glands [69]. In addition, we detected fragmentation
of ECM proteins, including collagen IV and fibronectin. This provides an
interesting possibility for induction of apoptosis by inhibiting epithelial cell
attachment to factors or receptors in the basement membrane that are neces-
sary for their continued survival. The observed increase in fibronectin frag-
ments is consistent with this hypothesis because in other systems, fibronectin
fragments have been shown to induce the expression of the matrix degrading
proteinases collagenase, stromelysin I and matrilysin [39,40}. Induction of
matrix metalloproteinases (MPPs) could generate a positive feedback loop in
which fragmentation of ECM and basement proteins induces proteolytic activ-
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Figure 10. Northern analysis of tissue transglutaminase (TGase) expression in mammary glands
of treated versus control animals, as indiated in Figure 9. See Figure 9 for abbreviations.

ity that creates more fragmentation. The elevated levels of fibronectin frag-
ments may provide a mechanistic link to the observed reduction in gland
morphology in DFMO plus RA treated glands by inducing proteinases, which
in turn degrade the basement membrane. While a cause-and-effect relation-
ship between changes in ECM components and epithelial cell loss has not been
established, the data are consistent with chemopreventive agent-related
changes in ECM proteins and matrix degrading proteinases that result in
degradation of ECM. The destruction of ECM could initiate epithelial cell loss
by apoptosis (anoikis) by disrupting epithelial cell-basement membrane inter-
actions [59-63].
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2. Tissue reconstitution, or transgenic mammary
gland, technique for modeling breast cancer
development

Paul A.W. Edwards

Introduction

Breast cancer appears to develop as a result of clones of cells accumulating a
series of mutations. To model this process, we [1-9] and others [10-13] have
introduced tumor mutations into individual clones of cells in mouse mammary
epithelium, in mice, by a transplantation approach known as tissue reconstitu-
tion or constructing a transgenic mammary gland. Introducing oncogenes and
growth factor genes in this way has shown how the three-dimensional growth
pattern of mammary epithelium is altered by such genes and allows us to
address basic questions, such as: What does an individual oncogene do to
three-dimensional growth control? Do related oncogenes have similar or dif-
ferent effects? How do the effects of oncogenes relate to their normal role in
controlling the three-dimensional growth pattern? How do clones of cells that
express an oncogene behave among neighboring normal cells in an epithe-
lium? The method also allows sequential introduction of more than one
oncogene to follow tumor development.

Tissue reconstitution method for expressing genes in mammary epithelium

The tissue reconstitution method for expressing genes in mammary epithelium
is shown in Figure 1 [6]. Mammary epithelial cells from an adult female mouse
are put into primary culture, and a gene of interest is introduced into a small
proportion of the cells by infection with helper-free (i.e., nonreplicating)
retrovirus [14]. The cells are then transplanted into a cleared mammary fat
pad, a mammary fat pad from which the natural epithelium has been removed
[15]. The cleared fat pad is made by removing the nipple end of the #4 fat pad
3 weeks after birth, at which stage the natural epithelium has only grown a
short distance into the fat pad. The injected cells reform an epithelium by
growing out from the site of injection. This epithelium seems entirely normal
by all criteria, except that it is not connected to a nipple, so that milk secretion
stops immediately after parturition. In this reconstituted epithelium, a small
fraction of the cells expresses the introduced gene (unless retrovirus infection

R. Dickson and M. Lippman (eds.) MAMMARY TUMOR CELL CYCLE, DIFFERENTIATION AND
METASTASIS. 1996. Kluwer Academic Publishers. ISBN 0-7923-3905-3. All rights reserved.
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Figure 1. The tissue reconstitution method for introducing genes into mouse mammary epithe-
lium in vivo. Mammary epithelial cells are prepared from an adult female gland by collagenase
digestion and are put into primary culture. They are infected with helper-free retrovirus and then
transplanted into a cleared mammary fat pad in vivo. The cleared fat pad is prepared in a 3-week-
old female mouse. At this age the epithelium, represented in the diagram by lines, is a small cluster
of ducts that has grown only a short way in from the nipple. It can be removed by cutting off the
top of the fat pad. The genetically manipulated cells reform an epithelium that branches and fills
the fat pad over about 10 weeks. The whole gland can then be whole mounted as shown in later
figures. In our laboratory, cells are infected with retrovirus by subculturing the primary cells onto
irradiated retrovirus-producing cells. The total time in culture is 4 days. For details see Edwards
et al. [8].

conditions are modified to give a high proportion of infected cells [8]). An
important feature of the method is that the primary epithelial cells are only
kept in culture for a short time, 4 days in our protocol, so that they do not have
time to adapt to culture or to acquire unknown mutations. Technical details
have been reviewed elsewhere [8]. The tissue reconstitution approach has also
been used to model neoplasia in other tissues, for example, in skin, prostate,
and the hemopoietic system [5].

Comparison of the reconstituted mammary gland with transgenic models

There are currently three methods available for expressing genes in mammary
epithelium: the tissue reconstitution method, direct introduction of genes, and
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mammary-specific expression in transgenic mice. In direct introduction,
helper-free retroviruses are injected directly into the mammary gland through
the nipple [16,17]. This approach works well in the rat and has been used to
introduce the v-Ha-ras and neu oncogenes [16,17], but no studies in the mouse
have yet been reported. It seems likely that the mouse gland, at least in the
nonlactating animal, is too small to be manipulated this way. Mammary-
specific expression of genes in transgenic mice is probably the most widely
known of the methods. Here, genes are expressed in germ-line transgenic mice
from mammary-specific promoters, for example, the promoters for whey
acidic protein (WAP) [18] or mouse mammary tumor virus (MMTYV) [19,20].

Tissue reconstitution and direct introduction have two major advantages
over the transgenic mouse approach as models of the development of
neoplasia. Firstly, they introduce genes into individual cell clones against a
background of normal neighboring cells, as in natural tumor development
(Figure 2¢). In contrast, in transgenics all cells in the tissue express the intro-
duced gene, causing a generalized hyperplasia, and it is not possible to see how

Figure 2. Examples of reconstituted mammary glands expressing oncogenes. Whole mounts of
reconstituted glands expressing various genes. Whole glands were stained and then cleared by
immersion in methyl salicylate. Except in b, they are stained with the nuclear stain carmine.
Epithelium appears as dark treelike structures within clear adipose tissue. The oval dark body at
the end of the fat pads is a lymph node. The magnification is the same in all the photographs, scale
bar= 1mm. a. Control transplant infected with a retrovirus that carries no oncogene. b. Reconsti-
tuted gland expressing the enzyme beta-galactosidase, stained histochemically for the enzyme. In
this typical example, a small region of the epithelium expresses the gene and stains deep blue,
which appears black in the photograph. The rest of the epithelium, unstained, is a faint yellow
color and appears pale grey. Primary mouse mammary epithelial cells were infected with the
retrovirus IRV-BAG, which expresses beta-galactosidase from a beta-actin promoter [41], and
were transplanted as shown in Figure 1. After 10 weeks of growth of the transplant, the glands
were stained as whole mounts for beta-galactosidase activity using X-gal as the substrate [41].
¢. Lesion (marked by the arrow) caused by the expression of the activated c-erbB-2 oncogene neu,
as described previously [3,8,9]. Primary cells were infected with a retrovirus that expresses neu
from a beta-actin promoter. d. Transplant expressing the Wns-1 oncogene, as described in
Edwards et al. [7]. With this oncogene, unlike with erbB-2, the whole of the epithelium is
hyperplastic. e. Hyperplasia induced by v-myc, as described in Edwards et al. [6]. As with Wnt-1,
the abnormal growth pattern is often uniform throughout the transplant.
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Figure 2 (continued)
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Figure 2 (continued)

focal, clonal lesions develop. Secondly, any promoter can be used to drive the
expression of a gene in the reconstitution system. For example, we have used
the beta-actin promoter, and, in the future, inducible promoters could be used
if reliable ones become available. Transgenic experiments have to use the
available mammary-specific promoters, which have limitations. They are not
completely mammary specific, so that growth abnormalities can occur else-
where and may even be lethal during development [21]. The WAP, BLG, and
some forms of the MMTV promoters are essentially lactation specific [20], and
are weak or inactive in the virgin (resting) gland, the state most relevant to
modeling breast cancer.

The tissue reconstitution approach is probably also less expensive and
quicker than making transgenic mice, especially because any individual
transgenic line may show effects specific to the integration site of the transgene
and at least two lines have to be compared. In transplants, many different sites
of retrovirus integration are generated within one experiment, so integration-
specific effects do not influence the overall picture. One technical limitation of
the reconstitution approach is that there may be immune responses to the
introduced gene product. For example, we have seen obvious lymphocyte
infiltration around epithelium that expressed the MC29 gag-myc fusion pro-
tein [6] and SV40 large T [unpublished], both viral proteins that may be very
immunogenic. Other oncogenes have not elicited a detectable response, nota-
bly OK10 v-myc. One solution is to use mouse genes; another may be to induce
tolerance to the introduced protein.

What does an individual oncogene do to three-dimensional growth control?

Mammary epithelium is particularly suited to studying the steps in tumor
development because the entire epithelium can be visualized in three dimen-
sions by whole mounting. In this technique the whole mammary gland is
stained and made transparent to display its three-dimensional structure
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(Figure 2). This shows even small local changes in spatial organization caused
by oncogenes (Figure 2). Several oncogenes and growth factors have now been
expressed in mammary epithelium, and overall there is a striking diversity of
effects; for example, altered branching of ducts, inappropriate alveolus forma-
tion, and changes in hormone responsiveness. The altered growth patterns
produced are in most cases quite well ordered and stable, rarely, if at all, giving
rise to tumors on the time scale of the experiments (usually 3-4 months). Work
with the reconstitution system has concentrated on early, simple preneoplastic
lesions that reveal the consequences of the introduced mutation acting alone,
without subsequent unknown changes that occur in tumor development.

Pattern of expression of an introduced gene

To show where in the gland an introduced gene might be expressed, beta-
galactosidase was introduced into transplanted epithelium, using a retro-
virus that transduces beta-galactosidase, and whole glands were stained
histochemically with X-gal to show where the enzyme was expressed (Figure
2b) [8]. Typically, expressing cells were scattered over part of a transplant —
some cells alone, and others in clusters — in a manner that would be consistent
with all of them deriving from one, two, or occasionally three clones per
transplant, although we have not confirmed this interpretation. Figure 2b
shows a typical transplant in which the distribution of stained cells looks as
though they may be a single clone.

The beta-galactosidase staining clearly shows the position of retrovirus-
infected cells in the whole mount, and in the future it would be an advantage
to coexpress betagalactosidase with the oncogenes introduced so that changes
in growth pattern can be related to the presence of genetically manipulated
cells. We [8; C.L. Abram, M.J. Page, and P.A.W. Edwards, unpublished]
have made a new retrovirus vector, pCA1l, that directs the translation of both
beta-galactosidase and a gene of interest from a single message, giving well-
coordinated expression of the two genes. The translation of two reading
frames from a single message is achieved using a picornavirus IRES sequence
[22]. neo activity has also been incorporated by using beta-geo, a fusion protein
combining beta-galactosidase and neo activity [23].

ErbB2: Focal development of a spectrum of lesions

ErbB2 is a growth factor receptor closely related to the EGF receptor, ErbB,
and is normally expressed in the lactating mammary gland [24]. It is one of the
best candidates for an oncogene of importance in human breast cancer, with
around 20% of breast carcinomas, and a high proportion of carcinomas in situ,
expressing high levels of the protein [25]. Several groups have shown that the
overactive mutant form of rat erbB2, neu, is very effective at causing carci-
noma in situ and frank carcinoma when expressed in mammary epithelium
[3,17,26,27]. Wild-type erbB2 was also reported to produce tumors when ex-
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pressed in mammary epithelium in transgenic mice, but subsequently the
introduced erbB2 was found to have acquired activating mutations during
tumor development [28].

When neu was introduced into reconstituted epithelium, focal lesions devel-
oped in the transplanted epithelium (Figure 2¢) [3,8,9]. The focal distribution
of abnormal growth was as expected from the experiments in which beta-
galactosidase was expressed (Figure 2b). In whole mount the more obvious
lesions were dense aggregates of cells, often of rather ill-defined shape, al-
though some suggested the ‘bunch-of-grapes’ shape formed by clusters of
alveoli in the lactating gland [3,8]. These lesions were classified by the standard
criteria of human histopathology as hyperplasias with or without atypia,
sclerosing adenosis, carcinoma in situ, and frank carcinoma [3].

To try to understand the development of these lesions, we have examined
whole mounts and sections for mild lesions [8,9]. Many whole mounts showed
clusters of alveoli on ducts in the virgin gland, apparently representing inap-
propriate development of alveoli in the virgin gland. They occurred either
focally as distinct lesions or peripherally to more advanced lesions. Alveoli
were also often prominent in glands that had been taken through lactation and
involution [illustrated in 3,8]. In this case, they could have been present as
inappropriate alveoli before lactation or they could have arisen normally in
lactation but have been retained as a result of erb B2/neu expression. Antibody
staining of sections through clusters of alveoli showed expression of ErbB2 [3].
Histologically, a continuum of morphologies was seen, from essentially normal
clusters of alveoli through to more advanced lesions [3,9]. One interpretation
is that ErbB2 is normally involved in initiating or maintaining alveoli in
lactation, and that inappropriate activation of the receptor leads to inappro-
priate alveolus formation.

erbB2 compared with erbB: Do related oncogenes have similar or
different effects?

ErbB and ErbB?2 are closely related growth factor receptors, and yet constitu-
tively active mutants of them alter the growth of transplanted epithelium in
quite different ways. This is a clear illustration of the diversity
of oncogene effects on growth, which would not be revealed by in vitro
experiments. In contrast to the alveolar lesions produced by expressing neu,
v-erbB produced enlarged ducts in which the luminal surface was fragmented
and there were frequently loose epithelial cells in the lumen. There was
little  alteration to the surrounding stroma [1]. Thus two closely related
oncogenes have different effects, although we do not yet know whether this is
because ErbB and ErbB2 activate different signal transduction pathways or
because the mode of activation of the oncogenes was different — v-erbB
is chicken c-erbB, with both ends truncated, while neu is rat c-erbB2, with
a point mutation in the transmembrane domain. This is currently under
investigation.
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myc and Wnt-1 — clonal expansion?

Examples of oncogenes that have a completely different kind of effect on the
epithelium are myc and Wnt-1 (originally known as int-1). They alter the
pattern of duct branching in the gland (Figure 2d and 2e). The effect of
expressing myc, both in the form v-myc [6] or c-myc [unpublished], is to
produce a closer spacing of ducts (Figure 2e). Wnt-1 produces an even more
dramatic increase in the density of ducts (Figure 2d) [7], originally observed
when Wnt-1 was expressed in transgenic mice [29]. With both genes, rather
than the growth pattern being disturbed focally, a large part or all of the
transplant is abnormal. This is not what we would expect from the beta-
galactosidase experiment (Figure 2b). The effect is very local, and not a
systemic effect due to hormone release, since in both cases normal epithelium
can be found only 100-200um away from the affected epithelium [6,7,30]. The
most interesting interpretation of this result is that cells that express either of
these oncogenes outgrow their normal neighbors and take over most or all of
the tansplant, the kind of clonal expansion postulated to occur in neoplastic
development. In support of this idea, the morphology of the transplants is
usually rather uniform, particularly in the case of Wnt-1, but varies between
transplants, suggesting that they are clonal. However, other explanations have
not yet been ruled out. For example, the hyperplasias could be a mixture of
oncogene-expressing cells and normal cells, the normal cells being influenced
by their abnormal neighbors. This is certainly plausible for Wnt-1, as the Wnt-
1 product is a secreted, growth-factor-like molecule. We have not been able to
stain cells for the presence of these oncogenes — myc is expressed at too low
a level, and there are no antisera suitable for immunocytochemistry of Wat-1
— so the resolution of this question awaits coexpression with a marker gene,
as described earlier.

Is Wnt-1 an oncogene because it mimics other Wnts?

Whnt-1 was originally discovered as int-1, a gene whose expression is often
activated in mammary tumors induced by MMTYV [reviewed in 31]. The Wnt-
1 product is a secreted glycoprotein, and its close homology to the Wingless
gene product of Drosophila suggests that it is involved in short-range signaling
between cells. For some time its oncogenic activity was a puzzle: If it was not
expressed in normal mammary gland, why should there be a receptor for it?
However, more recently a large family of closely related glycoproteins, the
Wnt family, has been discovered, and several of these are normally expressed
in mammary gland in various stages of development [32,34]. Wnts seem to be
involved in controlling a wide range of developmental processes [36]. Wnt-1
might therefore alter mammary growth pattern by mimicking one or more
other Wnt glycoproteins that are normally involved in regulating mammary
development.

We had also suggested that the hyperplastic epithelium induced by express-

30



ing Wnt-1 (Figure 2d) looked somewhat like a mid-pregnant epithelium.
In early pregnancy new side branches develop on the duct framework laid
down in the virgin animal. To show the resemblance, transplants of normal
mammary epithelium were grown in a pregnant mouse, and their growth
pattern was quite similar to the Wnt-1-expressing transplant in a virgin mouse
[7]-

It followed that one or more of the Wnt gene products might be responsible
for directing side-branch growth in early pregnancy, so we expressed some of
the likely Wnts in transplants. Wnt-4 seemed to fulfil the prediction [4]. In the
normal mammary gland, it is expressed only weakly in the virgin, and expres-
sion increases early in pregnancy [32,34]. Reconstituted epithelium expressing
Wnt-4, in the virgin gland, showed an overbranched pattern of growth close,
but not identical, to that of early pregnancy [4]. Comparing the patterns of
growth induced by Wnt-4 and Wnt-1, the Wnt-4 pattern was closer to that of
early pregnancy. Although much more needs to be done, it seems likely that
Wnt-4 plays a key role in pregnancy, changing the growth pattern of the
epithelium, and that the oncogenic effect of Wnt-1 is at least in part through its
ability to mimic Wnt-4. Wnt-1 may also mimic other Wnt proteins that are
normally expressed in mammary gland, such as Wnt-6 and Wnt-7b [32,34].
Wnt-1, Wnt-6, and Wnt-7b transform fibroblasts, while Wnt-4 has little or no
effect [35], suggesting that Wnt-1 is also a ligand for a receptor that binds Wnt-
6 and Wnt-7b.

Hormone-independent growth of epithelium that expresses Wnt-1

Because the dependence of mammary growth on ovarian hormones is a major
practical issue in breast cancer, any situations in which the growth of mam-
mary epithelium is independent of ovarian hormones are of interest, even if
the genes involved are probably not relevant to the human situation. When
Tsukamoto et al. [29] expressed Wnt-1 in mammary epithelium in transgenic
mice they found that the hyperplastic epithelium developed in male mice as
well as in females, so its growth was independent of ovarian hormones. In the
transgenic mice the effect could have been systemic. To show that it was local,
Wnt-1-expressing epithelium and normal epithelium were transplanted into
opposite ends of the same fat pad in normal mice [7,30]. The two epithelial
outgrowths grew until they confronted each other in the fat pad, with a
separation of about 100-200um. The morphology of the normal epithelium
was completely unaffected, showing not only that the effect of Wnt-1 was not
systemic, but also that it was of very limited range within the fat pad, as
expected from the behavior of Wnts in other systems [31].

In normal mice, growth of epithelial tubes can be divided into two phases:
growth of major ducts in the virgin animal, and growth of side branches in
pregnancy. These two growth phases have different hormone/growth factor
sensitivity; for example, they respond differently to transforming growth fac-
tor (TGF)-beta [37]. Growth of major ducts occurs at characteristic terminal
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endbud structures, but these are not found in side branch growth. Wnt-1—
expressing epithelium has terminal endbuds when growing in intact females,
but they are absent during growth in males or ovariectomized females, show-
ing that Wnt-1 does not simply substitute for ovarian hormones. We suggested
an alternative, if speculative, interpretation, based on our hypothesis that
Wnt-1 caused the side branch growth that would normally occur in pregnancy
(see earlier): Growth of the side-branch type might be independent of ovarian
hormones and so Wnt-1-driven growth was also ovarian independent [7]. If
this is correct, then estrogen-independent tumor growth might be driven by
signals that would normally only be issued in pregnancy or lactation.

hst/FGF-4

hst/FGF-4 is a member of the fibroblast growth factor family, which seems
occasionally to be expressed in MMTV-induced mouse mammary tumors, and
is coamplified with int-2 and PRAD-1, but apparently not expressed, in human
tumors. It causes what seem to be alveoli to develop singly or in clusters, along
major ducts [for illustrations see 5,8)]. This is similar to the mildest effects of
FGF3/int-2 [38]. As in the case of ErbB2, this raises the possibility that an FGF
is normally involved in controlling the growth of alveoli.

v-Ha-ras

v-Ha-ras has also been introduced both by retrovirus infection of primary
cultures [2,10,13] and by calcium-phosphate transfection of plasmid DNA
followed by mild selection [11]. Some of the resulting transplants showed
irregular, dilated duct structures with enlarged, dense endbuds, increased
alveolar budding, and multilayered epithelium [10,13]. Others developed
tightly clustered groups of alveolar structures [2,11].

Sequential introduction of more than one oncogene to follow
tumeor development

The tissue reconstitution method permits an elegant reconstruction of the
sequential development of a tumor [2,10]. One oncogene can be introduced to
produce a preneoplastic growth pattern, and then a second oncogene can be
added to some of the preneoplastic cells, creating clones of cells expressing
both oncogenes against a background of cells expressing the first oncogene, as
in the clonal development of neoplasia. This is done by making a transplant
expressing the first oncogene, putting the resulting abnormal growth into
primary culture, infecting with a retrovirus that carries the second oncogene,
and making a second round of transplants. We made hyperplastic epithelium
by introducing v-myc and then introduced v-Ha-ras as the second oncogene
[2]. Tumors developed fairly rapidly at the site of transplantation, with no
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discernible intermediate between the myc hyperplasia and the tumor. Simi-
larly, Aguilar-Cordova et al. [10] used the mammary epithelial cell line
Comma-D, which gives mildly dysplastic growths on transplantation, as a
preneoplastic state. They introduced v-Ha-ras and obtained tumors on trans-
plantation. Incidentally, both these experiments demonstrated, as one might
expect, that v-Ha-ras could act as a second mutation in tumor development.
This is in contrast to its initiating role in the induction of mammary tumors by
certain carcinogens [39].

Is this a valid way to model human breast cancer?

At a fundamental level, there is little doubt that experiments of this kind are
invaluable. They show how tumor mutations alter the three-dimensional orga-
nization of tissue, and they illustrate how little we learn about the ultimate
effects of tumor mutations from in vitro experiments. For example, who would
have predicted that v-myc would alter mammary epithelial branching (Figure
2), or that it would antagonize the apoptosis that normally occurs after lacta-
tion during involution, causing the epithelium to retain the morphology of
lactation [18; J.M. Bradbury and P.A.W. Edwards, unpublished]? Mouse
mammary tumorigenesis was classically considered a poor model of the hu-
man disease, but the reason for this was in part that the tumor mutations
caused by MMTYV or chemical carcinogen treatment were not in general the
mutations that occur in the human. This is no longer relevant, now that we can
introduce tumor mutations of choice. In particular, the histology of lesions
caused by mutant erbB2 is close to that of human premalignant lesions [3]. On
a more applied level, tissue reconstitution can also provide syngeneic
preneoplastic lesions and tumors with defined oncogene expression for the
testing of new therapies in vivo, a better target in some respects than the
xenografted human tumor.

Future directions

To date the tissue reconstitution approach has been used to express oncogene
and growth factor genes, while a complete model of tumor development
clearly requires inactivation of tumor suppressor genes as well. There are
various possible ways this might be achieved. Dominant negative mutants of
some tumor suppressor genes may become available. Gene expression might
be inhibited by retroviruses that express antisense or ribozyme constructs, but
these methods remain to be generally proven. Deletion of genes may be more
effective and might be achieved using the lox-cre system [40]. Transgenic mice
would be engineered so that the gene to be deleted was flanked by lox
sequences. The gene would then be deleted by expression of the cre
recombinase, which catalyzes recombination between pairs of lox sites. This
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deletion step could be achieved in the reconstituted mammary gland using a
retrovirus that expresses cre to give clones of mutant cells.

Conclusions

The tissue reconstitution method for expressing genes in mammary epithelium
has proved to be a valuable method to find out what tumor mutations do to
intact tissue and is arguably the method of choice. Its main limitation at
present is that inhibition or deletion of genes, while probably feasible, has not
yet been demonstrated.

What have we learned from expressing oncogenes and growth factors in
mammary epithelium? That most oncogenes affect the growth pattern of
mammary epithelium and the effects are very diverse. Even closely related
oncogenes may give quite distinct effects. Some ideas have emerged about
how the action of oncogenes may be related to their normal functions or the
normal functions of related molecules. Experience with erbB2, in particular,
encourages us to believe that this mouse model will be relevant to human
disease.

Acknowledgments

I thank my coworkers, particularly Dr. Jane Bradbury. Our work was sup-
ported by the Agriculture and Food Research Council, the Breast Cancer
Research Trust, Association for International Cancer Research and the Can-
cer Research Campaign.

References

1. Abram CL, Bradbury JM, Page MJ, Edwards PAW (1995) v-erbB induces abnormal patterns
of growth in mammary epithelium. In Intercellular Signalling in the Mammary Gland. CJ
Wilde, CH Knight, M Peaker (eds). New York: Plenum, pp 67-68.

2. Bradbury JM, Sykes H, Edwards PAW (1991) Induction of mouse mammary tumours in a
transplantation system by sequential introduction of the myc and ras oncogenes. Int J Cancer
48:908-915.

3. Bradbury JM, Arno J, Edwards PAW (1993) Induction of epithelial abnormalities that re-
semble human breast lesions by the expression of the neu/erbB2 oncogene in reconstituted
mouse mammary gland. Oncogene 8:1551-1558.

4. Bradbury JM, Edwards PAW, Niemeyer CC, Dale TC (1995) Wnt-4 expression induces a
pregnancy-like growth pattern in reconstituted mammary glands in virgin mice. Dev Biol
170:553-563.

5. Edwards PAW (1993) Tissue reconstitution models of breast cancer. Cancer Surv 16:79-96.

6. Edwards PAW, Ward JL, Bradbury JM (1988) Alteration of morphogenesis by the v-myc
oncogene in transplants of mouse mammary gland. Oncogene 2:407-412.

7. Edwards PAW, Hiby SE, Papkoff J, Bradbury JM (1992) Hyperplasia of mouse mammary
epithelium induced by expression of the Wnt-1 (int-1) oncogene in reconstituted mammary
gland. Oncogene 7:2041-2051.

34



10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Edwards PAW, Abram CL, Bradbury JM (1995) Genetic manipulation of mammary epithe-

lium by transplantation. J Mammary Gland Biology and Neoplasia 1:75-90.

. Edwards PAW, Abram CL, Hiby SE, Niemeyer C, Dale TC, Bradbury JM (1995) The role of

erbB-family genes and Wnt genes in normal and preneoplastic mammary epithelium, studied
by tissue reconstitution. In Intercellular Signalling in the Mammary Gland. CJ Wilde, CH
Knight, M Peaker (eds). New York: Plenum, pp 57-66.

Aguilar-Cordova E, Strange R, Young LIJT, Billy HT, Gumerlock PH, Cardiff RD (1991)
Viral Ha-ras mediated mammary tumour progression. Oncogene 6:1601-1607.

Miyamoto S, Guzman RC, Shiurba RA, Firestone GL, Nandi S (1990) Transfection of
activated Ha-ras protooncogenes causes mouse mammary hyperplasia. Cancer Res 50:6010—
6014.

Smith GH, Gallaghan D, Zweibel JA, Freeman SM, Bassin RH, Callaghan R (1991) Long-
term in vivo expression of genes introduced by retrovirus-mediated transfer into mammary
epithelial cells. J Virol 65:6365-6370.

Strange R, Aguilar-Cordova E, Young LJT, Billy HT, Dandekar S, Cardiff RD (1989)
Harvey-ras mediated neoplastic development in the mouse mammary gland. Oncogene 4:309-
315.

Miller AD (1992) Retroviral vectors. Curr Top Microbiol Immunol 158:1-24.

DeOme KB, Faulkin LJ Jr, Bern HA, Blair PB (1959) Development of mammary tumors
from hyperplastic alveolar nodules transplanted into gland-free mammary fat pads of female
C3H mice. Cancer Res 19:515-520.

Wang B, Kennan WS, Yasukawa-Barnes J, Lindstrom MJ, Gould MN (1991) Carcinoma
induction following direct in situ transfer of v-Ha-ras into rat mammary epithelial cells using
replication-defective retrovirus vectors. Cancer Res 51:2642-2648.

Wang B, Kennan WS, Yasukawa-Barnes J, Lindstrom MJ, Gould MN (1991) Frequent
induction of mammary carcinomas following neu oncogene transfer into in situ mammary
epithelial cells of susceptible and resistant rat strains. Cancer Res 51:5649-5654.

Andres AC, van der Walk MA, Schonenberger CA, Fluckiger F, LeMeur M, Gerlinger P,
Groner B (1988) Ha-ras and c-myc oncogene expression interferes with morphological and
functional differentiation of mammary epithelial cells in single and double transgenic mice.
Genes Dev 2:1486-1495.

DanKort DL, Muller WJ (1996) Transgenic models of breast cancer metastasis. In Mammary
Tumor Cell Cycle, Differentiation, and Metastasis. RB Dickson, ME Lippman (eds). Boston:
Kluwer.

Webster MA, Muller WJ (1994) Mammary tumorigenesis and metastasis in transgenic mice.
Semin Cancer Biol 5:69-76.

Stocklin E, Botteri F, Groner B (1993) An activated allele of the c-erbB-2 oncogene impairs
kidney and lung function and causes early death of transgenic mice. J Cell Biol 122:199-208.
Ghattas IR, Sanes JR, Majors JE (1991) The encephalomyocarditis virus internal ribosome
entry site allows efficient coexpression of two genes from a recombinant provirus in cultured
cells and in embryos. Mol Cell Biol 11:5848-5859.

Friedrich G, Soriano P (1991) Promoter traps in embryonic stem cells: A genetic screen to
identify and mutate developmental genes in mice. Genes Dev 5:1513-1523.

Dati C, Antoniotti S, Taverna D, Perroteau I, De Bortoli M (1990) Inhibition of c-erbB-2
oncogene expression by estrogens in human breast cancer cells. Oncogene 5:1001-1006.
Varley JM, Walker RA (1993) The molecular pathology of human breast cancer. Cancer Surv
16:31-57.

Muller WJ, Sinn E, Pattengale PK, Wallace R, Leder P (1988) Single-step induction of
mammary adenocarcinoma in transgenic mice bearing the activated c-neu oncogene. Cell
54:105-115.

Bouchard L, Lamarre L, Tremblay PJ, Jolicoeur P (1989) Stochastic appearance of mammary
tumors in transgenic mice carrying the MMTV/c-neu oncogene. Cell 57:931-936.

Siegel PM, Dankort DL, Hardy WR, Muller WJ (1994) Novel activating mutations in the neu
proto-oncogene involved in induction of mammary tumours. Mol Cell Biol 14:7068-7077.

35



29.

30.

31.
32.

34

35.

36.

37.

38.

39.
40.

41.

36

Tsukamoto AS, Grosschedl R, Guzman RC, Parslow T, Varmus HE (1988) Expression of the
int-1 gene in transgenic mice is associated with mammary gland hyperplasia and
adenocarcinomas in male and female mice. Cell 55:619-625.

Lin T-P, Guzman RC, Osborn RC, Thordarson G, Nandi S (1992) Role of endocrine,
autocrine and paracrine interactions in the development of mammary hyperplasia in Wnt-1
transgenic mice. Cancer Res 52:4413-4419.

Nusse R, Varmus HE (1992) Wnt genes. Cell 69:1073-1087.

Gavin BJ, McMahon AP (1992) Differentional regulation of the Wnt gene family during
pregnancy and lactation suggests a role in post natal development of the mammary gland. Mol
Cell Biol 12:2418-2423.

Weber-Hall SJ, Phippard DJ, Niemeyer CC, Dale TC (1994) Developmental and hormonal
regulation of Wnt gene expression in the mouse mammary gland. Development 57:205-214.
Bradbury JM, Niemeyer CC, Dale TC, Edwards PAW (1994) Alterations of the growth
characteristics of the fibroblast cell line C3H10T1/2 by members of the Wnt gene family.
Oncogene 9:2597-2603.

Parr BA, McMahon AP (1994) Wnr genes and vertebrate development. Curr Opin Genetics
Dev 7:2181-2193.

Daniel CW, Silberstein GB, Van Horn K, Strickland P, Robinson § (1989) TGF-B1-induced
inhibition of mouse mammary ductal growth: Developmental specificity and characterization.
Dev Biol 135:20-30.

Ornitz DM, Moreadith W, Leder P (1991) Binary system for regulating tramsgene expression
in mice: Targeting int-2 gene expression with yeast GAL4/UAS control elements. Proc Natl
Acad Sci USA 88:698-702.

Sukumar S (1989) ras oncogenes in chemical carcinogenesis. Curr Top Microbiol Immunal
148:93-114.

Gu H, Marth JD, Orban PC, Mossmann H, Rajewsky K (1994) Deletion of a DNA poly-
merase f3 gene segment in T cells using cell type-specific gene targetting. Science 265:103-106.
Beddington RSP, Morgernstern J, Land H, Hogan A (1989) An in situ transgenic enzyme
marker for the midgestation mouse embryo and the visualization of inner cell mass clones
during early organogenesis. Development 106:37-46.



3. Preneoplasia in mammary tumorigenesis

Daniel Medina

Introduction

It is axiomatic that cancers in epithelial organs arise via multiple intermediate
stages. This concept is termed rmultistage carcinogenesis and is based upon
both clinical and experimental observations over the past 40 years in practi-
cally all major epithelial organs [1-3]. The intermediate stages have been
labeled with various terms, the most common terms being preneoplastic or
premalignant. Recently it has been recognized that the stage of preneoplasia
itself represents a progression of several stages [4]. The past 10 years have
witnessed the application of molecular biology approaches to examine basic
questions in mammary carcinogenesis. These approaches, which include the
development and characterization of transgenic mouse models and transgenic
gland models; the successful development of cell culture systems to establish
mammary epithelial cell lines of preneoplastic and neoplastic phenotypes; the
identification and elucidation of oncogenes, tumor-suppressor genes, and
growth factors; and recognition of the importance of the mammary stroma
in mammary epithelial cell function, have provided new insights into the
biological and molecular events that underlie the development of mammary
carcinogenesis. In light of these new methodologies, the time is appropriate for
a review of the preneoplastic state in mammary tumorigenesis. Although this
review focuses on the mouse as a model, current results and ideas about rat
and human preneoplastic or intermediate stage lesions are also discussed. It is
hoped that this review will invite discussion and comments, stimulate new
ideas, and attract new participants into this research area.

Preneoplastic phenotype as a model system
Mouse mammary preneoplasias
The biological properties of mouse mammary preneoplasias were extensively

studied by DeOme and his coworkers [5] and have been reviewed extensively
[3,5,6]. There are several different morphological forms of preneoplastic le-
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sions in the mouse mammary gland, which include hyperplastic alveolar nod-
ules (HAN), ductal hyperplasias (DH), and keratinized nodules (KN). The
most extensively characterized preneoplastic lesions are the HAN, which rep-
resent transformed cell populations histologically similar to the differentiated
alveolar cells normally found in the normal pregnant mammary gland. The
HAN are termed preneoplastic because they have been shown to exhibit a
greater probability for tumor formation than their normal cell homologues,
the alveolar cells found in pregnant mice.

Hyperplastic alveolar nodules have been induced by mammary tumor vi-
ruses (MMTYV), both the exogenous and endogenous forms; chemical carcino-
gens such as 7,12-dimethylbenzanthracene (DMBA) and urethane; prolonged
hormonal stimulation (prolactin plus estrogen plus progesterone); specific
oncogenes (see discussion on transgenic glands and transgenic mice); and
growth in cell culture [7,8]. Hyperplastic alveolar nodules were originally
identified as persistent focal areas of alveolar hyperplasia in the ductal mam-
mary glands of nonpregnant, nonlactating mice. Individual HAN transplanted
into the mammary gland—free (cleared) fat pads of syngeneic virgin mice will
grow and fill the fat pad with mammary alveolar cells, reminiscent of the
normal pregnant mammary gland [5,9] (Figure 1A and 1B). These transplants
are termed hyperplastic outgrowth lines and are abbreviated as HOG or HPO.
The outgrowth lines can be perpetuated by serial transplantation into the
cleared mammary fat pads at intervals of 8-12 weeks.

The hyperplastic outgrowth lines, like their progenitor primary HAN, have
increased probabilities for tumor formation. The transplantation method al-
lows the neoplastic potential of hyperplastic outgrowth lines to be tested
directly. In the absence of additional exposure to MMTYV, chemical carcino-
gens, exogeneously administered hormones, or specific oncogenes, the HOG
lines produce mammary tumors at a rate characteristic for each line. The
tumor-producing capabilities, measured as the percent of transplants that
produce tumors at 12 months after transplantation, or as the time (months) for
50% of the transplants to produce tumors (TE,;), extends over a wide range.
For example, outgrowth lines like TM2L and TM3 have an extremely low
tumorigenic potential (<3% and <1% at 12 months, respectively), others like
TM2H and TM4 have a TE,, of 4-5 months, D2 has a TE, of 7.5 months, and
TM10 has a TE, of 11 months. The tumor potential of an outgrowth line is
relatively stable with serial transplantation; however, there are several well-
documented cases of selection by transplantation of more tumorigenic vari-
ants within the outgrowth cell population. For example, outgrowth line D1 had
a very low tumor potential of 4% when initially isolated, but at transplant
generations 45-47, a variant was inadvertently selected with a much higher
tumor potential.

The additional exposure of MMTYV, chemical carcinogens, y-irradiation,
some hormones, and certain drugs increases the tumor potential of outgrowth
lines significantly [10], whereas specific hormones or chemopreventive agents
will decrease the tumor potential [11,12]. The response of the mammary
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A

Figure 1. Whole mount preparations of BALB/c mammary outgrowths. The glands were placed
in 10% formalin, defatted in acetone, processed as described in Medina [10], and stained with
hematoxylin. A: TM2L HOG, which is a typical moderately dense alveolar outgrowth filling the
entire mammary fat pad. X10. B: Histological section of TM2L. The alveoli are arranged in small
clusters. The large number of cytoplasmic lipid droplets is unusual in this outgrowth line as such
droplets are seen infrequently in other BALB/c outgrowth lines. X120. C: TM40D HOG, which
contains a dense center of mammary cells and a periphery composed of apparent ductules. X13.
D: Histological section of TM40D showing the intraluminal epithelial proliferation that is seen
both in the samples that are filling the fat pad and in those that have filled the fat pad. The cells
are contained within the basement membrane until a neoplasm arises focally. X120. E: EL12. An
example of an immortalized ductal outgrowth. This outgrowth differs from EL11 in the presence
of lateral alveolar buds along the ducts. Such alveoli can proliferate focally, and when transplanted
they gave rise to the stable alveolar hyperplastic outgrowth line, TM12. X12. F: A typical out-
growth from the cell line COMMA-1D. This cell line generates both ductal and alveolar out-
growths upon transplantation into the fat pad. The cells were transplanted in the center of the fat
pad and segregated to give alveolar and ductal outgrowths. X15. G: Hyperplastic alveolar out-
growths (line D2) transplanted into an intact mammary fat pad will extend into the available fatty
stroma until their growth is inhibited by the host’s growing mammary ducts. Note neither type of
mammary epithelium (duct or alveoli) overlap into the other’s territory. X9. H: An exception to
the general rule is shown in G. Here the outgrowth line TM2H (hyperplasia type III) is growing
past the host’s mammary ducts. The ducts had reached the spot marked by the arrow before
encountering the transplanted hyperplasia. The hyperplasia does not apparently recognize the
spatial-defining factors present in the gland. In this respect, this hyperplasia behaves like a
neoplasia. X18.

alveolar hyperplasias to chemical carcinogens is dissimilar to that of liver
nodules. The later cell populations are postulated to be resistant to the subse-
quent effects of chemical carcinogens [2]. In a similar vein, the levels of phase
1 and phase 2 metabolic enzymes exhibit dissimilar patterns between mam-
mary and liver preneoplastic cell populations [13].

A second common preneoplastic lesion found in mice is ductal hyperplasia
(DH). These lesions are induced by chemical carcinogens [14], irradiation [15],
and progestins [16] in vivo and by exposure to specific combinations of car-
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Figure 1 (continued)
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Figure 1 (continued)
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Figure 1 (continued)

cinogens and growth factors in vitro [17]. Ductal hyperplasias are a very
heterogeneous group of lesions that are characterized by hyperplasia of the
ducts and/or proliferation of duct epithelium intraluminally. In chemical
carcinogen-treated mice, DH develop during the first 6-9 months after expo-
sure, whereas HAN tend to develop later [14,18]. Ductal hyperplasias, like
HAN, give rise to mammary adenocarcinomas upon transplantation into syn-
geneic mice. Ductal hyperplasias that exhibit intraductal epithelial prolifera-
tion progress through a phenotype very similar to human ductal carcinoma in
situ (DCIS), in which the lumen becomes occluded with epithelial cells for
long stretches of the duct. In a histological section, several ducts in one field
are filled with epithelial cells (Figure 1C and 1D). Locally invasive carcinoma
develops from these hyperplastic ducts. In contrast to HAN, it has been
difficult to develop stable outgrowth lines of DH by serial transplantation
because the transplants rapidly progress to carcinoma [19]. An exception may
be arecently isolated outgrowth line, TM40D, which was derived from the cell
line FSK4. This outgrowth line grows in the fat pad as an expansion of ductules
whose lumina are filled to varying extents with epithelial cells. So far, after five
transplant generations, tumors have not developed at up to 6 months. If
the behavior of this line remains stable, it might be a model for DH/DCIS
progression.

A second type of ductal lesion is represented by immortalized ducts that
show little evidence of ductal hyperplasia (Figure 1E). These ducts are mor-
phologically similar to normal ducts and are ovarian dependent for growth;
however, they are immortalized cell populations [20]. Four outgrowth lines —
DIM4, EL11, EL12, and HDH4 — have been studied. A curiosity of these
lesions is their tendency to develop into mixed ductal-alveolar hyperplasias
upon serial transplantation. With DIM4 and EL12, the morphological progres-
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sion from ductal to alveolar hyperplasia was correlated with a change from low
to high tumor potential and the gain of ovarian hormone independence
[20,21]. The major difference between EL11 and EL12 cell populations was
the ability of the latter to develop a limited extent of alveolar development and
proliferation. The alveolar cell type had a higher rate of proliferation and
therefore became the predominant cell type with transplantation and was very
susceptible to the transforming effects of chemical carcinogens and hormones.
Clearly, it is of interest to determine the molecular change(s) that distinguish
EL11 from EL12 as such information will provide insight into the processes
that regulate alveolar hyperplasia.

Preneoplastic stage in rat and human mammary glands

The emphasis on the viral etiology in mouse mammary cancer and the exten-
sive characterization of the HAN as a model for preneoplasia has obscured the
close parallel of chemical carcinogen—induced lesions in the mouse to those in
the rat and human. Breast cancer arises in humans and in rodents exposed to
chemical carcinogens from ductal cells altered in the terminal portions of the
mammary tree [11,22]. The pathogenesis involves an initial intraductal epithe-
lial hyperplasia, which progresses through cellular atypia and occlusion of the
duct. The most extreme atypical hyperplasia is referred to as neoplasia in
rodents and DCIS in humans. The sequence of events have been defined in
human breast, and recently a cell line—xenograft model that mimics much of
this progression has been described by Miller et al. [23]. The model uses Ha-
ras transformed MCF10 cells transplanted subcutaneously into nude/beige
mice. The successful development of this model should not only result in a
careful molecular analysis of the essential changes involved in the intermedi-
ate stages of human breast carcinogenesis but also spur other investigators to
develop additional xenograft models for human breast cancer.

The chemical carcinogen—treated rat mammary gland has been a favorite
model for cancer research since its development by Huggins et al. in 1961
[24]. Although the terminal endbud is hypothesized to be a critical site for
carcinogen-induced transformation, the development of models for intermedi-
ate stages has not been extensive and has been plagued with inconsistencies.
Beuving et al. [25,26] presented transplantation experiments that suggested
the HAN in carcinogen-treated rats was a preneoplastic lesion. Other investi-
gators could not confirm these results [22,27,28]. Furthermore, the HAN and
HAN outgrowths that arose from transplantation were ovarian hormone inde-
pendent for maintenance, that is, they did not regress, whereas the vast major-
ity of adenocarcinomas (>80%) arising in the carcinogen-treated rat are
hormone dependent and regress in the absence of hormones. Russo et al.
[29] presented the hypothesis that HAN have a low tumorigenic potential
and develop primarily into adenomas and fibroadenomas. Transplantation
experiments demonstrated that fibrous nodules, not HAN, develop into
fibroadenomas in rats [26]. Russo et al. [29] also presented the hypothesis that
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the carcinogen-treated terminal endbud progresses into intraductal prolifera-
tions from which adenocarcinomas subsequently develop. Although the im-
portance of DH [28] and the Russo hypothesis have been established for over
10 years, the ability to systematically model and study these intermediate
changes in the rat mammary gland has only been recently developed by
Thompson and Singh [30]. Rats that are given a single injection of
nitrosomethylurea at 21 days of age developed hyperplastic lesions in the
mammary gland similar to those observed in human breast. Some lesions were
locally invasive into the lymph node. The quantification of these lesions and
their transplantation behavior should provide an excellent basis for a model
that allows dissection of the molecular changes associated with the early
changes in breast carcinogenesis and might provide molecular probes appli-
cable to the human disease.

Essential alterations in mouse mammary transformation

The biological properties of HAN outgrowth lines have been described in
detail [7,10]. The examination of the growth properties of mammary out-
growth lines in vivo has provided important information on the regulation of
their growth and tumorigenic potential. The early studies have defined four
essential alterations in the regulation of growth that occur in hyperplasias and
for the development of mammary tumors. The mammary hyperplastic out-
growth lines were shown to be immortal [31] and stably hyperplastic in mor-
phology [5,10], to exhibit an enhanced tumorigenic potential [5,10], and still to
be responsive to local environmental factors that regulated growth and spac-
ing in the mammary fat pad [32]. Thus, unlike mammary tumors, HAN and
HAN outgrowths, although immortal and preneoplastic, were not autono-
mous. However, many outgrowth lines have attained ovarian-hormone inde-
pendence for growth and morphogenesis. These biological characteristics
clearly place the HAN as an intermediate cell population on the path to
development of neoplasia.

Immortalization was defined as the capacity for indefinite division potential.
As initially demonstrated by Daniel [33], normal mammary cells, when serially
transplanted in the mammary fat pad, exhibit a finite life span and are no
longer transplantable after five to seven serial transplantations in vivo. The
HAN outgrowth lines can be serially transplanted indefinitely. Some lines, like
D1 and D2, have been serially transplanted for 30 years. It is of interest that
immortality in vivo does not necessarily translate into immortality in vitro
and vice versa. There is not a well-established in vitro assay for in vivo
immortalization. For instance, preneoplastic immortalized cells are not
more readily subculturable than normal cells, do not grow readily in
anchorage-independent conditions, do not exhibit cytochalasin P-induced
multinucleation, and do not exhibit altered [Ca?*] dependency [7].

Hyperplasia is initially represented as an increase in the number of alveolar
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cells maintained in the hormonal environment of the nonpregnant, non-
lactating mouse. However, the histological and cytological architecture of the
alveolar cells are similar to the normal alveolar cells found in the mammary
glands of midpregnant mice [7]. Smith et al. [34] described experiments that
suggested keratin 6 (K6) and keratin 14 (K14) expression was enhanced in
preneoplastic alveolar cells and that these may represent a signature of the
stem cell transformed in preneoplastic mammary cell populations. However,
an extensive analysis of additional hyperplastic outgrowth lines could not
confirm this conclusion but suggested that K6 and K14 coexpression was
present in some outgrowth lines and not others. More importantly, there was
no correlation between K6, K14 coexpression, and tumorigenic potential [35].
Despite the substantial amount of research attempting to define a set morpho-
logical, biochemical, cytological, or in vitro criteria unique to preneoplastic
cells, the majority of experiments have reinforced the conclusion that the
alveolar cell in mammary preneoplasias is astonishingly similar to the alveolar
cell in the pregnant mammary gland [3,7,36].

Although preneoplastic mammary cells are immortal, they, like normal
mammary cells, are dependent upon undefined local factors that regulate
growth and spatial distribution. The best examples of this regulation are
observed in the dependence of the preneoplastic cells upon the fat pad
stroma for proliferation and tumor transformation [10] and the inability
of preneoplastic cells to overgrow normal mammary ducts [32] (Figure 1G
and 1H). Neoplastic cells have escaped this type of growth regulation. This
property of autonomy represents the most fundamental biological difference
observed between preneoplastic and neoplastic cells.

Many of the mammary preneoplasias (and neoplasias) seem to be ovarian
hormone independent for growth yet retain hormone responsiveness for func-
tional differentiation (these lesions are dependent upon prolactin for growth).
Thus, the expression of hormone independence is probably a secondary or
coincidental event, and not an essential characteristic of these preneoplasias.
The relationship of the differentiated state of the preneoplasia to its altered
growth potential is an intriguing question. The morphological phenotype of
the preneoplastic HOG is alveolar, which represent the differentiated mam-
mary cell expressed in the hormone-stimulated mouse. However, the HOG
lines maintain the differentiated phenotype in the hormonal milieu of the
virgin mouse. Indeed, the HOG lines are ovarian independent for morphogen-
esis and growth, but the cells remain hormonally responsive for casein and
o-lactalbumin production, the milk proteins expressed by mammary differen-
tiated cells. It is evident that the preneoplasias are not terminally differenti-
ated, although they exhibit many but not all the hallmarks of the lactating cell.
So far, the expression of whey acidic protein (WAP) has been difficult to
detect in HOG transplants. One exception appears to be the C1D09 cell line, a
derivative of the COMMAL1-D cell line that produces both ductal and alveolar
outgrowths in vivo. C1D9 cells grown on a matrigel substrate and in the
presence of appropriate hormones will produce WAP [37].
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The preneoplastic mammary cells seem to represent a cell state similar to
that described by Scott and co-workers [38,39] in the 3T3-adipocyte system. In
that system, 3T3 cells differentiate into two cell states: terminally differenti-
ated cells and nonterminally differentiated cells. The latter cell state can re-
enter the proliferation cycle. Both of the 3T3-cell states synthesize a full
complement of products typical of differentiated adipocytes and cannot be
distinguished cytologically or biochemially. Preneoplastic mammary cells
seem to represent a nonterminally differentiated population. So far, the stimu-
lation of casein and a-lactalbumin production in the majority of cells has not
been sufficient to alter the tumorigenic potential of the population. The sim-
plest interpretation of the relationship between the alveolar phenotype and
preneoplasia would be that the HAN population represents transformation
of an alveolar or an alveolar-progenitor cell. Alterations in ovarian depen-
dence are not obligatory for a preneoplastic state. As suggested originally by
DeOme et al. [40] and reasserted recently [36], the characteristics of ovarian
hormone independence and tumorigenic potential are independently
assortable properties.

Recent experiments have demonstrated that the properties of immortality,
hyperplasia, and tumorigenicity are independent and assortable characteristics
[4,20,35]. Early experiments that investigated the properties of HAN generally
used well-defined HAN isolated from MMTYV or chemical carcinogen—treated
mice [5-7,10]. The primary HAN had generally progressed far along the
developmental path to neoplasias, and therefore all exhibited the properties of
immortalization, hyperplasia, and enhanced tumorigenicity. Recent experi-
ments focused on growing normal mammary cells in short-term cell cultures,
treating with chemical carcinogens, and transplanting the cells into the mam-
mary fat pads of syngenic mice. The recipient mice then selected for any
variants in growth potential that arose in the cell cultures [8]. Variant cell
populations selected in this manner were of two classes: ductal outgrowths and
alveolar outgrowths. The majority of ductal outgrowths were composed of
cells with a limited proliferation potential and therefore could be serially
transplanted only three to four times. Several independent populations could
be transplanted repeatedly and therefore showed an extended proliferation
potential [20]. Two of these populations, termed EL11 and ELI2, are now in
transplant generation 25 (Figure 1E). Both lines are ductal outgrowths, ova-
rian hormone dependent, and nonhyperplastic but are immortal (Table 1).
The presence of these lines clearly established that the immortalization pheno-
type could develop independently from the properties of morphological
hyperplasia and enhanced tumorigenicity characteristic of previously de-
scribed mammary preneoplastic lesions. Whereas the EL11 line is purely
ductal and has never produced a mammary tumor unless exposed to DMBA,
the EL12 line generates variable amounts of lateral alveolar budding, and
these alveolar cells are ovarian hormone independent, progress to neoplasia,
and can be transformed by very low doses of DMBA. Thus, with these two
lines the early stages of the development of neoplasia are present, and, there-
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Table 1. Biological properties of mouse mammary outgrowth lines

Tumor
Outgrowth ~ Morphological Hormone potential° DMBA
line phenotype? Immortal  dependence®  (TEy) responsiveness?
Normal Ductal No Yes 0 Nil
EL11 Ductal Yes Yes 0 Nil
EL12 Ductal-alveolar  Yes Yes 9% Moderate
T™M3 Alveolar Yes Yes <1% Nil
TM2L Alveolar Yes Partial <3% Strong
TM2H Alveolar Yes No >90% (4) N.D.
T™4 Alveolar Yes No >90% (4) N.D.
TM10 Alveolar Yes No 60% (11.5) N.D.
™12 Alveolar Yes No 66% (9.0) Strong
TM40 Ductal Yes Partial N.D. N.D.
D1 Alveolar Yes No 11% Strong
D2 Alveolar Yes No 70% (7.5) Strong
C4 Alveolar Yes No 32% Strong

aDetermined in mature virgin BALB/c mice.

®Dependence on ovarian hormones for growth and norphogenesis.

cPercent tumors by 12 months after transplantation. The numbers in parentheses reflect the
months after transplantation for 50% of the transplants to produce tumors.

dTumorigenic response to a single dose of 1 mg DMBA at 10 months after treatment.

°N.D. = not determined.

fore, they provide excellent models to examine the molecular correlates of the
biological phenotypes.

The second type of outgrowths selected from normal cells cultured for short
time periods were alveolar outgrowths, designated 7M for transformed mam-
mary (Table 1). These outgrowths were morphologically similar to the typical
preneoplastic alveolar hyperplasias derived from in situ HAN. A study of
their biological properties demonstrated that the two other phenotypes of
preneoplasias, those of hyperplasia and enhanced tumor potential, were inde-
pendently assortable properties. The dissociation of these two properties was
evident in outgrowth lines TM3 and TM2L. Both outgrowth lines are com-
posed of alveolar cells and produce adenocarcinomas only spordically.

TM3 is unusual in several respects. First, it grows very slowly, is absolutely
ovarian hormone dependent for growth, and takes 7 months to fill 75% of the
fat pad. Starting at 6-7 months, the alveolar cells regress so that by 11-12
months, a sparse skeleton of atrophied ducts populate the fat pad [35]. The cell
and molecular factors that mediate this unusual behavior are unknown but are
currently being examined. Second, TM3 in situ is absolutely resistant to the
transforming effects of low doses of DMBA (1 mg). TM3 cells established as a
cell line in culture also are resistant to the cytotoxic effects of 1ug DMBA. In
contrast, TM12 cells in culture are sensitive to DMBA-induced cytotoxity at
0.1ug. However, TM3 cells are capable of forming adenocarcinomas if ex-
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posed to continuous hormone stimulation and 3mg DMBA (Medina, unpub-
lished) or if transfected with specific oncogenes (see Molecular alterations
in mammary preneoplasias). TM3 seems to represent an immortalized,
hyperplastic, but non-preneoplastic cell population.

TM2L is similar to TM3 in its very poor tumorigenic potential and is
partially ovarian hormone dependent in situ, but exhibits normal growth rates
in situ, does not regress, and is sensitive to the transforming effects of low
doses of DMBA. An unusual aspect of TM2L hyperplasia is the extensive
cytoplasmic lipid formation, a feature generally observed in mammary cells of
lactating mice but not pregnant mice. This might indicate that the cells popu-
lating TM2L hyperplasia are further along the differentiation pathway. It
is likely that TM3 and TM2L hyperplasias are blocked in their tumorigenic
progression by different mechanisms. An understanding of the molecular
events that are responsible for the blocked progression would provide new
targets for intervention or therapy.

In contrast, the majority of the outgrowth lines, such as D1, D2, C4, TM10,
TM12, and TM4, fulfill the criteria for the mammary preneoplastic phenotype.
They are immortal, alveolar, and have enhanced tumor potential. As discussed
later, the TM2H outgrowth line seems to represent the extreme end in the
spectrum of the preneoplastic phenotype. In summary, an examination of
the biological properties of mammary preneoplasias has revealed that the
three essential characteristics of immortalization, hyperplasia, and enhanced
tumor potential are independent and assortable properties. The presence of
in vivo outgrowth lines that can also grow in cell culture provides power-
ful tools to examine the molecular changes that underlie preneoplastic
development.

The scheme (Figure 2) illustrated later for mouse mammary tumorigenesis
has evolved to account for the new information on preneoplasias. The scheme
emphasizes the individual events that occur as preneoplasias evolve and sug-
gests that preneoplasia is a heterogeneous and dynamic state. In this scheme,
hyperplasia I represents immortalized, hyperplastic, nontumorigenic cell
populations such as TM3 and TM2L,; hyperplasia II represents immortalized,
hyperplastic cell populations with a weak to moderate tumorigenic potential,
such as D1, C4, TM10, and TM12; and hyperplasia III represents immortal-
ized, hyperplastic cell populations with a very high tumorigenic potential, such
as TM2H and TM4. This latter class of hyperplasias consists of cell populations
that are morphologically hyperplastic and do not grow subcutaneously but
appear to contain subpopulations with the cell cycle dysregulation patterns
that are characteristic of mammary neoplasms (see Summary and future
directions). It is not necessary that each preneoplasia or tumor proceed
through all the steps sequentially. Although there is evidence that immortal-

normal — immortalized — hyperplasia | — hyperplasia Il — hyperplasia Ill - neoplasia

Figure 2. Scheme of mammary preneoplastic development.
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ized cells do progress to hyperplasias (e.g., EL12 — TM12) and hyperplasias I
can progress to hyperplasia II, it is clear that many primary HAN at the time
of initial detection have the attributes of hyperplasia type II or type I1I. The
scheme is intended to emphasize the multistage nature of preneoplastic devel-
opment, just as the preneoplastic stage itself is just one stage of neoplastic
development.

Molecular alterations in mammary preneoplasias

The development of specific cDNA probes to mammary tumor virus genes, to
mammary tumor-related genes (wnt-1, int-2, int-3), and to proto-oncogenes
has provided the means to analyze the relative importance of the expression of
these genes in the development of preneoplasias and neoplasias.

MMTV-related genes

The experiments of Nusse et al. [41] and Peters et al. [42] demonstrated that
exogenous MMTYV integrates preferentially at specific regions of the cellular
genome and activates the expression of adjacent genes. The genes (wnt-1, int-
2) are found expressed in a great majority of tumors induced by the C3H and
GR/RIII variants of the MMTV. Other integration sites have been docu-
mented for Czech II (int-3) [43], BALB/cf/Cd (int-41) {44], and C3H mice
(wnt-3, Fgfd) [45,46]. Additionally, overexpressed genes have been described
in mammary preneoplasias (int-5) [47]. The activated genes have different
cellular functions, which include developmental genes (wnt-1) [49], fibro-
blast growth factors (int-2, hst-8) [49], aromatase (int-5) [50], and cell fate
determination (int-3) [51]. Experiments have directly demonstrated that
overexpression of these genes results in mammary hyperplasia and neoplasia.
For example, the mammary glands of wns-1 transgenic mice exhibit diffuse
hyperplasia and develop mammary carcinomas in all females by 10 months of
age [52]. Mammary tumor development is enhanced by coexpression of ins-2
[53]. Moreover, overexpression of wnt-1 achieved by retroviral infection of the
gland leads to diffuse alveolar hyperlasia, which is ovarian hormone indepen-
dent [54].

Activation of wnt/int genes is not observed in all mammary tumors. Morris
and Cardiff [55] showed that spontaneous tumors in BALB/c mice induced by
GR and C3H viruses did not exhibit a high level of wnt/int gene activations
(50%). Tumors arising from hyperplastic outgrowth lines of GR and C3H
origin rarely exhibited wnt/int gene activation [55,56]. Similarly, mammary
tumors in C3H{/Ki mice did not exhibit wnit-1 or int-2 gene activation [57].
Finally, int gene activation was not detected in BALB/c tumors induced by
DMBA [58], those arising spontaneously from the D1 HOG line [59], or those
from the TM HOG lines [4]. Therefore, the importance of the activation of
wnt/int genes in mammary tumors other than those induced by the exogenous
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MMTYV, and perhaps in the D2 HOG line, remains problematic. The results
of Morris and Cardiff [55] and Schwartz et al. [56] are intriguing because
they suggest that preneoplasias and tumors arising from them do not require
wnt/int gene activation. Experiments that investigate the role of wnt-1 and
int-2 utilizing transfection of normal or preneoplastic cells will provide im-
portant information regarding the functions of these genes in mammary
transformation.

The role of endogenous MMTYV in the generation of HAN and tumors has
been neglected, except for the special case of the GR virus. There are several
observations that suggest activation or insertion of endogenous MMTYV might
initiate mammary tumorigenesis. First, the BALB/cV strain was described as
a BALB/c subline that arose after brother-sister mating of a single little from
a female that developed a mammary tumor at 10 months [60]. Breeding
females of the BALB/cV strain had a moderate incidence of mammary tumors
(47%, mean latent period 10.2 months) and the MMTYV was milk transmitted.
Competition radioimmunoassays for the MMTYV major core protein and re-
striction enzyme digestion patterns of proviral DNA suggested the MMTV
was not of C3H or GR MMTYV origin. Recently, nucleotide sequence analysis
of the LTR OREF of the BALB/cV virus indicated it has extensive homologies
to endogenous MMTYV [61,62]. Furthermore, the pattern of deletion of the
VB2 subset of T lymphocytes places the virus as distinct from C3H, GR, or
RIII MMTYV and identical to the MMTYV active in C4 and D2 hyperplasias,
both of which are lines that arose in the same BALB/c colony from which the
BALB/cV line orginated [63].

Second, the levels of LTR ORF mRNA are elevated in lactating tissues and
numerous hyperplastic outgrowth lines of BALB/c origin {4,59,64,65]. Several
functions have been suggested for the ORF protein. It acts as a superantigen
(sag) and plays a role in the life cycle of MMTYV infection by stimulating T and
B lymphocyte proliferation. One consequence of stimulation of specific sub-
sets of T cells is the deletion of specific VB subsets [63,66]. Each MMTV
variant deletes specific VB subsets. Additionally, pORF (sag) may act as an
oncogene, as it has been isolated from transforming DNA [67] and
overexpression of the LTR ORF cDNA in nontumorigenic TM3 outgrowth
lines by transfection results in rapid formation of tumors [68].

Finally, in the same BALB/c strain from which the BALB/cV subline arose,
a unique int gene, int-5, has been identified, sequenced, and functionally
defined [47,50,69,70]. The gene activated in the inz-5 locus is identical to
aromatase, a cytochrome P450-related gene. The proliferation of D2 tumor
cells in vitro is stimulated by androstenedione, a substrate for aromatase, and
is blocked by an aromatase inhibitor and by the anti-estrogen 1C1 164384 [70].
These studies suggested that estrogen formed within the D2 cells acted as a
mitogen. If int-5 activation can be demonstrated as one of the common mecha-
nisms occurring in HAN induced by hormones or spontaneously, it would
represent a novel but logical pathway for the initiation and/or progression of
mammary alveolar hyperplasias.

50



Several investigators have examined the interaction of chemical carcino-
gens and endogenous MMTYV. The majority of mouse strains have endogenous
MMTYV genes [71]. Only in rare instances does chemical carcinogen treatment
lead to activation of expression of endogenous MMTV genes [58,72,73]. In a
very rare instance, complete activation leading to virion production can occur
[58]. In the BALB/c series of HOG lines, neither the preneoplasias nor tumors
derived from them uniformly exhibit expression of the endogenous MMTV
genes, except the LTR ORF. New proviruses can occur in preneoplasias and
tumors, but these are not obligatory for transformation [53,58,74]. On occa-
sions when new proviruses occurred, the expression of int genes was not
thoroughly evaluated.

Until recently, the possible role of endogenous retroposons in mammary
tumorigenesis had been relatively unexplored. The studies by Asch and co-
workers [75,76] have demonstrated that the increased expressions of at least
two classes of retrotransposons, MuLVs and intracisternal A particles (IAP),
are common in BALB/c mammary preneoplasias and neoplasias. In one study
[75], they demonstrated that the expression of IAPs was common in D2 and
C4 HOG and tumors, as well as in tumors induced by C3H and BALB/cV
MTVs and by DMBA. Expression of IAPs in virgin and pregnant glands was
nil. In a second study, the expression of IAPs and/or MuLV sequences was
increased 3-100X, whereas VL30 sequences were decreased 5-35X in a series
of mammary cancers induced by MMTYV, chemical carcinogen, or hormonal
agents [76]. The overexpression of IAPs and/or MuLV sequences was also
increased in the hyperplasias generating the tumors [Asch, personal communi-
cation]. The significance of increased expression lies in the increased probabil-
ity of gene activation by transposition. Indeed, gene activation in mammary
preneoplasias and neoplasias by retroposition has been reported by two re-
search groups [77,78]. In one case, int-3 was activated and resulted in progres-
sion from preneoplasia to tumor [78].

In summary, it would seem appropriate to reinvestigate the involvement of
the various wnt and int genes in the development of mouse mammary
hyperplasias for both the alveolar and ductal types. It is striking that the gene
most consistently overexpressed in mammary hyperplasias is pORF (sag), the
function of which remains speculative yet intriguing.

Proto-oncogene expression

Several approaches have been used to examine the relative importance of
proto-oncogene expression in preneoplastic and neoplastic mammary devel-
opment. First, experiments have examined the levels of expression of proto-
oncogenes in preneoplastic and neoplastic tissues relative to expression levels
in normal mammary gland. Second, the effects of overexpression in trans-
fected or retroviral infected cells have been evaluated in several immortalized
cell lines in vivo and in vitro. Third, the presence and type of hyperplasias have
been documented in transgenic mice.
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ras expression. DMBA is a powerful carcinogen for both the rat and mouse
normal mammary gland [14,79], and also for the conversion of mouse mam-
mary preneoplasia to neoplasias [21]. DMBA activates the c-Ha-ras gene by
mutation at codon 61 in both the rat and mouse mammary glands [79,80]. The
original experiment in the mouse system utilized tumors arising from the DI/
UCD HOG subline. Spontaneous tumors arose from this subline at a high
frequency, but such tumors were negative for c-Ha-ras activation, in contrast
to the same tumors induced by DMBA [80]. In a subsequent experiment, the
low-tumor-incidence C4 HOG line was treated with DMBA. The rare sponta-
neous tumors and the untreated preneoplasias were negative for c-Ha-ras
activation, while the DMBA-induced tumors exhibited a high frequency of c-
Ha-ras activation by mutation at codon 61 [81]. Mutations included both the
commonly observed A to T transversion and a novel A to G transition. It
appeared that the DMBA-induced mutated Ha-ras oncogenes potentiated
the conversion of hyperplastic outgrowths to carcinomas. The mutations
were detected in only two of six fat pads containing hyperplastic outgrowths,
which supported the concept that tumors arise from preneoplasias in a clonal
fashion [82]. The demonstration of ras activation also provided an explanation
of why DMBA-treated preneoplasias do not behave homogeneously in
transplantation experiments [83]. Previous experiments have shown that sub-
division of a DMBA-treated outgrowth into 40 pieces, followed by transplan-
tation into cleared fat pads, resulted in very few tumors, whereas, if left
untransplanted, each outgrowth eventually would produce a tumor. The fre-
quency of transformed cells, as detected by the transplantation experiments,
was directly proportional to the amount of DMBA exposure of the
preneoplastic outgrowths [83]. Activation of Ha-ras is presumably a rare
event, yet once activated, it results in the development of tumors from the
preneoplasias.

Methylnitrosourea (MNU) induces rat mammary tumors characterized by
mutated c-Ha-ras at codon 12 and mouse mammary tumors characterized by
mutated c-Ki-ras. The mutation in c-Ki-ras was also detected in mammary
preneoplasias, indicating the Ki-ras mutation is also a preneoplastic event [84].
Interestingly, the induction of Ki-ras mutations appears to be dependent on
cell type and/or hormonal influences, because mammary ductal hyperplasias
induced by MNU in the presence of EGF do not contain Ki-ras mutations [85]
and alveolar hyperplasias induced in lithium-containing medium do not con-
tain ras mutations [86]. The latter hyperplasias contain novel transforming
genes [86].

The concept that ras activation is not sufficient for mammary tumorigenesis
is supported by several experiments. First, the frequency and pattern of tumor
development in transgenic mice carrying an MMTV-LTR- or a WAP-
promoter—driven ras transgene suggests that more than one event is needed
[87,88]. Second, experiments of normal mouse mammary cells transfected with
activated ras in cell culture yielded hyperplastic outgrowths upon trans-
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plantation into fat pads of syngeneic mice; however, these outgrowths were
not immortal upon serial transplantation [89]. However, immortalized
preneoplastic mammary cells (COMMAL1D) transfected with viral ras yielded
adenocarcinomas [90].

Other experiments, both in vitro and in vivo, have demonstrated that the
transformation of mammary cells by ras is strongly concentration dependent
[91,92]. The level of activated ras expression affects cell morphology and
cloning efficiency in vitro [91,93] as well as in vivo tumorigenicity. In some
mammary cell lines, like EF43, v-ras abolishes epithelial differentiation result-
ing in anaplastic tumors [93].

Other proto-oncogenes. Normal mammary cells and established mammary
cells have been transformed by v-mil, v-myc, wnt-1, and wnt-4 [54,91-93]. The
transforming abilities are dependent, in part, upon the cell line as well as the
level of expression of the oncogene. For instance, v-mil overexpression in cell
line EF43 resulted in carcinomas that retain an epithelial morphology, unlike
the same cells transformed with v-ras [93]. V-myc overexpression did not
transform cell lines EF43 or COMMA-1D [93,94] but was transforming for
normal mammary cells [95] and a BALB/c immortalized cell line designated
MMEC [96]. In the COMMA-1D/CL14 cell line, v-myc increased casein
mRNA and protein levels 50- to 60-fold [94].

Although numerous studies have demonstrated the transforming capabili-
ties of several proto-oncogenes or oncogenes for mammary normal and
hyperplastic cells, the quantitative analysis of proto-oncogene expression in
preneoplastic cells has resulted in a less informative picture as to the possible
involvement of specific genes. One study that examined the expression of a
battery of proto-oncogenes in preneoplastic HOG line D1 and D1 tumors
detected elevated expression (2-6X) of c-Ha-ras and c-Ki-ras RNA in
tumors compared with the preneoplasias [59]. The levels of these RNAs in
preneoplasias were not increased compared with that seen in normal pregnant
mammary gland. In general, the levels of c-fos, c-myc, v-sis, v-abl, v-fps, v-ros,
wnt-1, and int-2 were not consistently increased in tumors compared with
preneoplasias, although elevated levels of v-abl and v-fps were seen in a few
tumors. Amplification of neu DNA was not detected by Southern analysis. A
second study examined the expression of proto-oncogenes in the TM series of
hyperplasias and tumors [4]. In these outgrowth lines and tumors, altered
mRNA expression was not detected for c-Has-ras, c-myc, retinoblastoma, c-
neu, wnt-1, and int-2; however, MMTV-LTR ORF was elevated in the
hyperplasias and tumors, and gelsolin was markedly decreased in tumors. In a
third study, wnt-2, wnt-4, and wnt-Sb mRNAs were not inappropriately ex-
pressed in the hyperplasias [97]. The cumulative data do not provide any
support for the role of many of the more common oncogenes in the develop-
ment of mouse mammary hyperplasias, except for a possible role of ras and
MMTV-LTR OREF.
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Tumor suppressor genes

The expression of the tumor suppressor gene p53 is altered in up to 40% of
human breast carcinomas as well as the comedo variant of ductal carcinoma in
situ [98]. Altered expression of p53 has been reported in a significant number
of mouse mammary hyperplasias [99-101]. Aberrant p53 expression was de-
tected frequently by nuclear and cytoplasmic immunohistochemical staining
patterns (Table 2). Sequence analysis of the p53 gene revealed a variety of
mechanisms yielding misexpression of p53. Outgrowth lines exhibited point
mutations, leading to accumulation of p53 protein, point mutations resulting in
a truncated message and no protein, insertions and deletions resulting in
protein accumulation, as well as alterations in expression not due to p53
mutation. Although dysregulation of the p53 gene appears to be common in
mouse mammary hyperplasias, dysregulation did not appear to correlate di-
rectly with tumorigenic potential, because outgrowth lines TM2I. and TM3
infrequenty produce tumors yet contained dysregulation of p53. Furthermore,
dysregulation is not apparently related to immortality because the immortal-
ized ductal lines EL11 and EL12 express normal patterns of p53 expression
[Medina, unpublished]. Finally, DMBA-induced BALB/c mammary tumors
exhibited normal immunohistochemical staining patterns of p53. Sequence
analysis of p53 gene in these tumors indicated a wild-type phenotype. The
study of p53 gene expression in BALB/c mammary hyperplasias and
neoplasias is just beginning, and it is likely that information on the functional
significance of specific mutations and on the factors that regulate p53 stability,
that is, mdm-2, will be necessary to integrate definitively the role of p53 in
mouse mammary tumorigenesis. It is already clear that not all pS3 mutations
result in enhancement of mammary tumorigenesis [102].

Table 2. Analysis of p53 expression in mouse mammary hyperplasias

Immunohistochemical

Outgrowth line staining pattern® Codon affected; result

TM2L No Exon 5; truncated message

TM2H No Exon 4; C—T stop 112

T™3 Yes, nuclear Exon 7; insertion Ser 233-234

T™M4 Yes, nuclear Exon 5; deletion 123-129
Exon 5; C—»G Trp 138

™9 Yes, cytoplasmic Exon 5; G—A, Met 170

T™M10 No ' Not analyzed

T™M12 No Not analyzed

T™M40 Yes, nuclear Not analyzed

D1 Yes, nuclear Wild type

D2 Yes, nuclear Wild type

aNo = no protein detected; Yes = protein detected immunohistochemically.
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Transgenic models

Transgenic mice. Transgenic mouse models of mammary tumorigenesis have
been developed with activated ras, c-myc, activated neu, c-neu, wnt-1, int-2, int-
3; and polyoma virus middle T, growth hormone, specific p5S3 mutations, cyclin
D1, TGF-a, and TGF-p using the mammary specific promoters MMTV-LTR
and WAP [103,104]. In general, mammary tumors developed focally and sto-
chastically that supported the concept of multistage mammary carcinogenesis.
The latency of mammary tumor formation varied with the oncogene and the
promoter. In most transgenics, morphologically abnormal mammary gland has
been noted; however, transplantation analysis was not performed to deter-
mine the biological behavior of the mammary gland lesions.

Of particular interest are the mammary glands from the wnt-1, int-2, cyclin
D1, and TGF-o transgenic mice [52,105-110]. In each of these cases, the
primary mammary phenotype was extensive epithelial hyperplasia, which per-
sisted in nonpregnant, nonlactating mice. The mammary hyperplasias in wnt-
1 transgenic mice were ovarian hormone independent and developed a high
incidence of mammary tumors. The mammary hyperplasias in int-2, cyclin D1,
and TGF-a transgenic mice produced very few tumors. Transplantations
studies of the wnt-1, and int-2 hyperplasias into the fat pad of syngeneic
mice suggested that both proto-oncogenes are acting as autocrine, not
paracrine, growth factors [105,107]. The mammary hyperplasia in transgenic
mice showed marked increased susceptibility for tumorigenic transformation
as bitransgenics wnt-1 X int-2 [53], c-myc X TGF-a [111], wnr-1 X p53 null
[112], and TGF-a mice exposed to DMBA [113] exhibited very high tumor
incidences with very short latent periods. These experiments support the
concept of multistage carcinogenesis and suggest that the mammary
hyperplasias in transgenic mice are biologically similar to the HAN and HAN
outgrowths that have been extensively characterized by other investigators
[3,6,10].

Experiments utilizing TGF-f, p53 arg-leu, and in#-3 as transgenes resulted
in mammary hypoplasia [102,114-117]. Transplantation experiments sug-
gested that TGF-f1 overexpression blocks the proliferation of alveolar pro-
genitor cells, thus resulting in a alveolar hypoplastic gland that does not
produce tumors [116]. Similarly, transplantation experiments of mammary
epithelium with deregulated expression of int-3 suggested that int-3 alters the
cell developmental pathways in normal morphogenesis and functional differ-
entiation [118]. The result in this case was enhanced tumorigenesis; however,
the reasons for enhanced tumorigenesis are not understood. It seems likely
that int-3 expression results in a cell population with altered responsiveness to
or expression of growth factors [Smith, personal communication]. It would be
interesting to examine p53 expression in the int-3-expressing cells or their
resulting tumors to determine the possible involvement of the p53 gene in this
tumorigenic pathway. On the other hand, the overexpression of p53 arg-leu
mutant results in increased apoptosis, blockage of mammary epithelial differ-

55



entiation at the first week of pregnancy, and a total resistance to DMBA-
induced mammary tumorigenesis [102]. The results of the TGF-o-DMBA,
TGF-B, and the p53 arg-leu-DMBA experiments support the concept that
alveolar progenitor (or alveolar) cells are the primary transformed cell in
many mouse mammary tumor models [7,119,120], in contrast to the mammary
duct progenitor cell or the mammary totipotent stem cell, which is the trans-
formed cell in chemical carcinogen or irradiation-initiated mouse mammary
tumors.

Transgenic glands. The development of transgenic mammary glands was
pioneered by several investigators [90,95,121]. The methodology allows long-
term in vivo expression of genes transferred into normal mammary epithelial
cells. The system allows examination of the overexpression of specific genes
in mammary cells growing in their normal microenvironment and macro-
environment in a normal mouse. In this situation, the transformed cells are
surrounded by normal mammary cells, which mimics the natural situation. The
disadvantages are that the frequency of infection is low and the resulting
outgrowth in the fat pad is heterogeneous. Experiments in which v-ras, c-myc,
activated neu, wnt-1, and wnt-4 were overexpressed in normal mammary epi-
thelial cells resulted in a hyperplastic phenotype [reviewed in 122]; however,
the specific patterns of hyperplasia were subtly different. V-myc and wnt-1
glands exhibited a diffuse hyperplasia [54,95], v-ras/v-myc glands exhibited
focal tumor development in a field of hyperplasia [123], and activated neu led
to focal atypical hyperplasias and the comedo variant of DCIS [124]. The latter
result is particularly intriguing, since this model would seem closely related to
the human disease. The results demonstrate that transgenic mammary glands
represent a powerful, sensitive, selective, and rapid approach to examine the
molecular events initiated by specific gene expression during the early stages
of mammary tumorigenesis, as well as examining the combined effects of
genes during complete tumorigenesis.

Growth factors

The development of the normal mammary gland is regulated by the interac-
tions of hormones, growth factors, and growth inhibitors [reviewed in 17].
These growth factors include EGF, TGF-a, TGF-B, IGF-I, IGF-11, PDGF,
bFGF, and MDGI [reviewed in 17,125]. TGF-o is a more potent growth
stimulatory factor than EGF in normal gland development [126]; in contrast,
TGF-B inhibits normal ductal development [127]. The constitutive expression
of several of these growth factors, such as TGF-a and related cognate recep-
tors, occurs in mammary cancers [reviewed in 125]. In other cases, the levels
of some of these factors are increased (i.e., TGF-a, IGFI, IGFIl, PDGF,
cathespin) or decreased (i.e., TGF-f, mammastatin) by estrogen [125]. The
roles of most of these growth factors and growth inhibitors in the development
of mammary hyperplasias have been less studied than in normal or neoplastic
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Table 3. EGF dependency in vitro, in vivo hormone dependency and tumorigenic potential, and
TGF-a protein expression in mouse mammary hyperplastic outgrowth lines

Outgrowth EGF Hormone TGF-a Tumorigenic
line dependency” dependency® protein® potential, %
TM2L N P ND <3

TM2H N N N >90

™3 Y Y N <1

™4 N N N >90

™9 N N N 25

™10 N N N 60

™12 Y N Y 66

aN = no requirement for growth in vitro; Y = absolute requirement.

bRefers to ovarian hormones required for growth of the epithelial cells line in the fat pad; N = no
requirement as cells grew equally well in ovariectomized as in intact mice; P = partial require-
ment as cells grew slower in ovariectomized mice than in the intact mice; Y = absolute require-
ment as no growth was observed.

¢Immunohistochemical staining on neutral-buffered, formalin-fixed, paraffin-embedded sections
using the R9 polyclonal antibody. N = no reaction; Y = positive reaction; ND = not determined.

mammary gland. The paucity of information can be summarized in three
conclusions.

First, transformation of immortalized nontumorigenic mammary cell lines
of mouse (NOGS8, HC11) and human origin by activated ras results in in-
creased expression of TGF-a and changes in growth properties characteristic
of neoplastic cells [125,128]. Some of the mouse cell lines also show a de-
creased responsiveness to the growth stimulatory effects of EGF [128]. In this
context, it is interesting that the majority of in vitro epithelial cell lines estab-
lished from in situ hyperplastic outgrowth lines (e.g., TM2H, TM4, TM9,
TM10, TM40D) are independent of an EGF requirement for growth [4]. Some
cell lines, as in TM3 and TM12, show a strong requirement for EGF in vitro.
The EGF requirement is independent of tumorigenic potential or in vivo
hormone dependency (Table 3). Of six outgrowth lines examined, only one
line (TM12) showed evidence of TGF-o protein by immunohistochemical
staining. An occasional TM2H tumor showed cripto protein expression
immunohistochemically, and no tumor showed a positive immunohistochemi-
cal staining reaction for amphiregulin [Medina, unpublished]. The latter two
proteins are often upregulated in human mammary tumors [129]. It is interest-
ing that rat mammary tumor cell lines that are growth factor independent in
vitro and produce neoplastic growths in vivo overexpress TGF-a and an EGF-
related membrane receptor [130, 131]. It would be interesting to determine if
the EGF-independent phenotype in mouse hyperplasias is correlated with
enhanced expression of the EGF-related receptors Erbp3 and Erbf4 or syn-
thesis of an FGF-related protein. Although the mouse hyperplasias discussed
earlier do not show activation of the int-2 (FGF-3) gene, there is no informa-
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tion regarding activation of other FGF genes. It is known that the EGF-
independent TM cell lines in vitro are responsive to the proliferative effects of
bFGF (FGF2) in the absence of serum [4].

Second, the responsiveness of the alveolar hyperplastic outgrowths to TGF-
f in vitro or in vivo has not been examined. Daniel and coworkers [132,133]
reported that normal alveolar cells in pregnant mice in situ are unresponsive to
the growth inhibitory effects of TGF-B1; however, it remains to be determined
if this is true for hyperplastic alveolar outgrowths. It has been reported that
estrogen decreases TGF-f1 mRNA expression in human breast cancer cell
lines in vitro [125,134]. If TGF-B1 is hormonally regulated, this class of growth
inhibitors may have little effect on the ovarian hormone-independent mouse
hyperplastic outgrowth lines under in situ conditions.

Third, the expression patterns of a significant number of growth factors,
such as IGF I and IGF 1I, FGFs, mammastatin, and their cognate receptors,
have not been examined in mouse mammary hyperplasias. In summary, it
would appear that this area is in need of careful and systematic examination.

Cell cycle control

The study of the factors involved in cell cycle control has produced dramatic
new understanding of these processes in the past 5 years [135,136]. Cyclin-
dependent kinases (CDK) control cell cycle progression and are highly con-
served in all eukaryotic cells. The regulation of CDK kinase activity involves
a complex, multitiered system that involves phosphorylation and dephospho-
rylation of specific amino acid residues, and physical association with positive
regulatory proteins, termed cyclins, and negative regulatory proteins, termed
inhibitors of kinases (INK). In higher eukaryotes, G1 and S phase functions
are controlled by distinct structurally related kinases, cdk2, cdk4, and cdké.
Basic insight into the regulation and function of these cdks has come from
studies in yeast and mammalian cells in vitro. The cdk2 and cdk4 kinase
activities are high in breast tumor cells, which reflects their high proliferative
state [137-139]. This has resulted in the hypothesis that the overexpression of
cyclins may be an important rate-limiting step in breast cancer. Indeed, cyclins
A, D, and E are often overexpressed in human breast cancers [138-140], and
overexpression of cyclin D1 in transgenic mice results in mammary
hyperplasia and a low incidence of mammary tumors [108]. Very little infor-
mation on the regulation of cell cycle proteins in hyperplastic states has been
published.

Table 4 summarizes the expression patterns of the cell cycle-related pro-
teins in the TM series of mouse mammary hyperplasias [141-143]. As far as
this author is aware, these data represent the first systematic description of the
expression patterns of cdks and cyclins in hyperplastic and preneoplastic tis-
sues of any organ. Briefly, the data indicate that elevated levels of cdk kinase
activities (cdc2, cdk2, cdk4) occur only in neoplastic tissues that have also an
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Table 4. Expression patterns of cell cycle-related proteins in mouse mammary hyperplasias and
neoplasias

Stage of tumor development?

Protein or function Hyperplasial Hyperplasia I Hyperplasia IIL  Neoplasia
cdc2 K.AP 1 1 4 11
cdk4 K.A. 1 1 2 4.5
cyclin D1 (cdk4)e 1 10 4 65
cyclin D2 (cdcd)e 47 85 7.5 1
cdk2 K.Ab 1 1 7 14
cyclin A (cdk2) 5 5 5
cyclin E (cdk2) 1.5 1.5 2.8 8.5
cdkS K.A. 1 1
p34 tyrosine phosphorylation 21 27 8 75
PCNA L.IP 1 1 1.6 33

2Fold increase compared with normal pregnant mammary gland, except where noted otherwise.

bFold increase compared with TM2L hyperplasia since kinase activity could not be detected in
normal mammary gland.

¢Fold increase compared with neoplasias.

elevated proliferative index. The increases for the three kinases ranged from 4
to 14X compared with hyperplasia types I and II. However, the cellular
amounts of the different cdk proteins are not necessarily increased during
mammary tumor development. Evaluation of the regulatory cyclins showed
different patterns. Cyclin-A protein levels (bound to cdk2) were elevated 5X
in nontumorigenic hyperplasias (hyperplasia I) compared with normal and did
not increase further. Cyclin D1 (bound to cdk4) levels started to increase in
tumorigenic hyperplasias (at 10-fold) and jumped dramatically in tumors
(>60-fold) compared with normal mammary cells. Interestingly, the cyclin D1
protein level in TM2L (hyperplasia I) was the same as in normal mammary
cells. DNA amplification has not been examined yet. Cyclin E (bound to cdk2)
increased only in the most deviated hyperplasias (hyperplasia III) and in-
creased further in tumors (at eightfold). The increase in cyclin E protein in
tumors was also accompanied by an increase in cyclin E protein isoforms, an
observation also reported for human breast cancer [137]. In contrast, cyclin D2
bound to cdk4 was markedly elevated in hyperplasias types I and II, and then
dropped precipitously in hyperplasia type III and tumors. This result suggests
that cyclin D2 may actually prevent activation of cdk4, thereby acting to
inhibit neoplastic development. This hypothesis is unique and so far similar
results on cyclin D2 have not been reported in other organ systems in situ.
However, some support for the hypothesis is provided by the observation that
cyclin D2 mRNA levels were significantly lower in human breast cancer cell
lines compared with normal breast epithelial cells in these same cancer cell
lines; cyclin D1 mRNA levels were elevated compared with normal cells [139].

59



Another regulatory step, tyrosine phosphorylation, was decreased in
hyperplasias IIT and tumors compared with earlier stage hyperplasias. The role
of phosphatases, for example, cdc25, and inhibitory proteins, remains to be
elucidated. The results, so far, present an intriguing picture of cell cycle regu-
lation in mammary neoplastic development and stress the need for more
information. Clearly, hyperplasia III, the most deviant hyperplasia, which
morphologically appears hyperplastic yet contains a subpopulation of highly
proliferative cells, reflects the cell cycle control pattern of an incipient
neoplasia. It would be interesting to determine if DCIS in humans exhibits cdk
kinase activities and cyclin patterns similar to hyperplasia type III.

Summary and future directions

Mouse mammary hyperplasias represent a model for the early developmental
stages of mammary tumorigenesis. The evolution of the model has progressed
on several fronts over the past 5 years. First, the biological properties of
immortality, hyperplasia, and tumorigenicity have been demonstrated to be
independent and assortable characteristics. Separate mammary outgrowth
lines that grow in vivo and in vitro have been isolated that are characterized by
one or more of these properties. These outgrowth lines provide a powerful
tool to examine the molecular changes responsible for these biological proper-
ties. One method that might exploit the existence of these cell lines is RNA
differential display. Preliminary experiments are identifying the presence of
unique RNA expression associated with the acquisition of immortalization
and tumorigenicity [144].

Second, the appliation of molecular biological methods to study mammary
hyperplasia has demonstrated the possible roles of a variety of pro-
tooncogenes, tumor suppressor genes, and growth factors. The initiation and
development of mammary cancer is very complex and can be influenced by
viral, chemical carcinogen, hormone, and dietary factors. It is important to
address not only what a particular oncogene can do in an established cell line,
but also whether and how a gene is actually involved in mammary transforma-
tion. It is important to determine which genes are differentially expressed
during mammary preneoplastic and neoplastic transformation in vivo and then
to critially test the function of these genes on mammary transformation. In all
cases, it is important to examine the functions of these genes under conditions
in which the cells retain their morphogenic and functional properties. In this
respect, the development of transgenic gland methodology is a powerful tool
because it allows the introduction of a specific gene into normal or immortal-
ized cells, the expression of these genes under defined in vivo conditions, and
the interaction of genes and mammary cells in an organ microenvironment
that allows for a valid assessment of the gene’s effects on cell growth and
differentiation. Furthermore, the ability to transplant mammary gland from
transgenic animals into the mammary fat pads of syngeneic wild-type mice

60



provides a tool to dissect the possible functions and consequences of transgene
expression at the cellular and tissue level.

Third, the role of growth factors and growth inhibitors has not been exten-
sively studied in mammary hyperplastic development. It is evident that the
alveolar hyperplasias are ovarian hormone independent. Several experiments
demonstrate that overexpression of wnt-1 or int-2 generates a hyperplastic
phenotype that is ovarian hormone independent. Since these two genes are
preferentially activated by viral carcinogens, the results of the transgenic gland
experiments are logical and offer an explanation for the hyperplastic pheno-
type. It is disappointing that neither of the wnt/int genes are generally acti-
vated in mammary hyperplasias generated under other etiological conditions.
However, there is compelling evidence to suggest, however, that other mem-
bers of the wnt family or FGF family may play an essential role in generating
and maintaining hyperplasias. Both the wnt and Fgf families are composed of
multiple genes. The wnt genes are differentially expressed during normal
mammary gland development. Furthermore, the different wnt genes are highly
conserved and play fundamental roles in pattern development in species from
flies to mammals. The signal transduction pathways impacted by wnt genes
include basic cellular components, such as the catenins, the latter being pro-
teins whose function is disrupted in carcinogenesis. It will not be surprising if
the elucidation of the wnt signal transduction pathway results in the explana-
tion for alveolar hyperplasia. It is also likely that the Fgf family of genes
will turn out to play essential roles in the acquisition of hyperplasia and
tumorigenic potential. Therefore, the study of these two gene families would
seem to merit a high priority in the study of mammary tumorigenesis. Like-
wise, the recent results of Friedman et al. [145], which document that
homeobox genes are hormonally regulated in normal mammary gland devel-
opment and are differentially expressed in neoplasias, provides another devel-
opmental gene family that is likely to play a fundamental role in mammary
tumorigenesis.

Finally, the recent descriptions of a rat model and a human xenograft model
in which hyperplastic and dysplastic lesions are reproducibly generated are
exciting new developments that provide new models to study the pathogen-
esis, and cell and molecular biology of the early or preneoplastic stage of
mammary tumorigenesis. Knowledge of the critical events that occur during
the early stages of mammary tumorigenesis will provide not only new targets
for detection and intervention, but also knowledge applicable to understand-
ing the cancer problem in all epithelial organ systems.
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4. Transgenic models of breast cancer metastasis

David L. Dankort and William J. Muller

Introduction

Traditionally it has been difficult to genetically define the events that lead to
the formation of metastatic mammary tumors. While a number of gene prod-
ucts have been implicated in the development of mammary carcinomas, few
have been demonstrated to play causative roles in mammary tumor formation.
With the advent of transgenic mouse technology, the basic researcher can now
target the expression of a gene product to a particular tissue. This has provided
scientists with the ability to create mouse models of human diseases. Of
particular interest is the generation of transgenic mice carrying genes thought
to play important roles in the initiation/progression of mammary carcinomas.
From these model systems have emerged murine tumors that not only mimic
human pathologies but have the propensity to metastasize to the lung, mirror-
ing one of the major sites of human metastases. Here we review transgenic
models of mammary tumorigenesis, with particular emphasis on those that
develop metastatic mammary carcinomas.

Genetic changes occur in the development of mammary carcinomas

There are several lines of evidence to suggest that there is an increased risk of
subsequent breast cancer development amongst women with proliferative
disorders of increasing severity (atypical hyperplasias to in situ carcinomas)
compared with those with proliferative disorders lacking atypia or those with
normal epithelium [1]. These observations suggest that the occurrence of
metastatic breast cancer requires multiple genetic events. While data linking
these morphological changes to genetic alterations are lacking, it appears that
distinct cytological abnormalities do exist. These consist of gene amplification
of proto-oncogenes and conversely the loss of heterozygosity (LOH) at puta-
tive tumor suppressor loci. In fact, specific LOHs have been observed in
human breast cancer samples on at least six chromosomes.

Interestingly, subsets of LOH mutations correlate with increased aggres-
siveness of the tumors [2]. While the identity of the genes affected in these
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deletions is unclear, there appears to be a requirement to remove several
genes that likely negatively regulate cell growth. In addition to gross deletions
involving these putative tumor suppressors, specific tumor suppressor genes,
such as p53, appear to be frequently mutated [3]. Several genes are amplified
and/or overexpressed in mammary tumors. These include growth factor recep-
tor molecules (EGFR [4,5] c-ErbB2 [6]), growth factor-like molecules (ins-2
[7,8]), transcription factors (c-myc [9]), and cell cycle regulators (cyclin D1/
PRAD-1[10,11]). Again, there appears to be a correlation between the ampli-
fication of specific genes and specific LOHs with tumorigenesis [12], but to
date there have been no systematic studies linking these genetic alterations
with the morphology of breast lesions.

While there is an increasing effort to identify prognostically valuable genes,
correlative studies are limited to identifying genes that may in some way
be involved in the production of carcinomas. However, these studies do
not provide insight into the functional roles these genes play in tumor forma-
tion and progression. For this reason, researchers have chosen to employ
transgenic mouse technologies as a powerful tool in directly assessing the
transforming potential of proto-oncogenes known to be involved in mammary
tumorigenesis [13,14]. Transgenic mouse models expressing a number of
proto-oncogenes in the mammary epithelium have provided important insight
into the complex in vivo requirements for aspects of malignant tumor forma-
tion, such as tumor initiation, angiogenesis, and metastasis.

Mammary targeted expression of transgenes

Mammary specific expression of oncogenes in transgenic mice has been
achieved by fusing oncogenes to either the mouse mammary tumor virus
(MMTV) long terminal repeat (LTR) or the whey acidic protein (WAP)
promoter/enhancer. While these promoter/enhancer elements confer high
levels of transcription to the mammary epithelium, their activities differ both
temporally and spatially. Specifically, the WAP promoter/enhancer is tran-
scriptionally active exclusively in the mid-pregnant mammary gland [15-17],
whereas the MMTV-LTR directs transcription throughout all stages of mam-
mary gland development [18]. Additionally, the MMTYV LTR is transcription-
ally active in epithelial cells derived from the seminal vesicles, epididymis, and
the salivary, Harderian, and prostate glands. Table 1 lists the sites of transgene
expression observed in a number of well-characterized transgenic mice bear-
ing either WAP or MMTYV linked oncogenes.

Mammary hyperproliferative disorders in transgenic mice

Several transgenic strains have been made that express gene products found to
be overexpressed in human breast cancers (Table 1). As previously noted,
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cyclin D1 and int-2 genes are often found amplified and/or overexpressed
in these tumors. Interestingly, these genes reside on an amplicon that also
includes the c-Src substrate cortactin, which is also frequently overexpressed
in human breast cancers [19-21]. The generation of transgenic mice that
individually express elevated levels of either ins-2 or cyclin D1 in the mam-
mary epithelium has provided important insight into the relative contribution
of these molecules to mammary tumorigenesis. In both sets of MMTV
transgenic mice, expression of the cyclin D1 or the int-2 transgene led to
widespread mammary epithelial hyperplasias [22-24]. The hyperplasia
associated with both the MMTV/cyclin D1 and MMTV/int-2 transgenic
mice did give rise to focal mammary tumors, but did so with protracted
latencies (Table 1). Together, these data suggest a high mitotic rate alone
exhibited by these hyperplasias is insufficient for rapid progression to an in situ
carcinoma.

Mammary tumorigenesis is a multistep process in transgenic mice

As previously indicated, human breast cancer appears to arise as a conse-
quence of multiple genetic perturbations. Early work with primary embryo
fibroblasts suggested that transformation of primary mammalian cells could be
effected by the coexpression of a cytoplasmic oncogene, such as v-Ha-ras, and
a nuclear proto-oncogene, such as c-myc [25,26]. Moreover, it appeared that a
cytoplasmic oncogene could transform immortalized cell lines but not primary
cells without the help of a nuclear ‘immortalizing’ gene product [27].

Although these studies provided important information of the genetic re-
quirements for the transformation of cells cultivated in vitro, whether this was
also true in the context of the living organism was unclear. To test whether this
was also the case in vivo, separate strains of transgenic mice bearing either c-
myc or v-Ha-ras under the control of the MMTV-LTR were established and
subsequently interbred [28-30]. As expected, female animals from either
strain overexpressed the respective transgene in the mammary gland and
developed focal mammary adenocarcinomas [28-30]. The average onset of
tumor formation was approximately 168 and 325 days for v-Ha-ras and multi-
parous c-myc transgenic females, respectively (Table 1). While both strains
developed mammary tumors, the pathological features of the c-myc and v-Ha-
ras mammary tumors were distinct. MMTV/c-myc tumors appeared as moder-
ately well differentiated, locally invasive adenocarcinomas comprising large
basophilic cells, that is, cells containing enlarged nuclei {14]. By contrast
to these c-myc tumors, the MMTV/v-Ha-ras—derived lesions were adeno-
squamoid carcinomas comprised of small eosinophilic cells juxtaposed to
normal epithelium [18].

While both tumors were locally, albeit infrequently, invasive, only the
MMTV/v-Ha-ras—derived tumors metastasized beyond the mammary fat pad
into the lung and/or liver [29,31; W.J. Muller, unpublished results]. To assess
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whether coexpression of v-Ha-ras and c-myc in the mammary epithelium were
sufficient for rapid tumorigenesis, bitransgenic mice carrying both transgenes
were generated [29]. Although bitransgenic mice coexpressing c-myc and v-
Ha-ras in the mammary epithelium resulted in a dramatic acceleration in the
development of mammary tumors, these tumors arose adjacent to morpho-
logically normal mammary epithelium that also coexpressed elevated levels of
c-myc and v-Ha-ras [29]. These observations argued that, although c-myc and
v-Ha-ras could cooperate in mammary tumorigenesis, their expression was not
sufficient for tumorigenesis. Rather, these results suggested that further ge-
netic events were required for the conversion of mammary epithelial cells to a
malignant phenotype. As with the parental MMTV/v-Ha-ras and MMTV/c-
myc strains, distant metastases in tumor bearing bitransgenic mice were rare.
This observation may suggest that activation of the c-myc and v-Ha-ras
oncogenes is insufficient to facilitate metastatic progression.

Collaboration of oncogenes has also been observed in transgenic mice
coexpressing int-2 and Wnt-1 growth factors in the mammary gland. Int-2 is a
member of the fibroblast growth factor family [32], whereas Wnt-1 (previously
termed int-1) is a member of a family of secreted growth factors [33]. Both
genes were initially identified as being preferential MMTYV integration sites
within MMTV-induced murine mammary tumors [34-36]. The MMTV/Whi-1
transgenic animals from a single line develop mammary hyperplasias prior to
pregnancy [37]. From these hyperplasias emerge adenocarcinomas that are
phenotypically indistinguishable from those arising from MMTYV infection
[38]. Interbreeding of these strains produced int-2/Wnt-1 bitransgenics and
resulted in a dramatic acceleration of tumor formation [39]. However, like the
c-myc/v-Ha-ras bitransgenics, coexpression of the int-2 and wnt-1 was not
sufficient for global transformation of the murine mammary gland. Interest-
ingly, in MMTYV induced mammary tumorigenesis, insertional activation of
both int-2 and Wnt-1 is frequently observed. Taken together, these transgenic
and retroviral experiments illustrate that, like the myc/ras bitransgenics, there
is cooperativity amongst different subsets of proto-oncogenes in mammary
carcinogenesis.

Role of the c-ErbB-2/neu oncogene in mammary tumorigenesis
and metastasis

The neu oncogene was initially isolated [40] and cloned [41] from chemically
induced rat neuroglioblastomas. Sequence analyses revealed that neu, and its
human homolog, c-ErbB-2, were structurally related to the epidermal growth
factor receptor (EGFR) [41-43]. Upon sequence comparison with the cloned
wild-type cellular gene, it was found to differ by a single nucleotide [44],
resulting in a nonconservative amino acid change within the transmembrane
domain. This conferred upon the receptor a constitutive ligand-independent
kinase activity [45]. For the purpose of clarity, the oncogenic form is referred
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to as activated neu or neu™’, whereas the wild-type rat and human genes are
termed neu and c-ErbB-2, respectively.

The results of numerous studies demonstrate overexpression of c-ErbB-2
is detected in a large proportion of human breast and ovarian cancers and
their derived cell lines [6,46-50]. Moreover, the overexpression of c-ErbB-2
in these cancers can be further correlated with poor prognosis [49-52] as well
as poor clinical outcome [53]. Because poor clinical outcome is reflective of
the occurrence of metastatic disease, these studies suggested that mammary
tumor cells expressing elevated levels of c-ErbB-2 had the propensity to
metastasize.

To directly test the oncogenic potential of the neu oncogene in the mam-
mary epithelium, transgenic mice expressing a constitutively activated version
of neu, termed neu" [42,43], under the transcriptional control of the MMTV
promoter were established [52,53]. In several of these strains, mammary epi-
thelial expression of the neu” oncogene resulted in the development of mul-
tifocal mammary tumors in 100% of both male and female transgenic mice
[52]. Histological examination of virgin females revealed multiple dysplastic
nodules arising synchronously in the mammary epithelium. Interestingly,
within 3 months all female carriers had developed multiple mammary carcino-
mas involving the entire mammary epithelium. Furthermore, these tumors
histologically resembled the human comedo-carcinomas that are also known
to express elevated levels of Neu [3,14]. Therefore these transgenic mouse
models may be direct models of the human disease.

Although these strains of transgenic mice possessed a much shortened life
span, pulmonary metastasis was observed in several instances [52,53]. Notably,
the observed metastases were intravascular at the time of autopsy, suggesting
that these tumors could not readily traverse the pulmonary vein endothelium.
Taken together, these observations provided direct evidence that expression
of activated Neu in the mammary epithelium resulted in the induction of
metastatic disease.

Although transgenics expressing neu” in the mammary epithelium did
provide direct evidence of this tyrosine kinase’s oncogenic potential in mam-
mary tumorigenesis, the phenotype, one-step progression, did not mirror
the epidemiological data of human breast cancer development. Moreover,
examination of human breast cancer samples failed to reveal a comparable
activating mutation. Thus, on the basis of these observations it appeared
that overexpression of the wild-type c-ErbB-2 was the primary mechanism
by which c-ErbB-2 induced mammary tumors in humans. To test if over-
expression of wild-type neu was capable of inducing mammary carcinoma,
transgenic mice carrying MMTV/neu were established [55,56]. Female
transgenic mice derived from several independent lines developed focal mam-
mary adenocarcinomas juxtaposed to hyperplastic epithelium after a long
latency period (Table 1). Like the rneu™” tumors, these tumors resembled the
human comedo-carcinomas that express elevated levels of c-ErbB-2 [3].
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Transgene expression was detected in all tumors examined at both the level
of RNA and protein. In a proportion of the samples examined, neu transgene
RNA and protein were detected in the surrounding hyperplastic epithelium
[56]. Interestingly, Neu derived from tumor lysates displayed elevated tyrosine
kinase activity compared with that of hyperplasia-derived lysates within the
same MMTV/neu animal. In many cases, the differences in kinase activities
could not be attributed to the amount of Neu present [56]. These observations
argued that the increased specific activity of Neu in tumors was directly corre-
lated with tumorigenesis. Because, neu is known to be activated by somatic
mutations, one possible explanation for this observation is that activation of
Neu in these tumors occurs through somatic mutations in the transgene itself.
To explore this possibility, RNA derived from tumor and adjacent normal
epithelium was examined for the presence of altered transcripts using either
RT/PCR or RNAse protection analyses [57].

The results of these analyses revealed multiple in-frame deletions occurred
within the transgenes of MMTV/neu derived from tumors but not the
adjacent hyperplastic epithelium. Notably, within the same animal different
deletions were detected, each being restricted to a single tumor and not
found in the adjacent epithelium, suggesting that each tumor had arisen
from a clonal antecedent. These deletions, ranging in size from 5 to 12
amino acids, occurred in the extracellular domain proximal to the transmem-
brane region [57; P.M. Siegel and W.J. Muller, unpublished]. RNAse protec-
tion analysis suggested 65% of the MMTV/neu-derived tumors express
aberrant neu transcripts. Introduction of these deletions into the neu
proto-oncogene resulted in its oncogenic activation in in-vitro transformation
assays.

Furthermore, these mutant receptor molecules appear to have elevated
kinase activities, as assessed by phosphotyrosine immunoblot analysis. To-
gether, these data suggest that the majority of MMTV/neu tumors arise
through somatic mutations of the transgene resulting in constitutive activation
of Neu. Moreover, these data would predict MMTV-directed expression of
these neu deletion mutants (NDL) in the transgenic animal would lead to
accelerated mammary adenocarcinomas compared with that of MMTV/neu
mice.

Another important feature of the MMTV/neu tumors is that they fre-
quently metastasized. In fact, over 70% of the tumor-bearing animals eventu-
ally develop metastases to the lung, albeit only after long onset. These tumors
were likely derived from the mammary epithelium because they expressed
mammary differentiation markers [56]. The penetrance of this metastatic phe-
notype contrasts with the relatively infrequent occurrence of pulmonary
metastases observed in transgenic strains expressing neu™’. One possible ex-
planation for this apparent discrepancy is that MMTV/neu™?, with its high
tumor burden, possess a shortened life span compared with MMTV/neu
(Table 1).
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Multiple pathways are required for rapid progression

Another tyrosine kinase that has been associated with the induction of mam-
mary cancers is that associated with the polyomavirus (PyV) middle T (mT)
antigen. However, unlike Neu, PyV middle T does not possess an intrinsic
biochemical activity [58] but rather exerts its oncogenic effects through its
association with the c-Src family of tyrosine kinases and other signaling mol-
ecules (Figure 1b). The first indication that PyV mT may be involved in the
induction of mammary carcinoma stems from the observation that infection of
newborn or nu/nu mice with PyV frequently results in the induction of mam-
mary tumors [59]. A functional mT antigen is required for PyV-induced tumor
formation [60] and is sufficient to transform established cells in tissue culture
[61]. Furthermore, genetic analysis has demonstrated that mT mutants that are
deficient in Src, PI3’K, or SHC associations are invariably transformation
incompetent [62-67]. Taken together, these data suggest that mT antigen
mediates transformation through activation of several cellular signaling
pathways.

To directly test the oncogenic potential of middle T in the mammary epithe-
lium, transgenic mice carrying a MMTV/PyV middle T fusion gene were
established. Like MMTV/neu" mice, all transgenic mice expressing the PyV
mT antigen in the mammary epithelium synchronously developed multifocal
tumors with a short latency [68]. Remarkably, the presence of multifocal
mammary adenocarcinomas could be detected by whole-mount analysis as
early 3 weeks of age in female mice. Because transformation of the mammary
epithelium is concurrent with detectable transgene expression, it appears that
expression of PyV middle T is sufficient for mammary tumorigenesis.

Of particular relevance to this review, a striking phenotype exhibited by
the MMTV/PyV middle T mice is the frequent occurrence of pulmonary

—>

Figure 1. Schematic representation of signal transduction from the Neu/ErbB-2 receptor tyrosine
kinase and the polyomavirus middle T antigen. A: Proteins that bind Neu/ErbB-2 directly or
indirectly as determined by coimmunoprecipitation assays. Proteins that bind directly to the
receptor by ‘far-western’ blot analyses include Src and Yes tyrosine kinases [79; S.K. Muthuswamy
and W.J. Muller, unpublishedj, GRB7 [93], and GRB2 [93]. The latter protein is depicted as
binding the receptor through tyrosine phosphorylated SHC, although it can bind directly. Those
proteins identified by coimmunoprecipitation analyses include phospholipase Cyl (PLCy1) [94],
SHC [93,95], phosphoinositol 3'kinase (PI3'kinase) [96-98], and protein tyrosine phosphatases
(PTP) 1D and 1C [99]. Ras GTPase activating protein (ras-GAP) has been shown to interact with
neu™T in in-vitro association assyas [S.K. Muthuswamy, D.L. Dankort, and W.J. Muller, unpub-
lished]. The GRB2-Sos (mammalian son of sevenless) complex is pre-existing in quiescent cells
[100-102]. The Sos protein is a Ras-specific GTP exchange factor that has been shown to activate
Ras [103]. B: Middle T antigen associated proteins are indicated. Depicted are PI3'kinase
[104,105], SHC proteins [65,66], src family tyrosine kinases (Src [78,106], Yes [107], and Fyn
[108,109]), and protein phosphatase 2A (PP2A) subunits [110,111]. Also indicated is a simplified
signal transduction kinase cascade eminating from Ras [112-114], culminating in the modulation
of transcription factor activity [115,116].
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metastases. In fact, by 3 months of age approximately 95% of MMTV/PyV
middle T females have developed pulmonary metastases. Given that these
lung metastases express differentiated mammary epithelial markers, it is likely
that they originated from the primary mammary tumors [68]. Consistent with
this view, both transplantation of these mammary tumors into the mammary
fat pads or injection of mT-tumor derived cell lines into the tail veins of
syngeneic mice resulted in lung metastases [Cardiff and Muller, unpublished
observations]. Interestingly, the majority of these lesions appeared to be intra-
alveolar rather than intravascular. This contrasts with observations made with
the metastatic lesions exhibited in the MMT V/neu strains, which appeared to
lack the ability to traverse the pulmonary vascular endothelium and remained
lodged within pulmonary vessels [56]. The molecular basis, however, for this
difference has not been determined.

These transgenic studies suggest that expression of PyV mT antigen or
activated forms of Neu were capable of predisposing the mammary epithelial
cell to metastasize. In vivo studies placing tumors in hypovascularized posi-
tions have demonstrated that, in the absence of neovascularization, tumors
grow at a linear rate and upon vascularization a rapid exponential growth
ensues [69]. In both human breast carcinomas and skin melanomas, the
appearance of neovascularization is prognostic for a poor clinical outcome
[70,71], presumably due to metastasis from the primary tumor. Angiogenesis
may play two roles in allowing metastasis. First, it allows for tumor expansion
beyond a critical volume [72,73]. Secondly, newly formed vasculature often
contains basement membrane defects that likely facilitate metastatic cell inva-
sion of these vessels [74]. Interestingly, PyV mT antigen-induced tumors
appear to possess the ability to promote angiogenesis. For example, both PyV
middle T induced hemanginomas and MMTV/mT-derived mammary tumors
have the capacity to induce angiogenesis [75,76; LJ.T. Young and R.D.
Cardiff, unpublished]. Moreover, in the case of the MMTV/mT-derived mam-
mary tumors, approximately 50% of these transplants appear to metastasize to
the lung. While it is not yet clear which factors mediate this angiogenesis, this
system should prove invaluable in evaluating inhibitors of this process in the
context of the living animal.

The ability of PyV mT antigen to induce mammary metastasis may also
reflect its capacity to alter the balance of extracellular protease activities. In
the PyV mT-induced hemanginomas, expression of mT appears to upregulate
the levels of the urokinase-type plasminogen activator (uPA) and to
downregulate its cognate inhibitor, PAI-1. The uPA protein is a key regulatory
enzyme that activates a proteolytic cascade important in tissue remodeling,
cell migration, and tumor cell invasiveness. Thus the occurrence of highly
invasive hemanginomas in mice expressing mT antigen in the endothelial
compartment appears to correlate with induction of a proteolytic imbalance
[77]. Although it is unclear whether a similar situation is responsible for the
metastatic behavior of the PyV middle T mammary tumor cells, elevated
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proteolytic activity has also been observed in these tumor cells [C.T. Guy and
W.J. Muller, unpublished].

Molecular basis for the metastatic behavior of the PyV middle T- and
Neu-induced mammary tumors

While the generation of transgenic mice has demonstrated the role of many
genes in tumor initiation, metastatic mammary tumors arise infrequently and
do so with a poor penetrance in most strains (see Table 1). As mentioned
previously, lung metastases were observed infrequently in the MMTV/v-Ha-
ras and MMTV/neu™" strains and occurred with a high penetrance in the
MMTV/neu and MMTV/mT strains [29,54-56,68]. These observations raise
the intriguing possibility that the frequent induction of metastases occurs via a
common mechanism. In fact, although both Neu and PyV middle T oncogenes
bear little sequence homology, they appear to activate common sets of signal-
ing pathways. For example, both PyV middle T and Neu activate members of
the c-Src tyrosine kinase family by forming physical complexes [78-80]. In
addition, both molecules can activate pathways involving PI-3’ kinase and
SHC proteins.

The importance of c-Src in mT-induced mammary tumorigenesis and
metastasis derives from the results of interbreeding the MMTV/mT strains
with c-Src— or c-Yes—deficient mice [81,82]. The results of these analyses
revealed that a functional c-Src gene was required for the efficient induction of
mammary tumors by PyV middle T [83]. While src appears to be required for
mT-induced mammary tumorigenesis, it is dispensable for mT-induced endot-
helial or fibroblast transformation [84,85]. This suggests Src may play a tissue-
specific role in mT-mediated tumorigenesis. This notion is supported by the
observation that the yes gene product appears to be dispensable for MMTV/
mT-induced carcinogenesis [83]. Whether c-Src is also required for Neu-in-
duced tumorigenesis awaits future experimentation. Taken together, these
data would argue that the mammary epithelium is exquisitely sensitive to the
actions of activated Src in mediating transformation.

Although these observations suggest that c-Src appears important in Neu-
and PyV mT-induced mammary tumorigenesis, recent studies have demon-
strated that expression of a constitutively activated c-Src in the mammary
epithelium is not sufficient for mammary tumorigenesis and metastasis
[M.A.Webster, Muller, and Cardiff, unpublished]. Thus middle T antigen and
likely Neu must activate additional pathways that contribute to these pheno-
types. Middle T mutants exist that are deficient in binding the PI3'kinase p85
subunit or SHC proteins yet still retain Src association capacities. In tissue
transformation assays, these mT mutants are severely impaired in their trans-
formation abilities [65-67], suggesting a requirement for the simultaneous
activation of the PI3'kinase and SHC (and thus presumably Ras) pathways.
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These mutants, when expressed in the mammary gland, are debilitated in their
capacity to induce mammary carcinoma while being capable of activating
endogenous Src molecules [M.A. Webster, R.A. Cardiff, and W.J. Muller,
unpublished]. Taken together, these data demonstrate a need for the simulta-
neous activation of several cellular signaling pathways in order to attain rapid
transformation in this system. Both Neu and mT antigen (Figure 1) have the
ability to activate similar pathways. Perhaps the recruitment and activation of
several of these pathways is required to possess the potent transforming abili-
ties these molecules display. Neu mutants now exist that should prove useful
in dissecting the pathways required for mammary tumorigenesis.

Another common feature of the PyV mT- and Neu-induced mammary
tumors is that they both express elevated levels of the Ets-related transcription
factor PEA-3 [86,87]. Interestingly, the promoter regions of several extracellu-
lar proteases, and their cognate inhibitors contain PEA-3 binding sites. Fur-
thermore, it has been demonstrated that expression of non-nuclear oncogenes
such as PyV mT antigen and v-src¢ can activate the transcription of the
stromelysin 1 promoter through these PEA-3 motifs [88,89]. Interestingly,
EGF has been shown to stimulate activity from this promoter, perhaps indict-
ing that EGFR family members can transcriptionally activate these proteases
as well [90]. Conversely, these same PEA-3 elements appear to downregulate
the expression of protease inhibitors such as TIMP-1 [91]. Thus the activation
of Ets-related transcription factors through the action of tyrosine kinases, such
as Neu- and the PyV middle T-associated c-Src kinase, may have influence
metastasis by altering proteolytic balance. Future genetic dissection of these
pathways will hopefully provide important insight into the roles each of these
pathways play in mammary tumorigenesis and metastasis.
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5. Protein kinase C and breast cancer

Nancy E. Davidson and M. John Kennedy

Introduction

Protein kinase C (PKC) was first described by Nishizuka’s laboratory in 1977
as a proteolytically activated kinase [1-3]. Subsequent work has established
the importance of PKC activity in a multitude of cell functions that regulate
growth and differentiation in a variety of cell types [4,5]. More recently,
molecular cloning approaches have established that PKC is actually a family of
closely related isoenzymes [6,7]. These include the calcium-dependent isoen-
zymes a, B, By, and vy; the calcium-independent isoenzymes 9, €, 1), 6, and p; and
the atypical isoenzymes, { and i(A) (Table 1). These enzymes are the products
of distinct genes, with the exception of PKC p; and f;,, which are derived from
alternative splicing of a single gene. The PKC enzymes are structurally quite
similar. They are composed of a single polypeptide chain with a regulatory
domain at the amino terminus and a catalytic domain at the carboxyl terminus.
The isoenzymes can be divided into four regions that are conserved across
isoenzymes (C1-C4) and five regions that vary between isoenzymes but are
conserved within the isoenzyme across species (V1-V5) [9,10].

Many excellent reviews of the general properties and regulation of PKC
have been published [4-8], as has a summary of the role of PKC in cancer
biology [11]. This chapt